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Abstract

Our laboratory has made considerable efforts to develop new HPLC methods for 

peptide separation/optimization and subsequently applied them to study the structure and 

function o f peptides. Using a series o f 18-residue a-helical synthetic model peptides, we 

have been able to understand the dramatic effects of varying RP-HPLC parameters 

(mobile phase conditions, column packing and temperature) on the retention behavior o f 

peptides. Temperature was shown to have a complex influence on peptide selectivity due 

to varying effects on peptide conformation. We developed a new method called 

“ temperature profiling” in RP-HPLC to monitor the association of amphipathic molecules. 

We also demonstrated hydrophilic interaction/cation-exchange chromatography 

(HIL1C/CEX) as an important complement of RP-HPLC to monitor the 

hydrophobicity/hydrophilicity variations on the polar and non-polar faces o f amphipathic 

helices.

We revisited the optimum concentration o f TFA for RP-HPLC of peptides. For 

efficient resolution of peptide mixtures, particularly those containing peptides with 

multiple positive charges, our results show that 0.2-0.25%TFA in the mobile phase w ill 

achieve optimum resolution, instead of the traditional concentration range of 0.05- 

0.1%TFA. In addition, the use o f high temperature as a complement to such TFA 

concentration levels is also effective in maximizing peptide resolution.

To understand more clearly the effects o f different amino acid substitutions, 

especially for D-amino acid substitutions, on a-hclical structure and peptide stability, a 

systematic study was carried out on a series o f amphipathic a-helical model peptides. L-
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/D-amino acid substitutions showed a wide range o f helix-destabilizing effects. A series 

o f helix stability coefficients was subsequently determined.

Utilizing the peptide stability knowledge obtained from the model peptide study, 

we designed de novo a series o f a-helical antimicrobial peptides, based on the framework 

o f a potent biologically active a-helical antimicrobial peptide, V6gi. By altering the 

peptide hydrophobicity/hydrophi 1 icity, amphipathicity and stability via D- or L-amino 

acid substitutions, we obtained an analog (peptide N K l )  with a 3-fold increase in 

antimicrobial activity, a 32-fold decrease in hemolytic activity and thus a 100-fold 

improvement o f therapeutic index against Gram-negative bacteria, and another peptide 

analog (NAd) with broad spectrum activity including a 16-fold reduction in hemolytic 

activity coupled with a 45-fold and 16-fold increase in the therapeutic index against 

Gram-negative and Gram-positive bacteria, respectively, compared with the native 

peptide V68i-
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Chapter I Introduction

CHAPTER I 

Introduction 

A. Introduction to HPLC

IA-1. General information

The term chromatography refers to a group o f separation techniques which are 

characterized by a distribution o f the molecules to be separated between two phases, the 

stationary phase and mobile phase. Traditional column chromatography (so-called open 

column chromatography) is characterized by the stationary phase being packed into a 

column (usually a glass or a polymer column), through which the mobile phase is passed 

by gravity or pumped and the various sample components are eluted with different 

velocities through the column. Two types of gels are used in traditional chromatography: 

xerogels (such as cross-linked dextran gels and cross-linked polyacrylamide gels) and 

aerogels (such as glass, silica and organic polymer gels). Traditionally, three types o f 

column chromatography were mainly utilized for peptide/protein purification and 

characterization: gel-exclusion chromatography (also called gel-permeation or, more 

commonly, size-exclusion chromatography), ion-exchange chromatography, and affinity 

chromatography. During the application of traditional chromatography to peptidc/protein 

separations, there are some intrinsic drawbacks, including the low elution speed, poor 

resolution and relatively large volumes o f eluent required for sample separation.

The need for highly-purified peptidc/protein samples remains a significant issue 

for researchers during peptide and protein structure and function studies. Since its 

introduction about four decades ago, high-performance liquid chromatography (HPLC) 

has rapidly become a highly efficient, widely-used separation technology especially for

1
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peptides and proteins. Compared with traditional chromatographic techniques, HPLC is 

not so much a type o f chromatography as a new way o f utilizing traditional 

chromatographic techniques in a much more efficient manner. In traditional column 

techniques, materials with large particle size are packed into glass columns. Since these 

materials are not resistant to high pressure, only slow flow-rates are able to be applied, 

producing long separation times, and resolution tends to be poor. In contrast, in HPLC, 

the same principles are involved, but the column support materials consist o f more stable 

particles made o f physically stronger materials (with smaller particle size) in a sealed 

stainless steel column instead o f an open glass or plastic column, which can withstand 

high pressure without changing their structure. Such small particles are much more 

efficient than those employed in traditional chromatography, but require high- 

performance pumping systems, due to the high back pressures involved. Much better 

separations can be achieved with dramatically less amount o f sample in a much shorter 

time with the proper applications o f HPLC compared to traditional chromatography. In 

addition, during HPLC, the amount o f eluent used is in orders o f magnitude less than 

traditional chromatography (milliliters compared to liters).

Silica gel and silica gel-derivatized stationary phases are by far the most used in 

HPLC at present. Polymer-based column packings can be good complements to silica- 

based materials in HPLC, due to their stability in alkaline conditions. Based on the 

column packing materials and applications, HPLC techniques can be categorized as 

several types o f chromatography, i.e., reversed-phase chromatography (RP-HPLC), size- 

exclusion chromatography (SEC), ion-exchange chromatography (IEC), hydrophobic 

interaction chromatography (HIC), hydrophilic interaction/cation-exchange

2
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chromatography (HILIC/CEX) and affinity/immunoaffinity chromatography (Figure 1-1). 

Packing materials today are characterized by a trend o f becoming smaller (3.5 and 5.0 

pm particles are commonly used). Smaller packing materials lead to higher 

chromatographic efficiency.

HPLC can be applied to many different kinds o f biological molecules, such as 

peptides/proteins, DNA, lipids and carbohydrates (Clejan, 1998; Imanari et a i, 1996; 

Koizumi, 1996; Loft et al., 1998; Mant et al., 1991; Patton et a i,  1998), with HPLC 

being the most frequently employed for peptides and proteins (Mant et al., 1991). Based 

on the UV absorbance o f peptide bonds, peptide or protein samples can be detected at the 

wavelength o f 2 1 0  nm qualitatively and quantitatively (for the peptide bond, strong 

absorption range is in the 200 to 230 nm region and wavelength maximum is about 188 

nm (Donovan, 1969)). Although the wavelength o f 210 nm is not at the wavelength 

maximum, it is the practical wavelength of the detection system due to the UV cutoff o f 

the mobile phase used in the HPLC of peptides and proteins. Peptides and proteins can 

also be detected at higher wavelength depending on the presence o f aromatic amino acids. 

The aromatic amino acids (phenylalanine, tyrosine and tryptophan) have their own 

unique near UV spectra between 240 and 300 nm.

Ideal SEC separates peptides by a mechanism based solely on peptide size; 

however, most modem SEC columns are weakly anionic and slightly hydrophobic, 

resulting in either hydrophobic interactions or electrostatic interactions between the 

negatively charged column matrix and any positively charged character o f solute 

(Engelhardt et al., 1981a; Engelhardt et al., 1981b; Kopaciewicz et al., 1982; Pfannkoch 

et al., 1980; Regnier, 1983b); in IEC, although the ideal separation mechanism is based

3
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Figure 1-1 General outline o f HPLC techniques (adapted from Mant, C. T. et al. 1991).
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on the electrostatic attraction between the column matrix and peptides, ion-exchange 

packing may also often exhibit significant hydrophobic characteristics, giving rise to 

mixed-mode contributions to solute separation (Kennedy et al., 1986; Kopaciewicz et al., 

1983; Rounds et al., 1987); and in RP-HPLC, residual, negatively-charged silanol groups 

present on the surface o f silanized silica can influence the reserved-phase 

chromatographic behavior of peptide solutes with positively charged amino acid residues, 

producing undesirable effects such as peak tailing and non-reproducible peptide retention 

times (Bij et al., 1981; Mant et al., 1987b). In addition, extensive use o f a silica-based 

reserved-phase column, due to the gradual removal o f hydrophobic ligands from the 

silica, results in an increased concentration o f underivatized silanols (Mant et al., 1987c; 

Mant et al., 1986), which further increases the non-ideal behaviors o f peptides or proteins. 

However, all such non-ideal behaviors may be suppressed through manipulation o f the 

mobile phase. For example, the non-ideal behavior of peptides/proteins in SEC may be 

suppressed by the addition of organic modifier acetonitrile or salt in the mobile phase; the 

non-ideal behavior o f peptides in RP-HPLC may be suppressed by the addition o f salt 

such as sodium perchlorate; and the non-ideal behavior o f peptides/proteins in IEC may 

be suppressed by the addition o f an organic modifier such as acetonitrile (Burke et al., 

1989; Mant et al., 1991).

It is important in HPLC to achieve good reproducibility o f peptide separations. 

The need for standards to monitor column chromatography is well established. Peptide 

standards designed in this laboratory have demonstrated their versatility in monitoring 

both ideal and non-ideal column performance for peptide separations during various 

modes o f HPLC (Mant et al., 1987b; Mant et al., 1987c; Mant et al., 1987d; Mant et al.,

5
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1986). It is necessary to utilize peptide standards to assess column performance, as well 

as to determine mobile phase effects on peptide retention behavior and/or the column 

packing, prior to an application o f the sample o f interest.

In the last few years, there has been an increased effort into the separation, 

quantification and identification o f all proteins in a cell or tissue, so-called proteomics. 

Entering the age o f proteomics from the genomics era, we expect to see high-resolution, 

multidimensional bioanalytical techniques being used in an integrated and automated 

fashion, to solve separation problems and enable high perfonnance analysis o f complex 

mixtures o f biomedical interest in the pharmaceutical and biotechnology industry 

(Guttman et al., 2004; Issaq, 2001). At present, the most successful separation 

chemistries are gel electrophoresis and HPLC. However, the flexibility in selecting from 

a variety o f separation chemistries improves the success rate for recovering classes of 

proteins that are difficult to handle in gel electrophoresis. Multidimensional HPLC has 

been utilized to separate and analyze samples o f large numbers o f proteins and peptides 

(Guttman et a i, 2004; Issaq, 2001; Liu et a i, 2002; Wehr, 2002). For example, coupling 

ion-exchange and reserved-phase chromatography as the first and second dimensions, 

respectively, has three appealing advantages (Wehr, 2002): (1) the two modes have 

complementary selectivity; (2) solvent used in IEC can be compatible with the second 

dimension o f RP-HPLC; and (3) for further post-HPLC analysis, the solvent used in RP- 

HPLC is also compatible with electrospray ionization (ESI) and matrix-assisted laser- 

desorption ionization (MALDI) systems. Multidimensional HPLC has become a powerful 

approach for researchers to achieve comprehensive separations o f the extremely complex 

peptide and/or protein mixtures characteristic o f proteomics.

6
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IA-2 Reversed-phase chromatography 

IA-2-1 General background

Reversed-phase HPLC (RP-HPLC) is the most commonly-used and well- 

established technique in the analysis and isolation o f peptides and proteins and it has 

revolutionized efficient peptide separations compared to traditional chromatography 

(Aguilar, 2004; Mant et a i, 1991). Indeed, it is noteworthy that RP-HPLC has no 

equivalent in classical column chromatography. The major reasons for the continuing 

dominance of RP-HPLC for solute separations o f all types (Majors, 2004) are the speed 

and efficiency of RP-HPLC plus an almost unlimited degree o f freedom in choice of 

mobile phase (buffer, organic modifier) as well as stationary phase. In this thesis, RP- 

HPLC was the major technique used in the studies o f HPLC methodology and peptide 

structure and function. RP-HPLC is characterized by a non-polar column matrix and 

elution o f solutes based on their hydrophobicity due to the hydrophobic interactions 

between solutes and the hydrophobic stationary phase. Solutes are eluted from this 

hydrophobic stationary phase in order o f increasing solute hydrophobicity by subsequent 

of an organic modifier to the mobile phase. It is noteworthy that, similar to RP-HPLC, 

hydrophobic interaction chromatography (HIC) is a mode of HPLC also relying on 

hydrophobic interactions between solutes and the stationary phase to effect separation. 

The separation is based on hydrophobic interactions o f the surface o f the folded proteins 

with the hydrophobic matrix. The mobile phase and the relatively weak hydrophobic 

matrix characteristic o f HIC usually would not destabilize protein tertiary and quaternary 

structure. Whereas, in RP-HPLC, the conditions o f chromatography (organic modifier

7
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and high ligand density o f the hydrophobic matrix) result in denaturation or unfolding o f 

proteins (Lau et al., 1984). HIC is not a commonly-used approach for the separations of 

peptides compared with RP-HPLC; however, HIC can separate proteins without, in 

general, causing denaturation and loss o f enzymatic or other activity (Fausnaugh et al., 

1984a; Fausnaugh et a i, 1984b). In summary, there are three main differences between 

RP-HPLC and HIC: (1) mobile phase solvent utilized; (2) ligand density on the column 

support; and (3) hydrophobicity o f the column matrix. In HIC, high salt concentrations 

are used to promote binding o f proteins to stationary phase. Proteins adsorb to the 

stationary phase due to the hydrophobic interactions between the non-polar matrix and 

the non-polar areas on the polypeptide surface. Samples are eluted in order o f increasing 

surface hydrophobicity either isocratically or by a descending salt gradient which 

weakens hydrophobic interactions and causes the solute to be released from the column.

IA-2-2 Stationary phases

In HPLC, the stationary phase can be a solid, a bonded or a coated phase on a 

solid support, or a wall-coated phase. As mentioned previously, the stationary phase used 

often characterizes the HPLC mode. For example, silica gel is used in adsorption 

chromatography; an octylsilane bonded phase is used in reversed-phase chromatography, 

etc. Supports can be naked or coated or can have a chemically bonded phase in HPLC. 

Packing materials can generally be divided into two major types: silica gel and silica-gel 

derivatized phases, organic polymers and derivatized materials. Most commercial 

reversed-phase columns for peptide and protein separations are silica-based, due to the 

excellent mechanical stability and high separation efficiencies offered by silica-based

8
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packings. Reversed-phase packings based on silica are generally manufactured by 

reacting free hydroxyl groups on the surface of silica with a silane that contains a 

hydrophobic ligand, e.g., alkyl, phenyl. However, it is well-known that silica-based 

reversed-phase columns are not stable at basic pH, due to dissolution o f the silica; in 

addition, some reports have shown that in the acidic conditions typically used for peptide 

and protein separations, the silica-based bonded-phase is slowly degraded. Such acidic 

conditions were known to promote the cleavage o f the silane from the silica (i.e., 

cleavage o f the siloxane bond) in bonded-phase columns, especially for monomeric 

stationary phases (Glajch et al., 1987; Sagliano et al., 1988). However, silica-based 

packings with excellent thermal and chemical stability have been developed in recent 

years. For example, SB (denoting stable-bond) packings were originally designed to 

protect the siloxane bond from acid hydrolysis at low pH; in contrast, XDB (denoting 

extra dense bonding) packings were designed to shield the silica support from dissolution 

at pH values at neutrality and higher (Barry et al., 1995; Boyes et al., 1993; Glajch et al., 

1990; Kirkland et al., 1989; Kirkland et al., 1997; Kirkland et al., 1998). In addition, 

both packings were also designed to exhibit thermal stability over a wide temperature 

range.

Compared with silica-based columns, polymer-based columns have been 

developed which are stable from pH 1 to pH 14, making them more widely applicable 

and easier to clean than silica-based supports (Maa et a i,  1988; Williams et al., 1986). 

However, silica-based columns are still generally superior to polymer-based counterparts 

in terms o f mechanical strength, selectivity and efficiency (Nugent, 1991).

9
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A wide variety o f bonded phases exist for separation o f peptides and proteins by 

RP-HPLC but the most commonly used columns are C4, Cg and Cig (bonded-silane with 

alkyl chain length o f 4, 8 , 18 methylene groups, respectively). In RP-HPLC, a pore size 

o f 300 A has become the most popular; generally, peptides or proteins smaller than 100 

KDa are well resolved on columns o f 300 A pore size (Burton et al., 1988). For peptide 

separations, 100 A pore size packings can be used. For very large proteins, columns with 

1000 and 4000 A pores may offer better performance (Burton et al., 1988). Another 

parameter important to peptides/proteins separations is the particle size. Theory predicts 

that performance o f separations goes up as particle size decreases. For analytical 

separations, most columns have particle size o f 5 to 8 microns. Some manufacturers are 

offering columns with particles of 2 to 3 microns; however, small gains in efficiency with 

smaller particles may quickly be outweighed by higher column back pressures, greater 

susceptibility to plugging and shorter column life (Nugent, 1991).

Based 011 above considerations, in this thesis, silica-based Cg reversed-phase 

columns with pore size o f 300 A and a particle size o f 5 pm were utilized to study the 

retention behavior o f peptides under different circumstances.

IA-2-3 Mobile phases and mobile phase additives in RP-HPLC

Mobile phase refers to the solvent that moves the solute through the column. 

Various mobile phase parameters can have dramatic effects 011 peptide/protein 

separations, including solvent, pH, flow rate, gradient rate and mobile phase additives. 

The selection o f optimal conditions may be critical in establishing an analytical method. 

This selection really depends on the individual researcher’s requirements and is a

10
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compromise o f run time (speed), resolution (see Chapter III for details), sensitivity 

(detector response) and sample capacity. The relationships among speed, resolution and 

capacity are shown in Figure 1-2. The figure illustrates that, within limits, it is possible to 

alter the experimental conditions of a separation to improve one o f these qualities at the 

expense of the other two. Generally, the search for optimum conditions for a separation 

should be done by varying one parameter at a time. For RP-HPLC with silica-based 

columns, although excellent resolution o f peptide mixtures can be obtained at acidic or 

neutral pH, the majority of researchers have carried out RP-HPLC at pH < 3.0, since 

apart from the suppression o f silanol ionization under acidic conditions, i.e., suppressing 

undesirable ionic interactions with basic residues, silica-based columns are more stable at 

low pH (Mant et al., 1990; Mant et al., 2002). Flow rate (F) (the volumetric rate o f flow 

of mobile phase through an HPLC column) is one o f the most widely used parameters in 

HPLC (expressed as ml/min or pl/min). Another related parameter is linear velocity (v), 

which refers to the velocity o f the mobile phase moving through the column (expressed 

as cm/min). Linear velocity can be calculated by the equation:

v = F(l)/v0

where 1 is the column length and v0 is the void column;

v0 = t0F

where t0 is the time for unretained compounds to reach the detector from the point of 

injection.

In RP-HPLC, solutes bound or partition on the stationary phase by hydrophobic 

interactions are eluted in order of increasing solute hydrophobicity from the non-polar 

stationary phase as the mobile phase becomes more non-polar through the addition o f

11
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RESOLUTION

CAPACITYSPEED

Figure 1-2 Relationship of resolution, speed and capacity.
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water-miscible organic modifiers. The modes o f elution during RP-HPLC can be mainly 

divided as isocratic elution and gradient elution. Isocratic elution is achieved by keeping 

the same composition and concentration o f eluents during the entire elution procedure; in 

contrast, in gradient elution, concentration o f one or more eluents are increased or 

decreased in order to improve the resolution. Due to the varying hydrophobicity of 

different peptides in a peptide (or protein) mixture, it is usually very difficult to apply 

isocratic elution to obtain a good separation in RP-HPLC. The partitioning range of 

peptides and proteins is very narrow compared with that o f small organic molecules, 

making the task o f optimizing isocratic conditions difficult. For example, the small 

organic molecules (alkylphenones) can be separated isocratically over a wide range of 

acetonitrile concentrations; in contrast, peptides can be separated isocratically only over a 

very narrow range o f acetonitrile concentrations due to their much narrower partitioning 

“ windows” (Mant el al., 1987a). Experiments also proved that the peptide peaks not only 

broaden in lower isocratic acetonitrile concentrations but also tail severely (Mant et al., 

1987a). Hence, optimization o f peptide/protein separations in analytical and preparative 

reversed-phase chromatography generally involves the manipulation o f gradient rate 

rather than isocratic elution conditions. In the beginning o f a gradient run, a lower 

concentration o f the organic modifier is chosen, then, the components which are most 

loosely bound to the adsorption sites will be eluted under favorable conditions. Other 

more strongly held compounds w ill be successively eluted as the concentration o f the 

organic modifier is increased. The result is usually an increased resolution over a wide 

range o f sample compounds, compared with isocratic elution. In gradient elution, the 

change in mobile phase composition with time is denoted as gradient rate. In practice, the

13
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selection o f gradient rate to improve one aspect o f a separation (e.g., resolution or speed) 

may be at the expense o f others. For example, as show in Figure 1-3, at constant flow rate, 

there is a general improvement in peptide resolution with decreasing gradient rate; in 

contrast, at constant gradient rate, there is a general improvement in peptide resolution 

with increasing flow rate. Optimum conditions for a peptide separation w ill depend on 

the particular peptide mixture under investigation and the requirements o f the separation.

During the application o f HPLC to peptides/proteins, the critical part of 

maintaining efficient instrument and column performance lies in the careful preparation 

o f the mobile phase. In addition, column life time will be extended through proper 

cleaning and storage procedures. Since several liters of a mobile phase may pass through 

a column in daily use, any impurities in the mobile phase may have an adverse effect on 

column performance unless care is taken to minimize their presence. The mobile solvents 

in RP-HPLC usually consist o f water, non-polar solvent and mobile phase additives. 

Non-polar solvents refer to the organic modifier in RP-HPLC, e.g., acetonitrile, methanol 

and isopropanol. Mobile phase additives refer to ion-pairing reagents, buffer components 

and salts. Trifluoroacetic acid (TFA) is by far the most extensively used mobile phase 

additive in RP-HPLC. Its efficacy in this role lies in its volatility and UV transparency, 

coupled with the hydrophobic, negatively charged trifluoroacetate ion (TFA~) which is 

able to interact with basic, positively charged amino acid side-chains (Arg, Lys, His), as 

well as free N“ -amino groups, resulting in the improved solute resolution (Cunico et al., 

1998; Guo et al., 1987; Mant et al., 1991; Mant et al., 2002). In addition, at low pH 

values (e.g., pH 2), protonation o f acidic residues enhances the interaction o f peptides 

with the reversed-phase packing, concomitant with the suppression o f free silanol

14
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Figure 1-3 Effect of varying flow-rate or gradient-ratc on separation of peptides in RP- 
HPLC (adapted from Mant et al. 1991, pp314). Conditions: SynChropak RP-P (Cis) column 
(250x4.6 mm I.D., 6.5pm particle size, 300 A pore size); eluent A was 0.1% aq. TFA and 
eluent B was 0.1% TFA in acetonitrile; flow-rates and linear AB gradients as shown. Left 
profiles: effect of varying flow-rate (0.1, 0.2, 0.5, and 1.0 ml/min) at constant gradient rate 
(1% B/min). Right profiles: effect of varying gradient-rate (4, 2, 0.5, and 0.2% B/min) at 
constant flow-rate (1 ml/min). Sequences of the six peptide standards are: Ac- 
RGGGGIGIGK-amide (11), Ac-RGGGGlGLGK-amide (12), Ac-RGGGGLGLGK-amide 
(S2), Ac-RGAGGLGLGK-amide (S3), Ac-RGVGGLGLGK-amide (S4), Ac- 
RGVVGLGLGK-amidc (S5).
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ionization, thereby avoiding undesirable ionic interactions with positively charged 

peptide solutes (Mant et a l,  1987b; Mant et al., 2002; Regnier, 1983a).

Favored models for the mechanism o f such ion-pair separations involve either 

formation o f ion-pairs with the sample solute in solution followed by retention o f the 

solute molecules on a reversed-phase packing (Horvath et al., 1976; Horvath et al., 1977) 

or a dynamic ion-exchange event whereby the ion-pairing reagent is first retained by the 

reversed-phase column and then solute molecules exchange ions with the counterion 

associated with the sorbed ion-pair reagent (Kissinger, 1977; Kraak et al., 1977; Van de 

Venne et al., 1978). Whatever the mechanism, the resolving power o f ion-pairing 

reagents is effected by their interactions with the ionized groups o f a peptide. For 

example, hydrophobic anions such as trifluoroacetate form hydrophobic ion-pairs with 

the basic side-chains. The resulting complex tends to mask the positive charges and tends 

also to increase the affinity o f the peptide or protein for the column. This, in turn, 

increases retention time. The actual effect on retention time o f a peptide will depend 

strongly on the hydrophobicity of the ion-pairing reagent and the number o f oppositely 

charged groups on the peptides.

Addition o f salts to mobile phases over a pH range o f approximately 4-7 is 

traditionally designed to suppress negatively charged silanol interactions (pKa of charged 

silanol ~ 4) with positively charged solutes (Gaertner et al., 1985; Guo et a l, 1986a; 

Mant et a l,  1987b; Mant et a l, 1991; Mant et a l,  2002; Meek, 1980; Sereda et a l, 1997; 

Snider et a l,  1988). However, the potentially beneficial effect o f salt, specifically 

NaC104, on peptide separations at low pH has also been demonstrated (Sereda et a l, 

1997). Indeed, the negatively charged perchlorate (CIOV) ion acts as a hydrophilic

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter I Introduction

anionic ion-pairing reagent and, thus, interacts with positively charged groups o f solutes 

in a similar manner to H2PO4'  and TFA". Recently our laboratory has shown that the 

perchlorate anion is more effective than the trifluoroacetate anion as an ion-pairing 

reagent for RP-HPLC o f peptides (Shibue et al., 2005). NaCldj is also particularly useful 

as the salt additive to a RP-HPLC mobile phase since it is highly soluble in aqueous 

acetonitrile eluents, even at relatively high concentrations o f this organic modifier (Zhu et 

al., 1992).

IA-2-4 Peptide retention behavior during RP-HPLC

The excellent resolving power o f RP-HPLC has made it the predominant HPLC 

technique for peptide separations and its ability to separate peptides o f closely related 

structures makes it extremely useful for high-speed preparative and analytical 

applications. Many and varied influences w ill have an impact on the way a particular 

peptide interacts with a reversed-phase column, not least o f which include characteristics 

o f the peptide itself, e.g. amino acid composition (Guo et al., 1986a; Zhou et al., 1990), 

residue sequence (Houghten et al., 1987; Zhou et al., 1990), peptide length (Mant et al., 

1988; Mant et al., 1989), and the presence o f any secondary structure (a-helix or (3-sheet) 

(Blondelle et al., 1992; Heinitz et al., 1988; Steer et al., 1998; Steiner et al., 1991; Zhou 

et al., 1990). Compared to [3-sheet peptides, the peptide retention behavior o f a-helical 

peptides (both amphipathic and non-amphipathic) during RP-HPLC has been extensively 

studied. Indeed, peptide fragments from chemical or proteolytic digests o f proteins 

typically contain peptides with a-helical potential. During RP-HPLC, such peptides will 

be induced into a-helical structure by the non-polar environment characteristic o f this
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technique (hydrophobic matrix and non-polar eluting solvent) (Blondelle et a l, 1995; 

Purcell et a l,  1995c; Steer et a l, 1998; Zhou et a l, 1990).

The study o f a-helical peptides, especially amphipathic helices, is very relevant to 

native peptides and proteins (Mant et a l, 1993), since the amphipathic feature of helices 

is generally observed in biologically active peptides and proteins (Segrest et a l, 1990) 

and approximately 50% of all helices in proteins are amphipathic (Comette et a l, 1987). 

A previous study from our laboratory (Zhou et a l, 1990) has shown that peptides with 

the same amino acid composition but different sequence have different a-helical contents. 

Zhou et al. (Zhou et a l, 1990) clearly demonstrated that i f  the hydrophobic residues o f a 

peptide are well distributed around the a-helical structure o f a peptide, the a-helical 

conformation o f the peptide per se does not have a significant effect on peptide retention 

behavior in RP-HPLC. On the other hand, peptides which arc induced into an 

amphipathic a-helix on interaction with a hydrophobic RP-HPLC stationary phase w ill 

exhibit preferred binding of their non-polar face with the stationary phase. Indeed, 

because o f this preferred binding domain, amphipathic a-helical peptides are 

considerably more retentive than non-amphipathic peptides o f the same amino acid 

composition (Zhou et a l, 1990). Due to the different retention behavior o f peptides with 

different conformations, such as random coil peptides, amphipathic a-helical peptides, 

non-amphipathic a-helical peptides and (3-sheet peptides, it is possible to use RP-HPLC 

to separate peptide mixtures with varying secondary structures.

One o f the major applications o f RP-HPLC to peptides/proteins is to separate 

large amounts o f peptides/proteins in a short period with high efficiency, which means to 

improve the capacity (the amount o f sample that can be injected onto a RP-HPLC column
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without overload), speed and resolution o f chromatography. However, as discussed in 

Section IA-2-3, the selection o f optimum conditions for a peptide separation may be at 

the expense o f one or more other parameters. That is, increasing the sample capacity 

during a run may cause worse resolution; in contrast, to obtain a fast elution o f peptides, 

one has to sacrifice the capacity and resolution; in addition, good resolution is a result of 

well-resolved peaks and narrow peak widths, generally coupled with lower sample 

capacity and elution speed (Figure 1-2).

For many RP-HPLC analyses, one tries to minimize the use o f valuable peptide 

samples while maintaining excellent peptide resolution. Indeed, resolution can be 

affected by many chromatographic parameters, such as gradient rate, flow rate, pH, 

temperature, column packing, etc. Moreover, peptides derived from various sources differ 

widely in size, net charge and hydrophobicity, and purification o f a single peptide from a 

complex mixture w ill require an approach different from a separation o f all components 

o f a mixture. Although a desired peptide separation may be obtained by trial and error, 

this may take many attempts, with subsequent loss o f time and valuable peptide samples 

in cases where only limited quantities are available. Thus, prediction of peptide retention 

times has become a useful practical tool. Several groups have determined sets of 

coefficients for predicting peptide retention on reversed-phase columns, based on 

computer-calculated regression analyses o f the retention times o f a wide range of 

peptides o f varying compositions (Browne et al., 1982; Eng et al., 1987; Mabuchi et al., 

1981; Meek, 1980; Meek et al., 1981; Sakamoto et al., 19S8; Sasagawa et al., 1982; 

Wilson et al., 1981). A more precise method for determining the contribution of 

individual amino acid residues was developed by Guo et al. (Guo et al., 1986a; Guo et al.,
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1986b) on a series o f model synthetic peptides. When the method was applied to 

retention time predictions for 58 peptides, the high correlation o f predicted and observed 

retention times indicated good predictive accuracy for the range o f peptides studied (2-16 

residues) (Guo et al., 1986b). In addition, combined with Guo’s coefficients (Guo et a l, 

1986a), Mant et al. (Mant et a l, 1988) demonstrated that there was a linear relationship 

between chain length and peptide retention behavior in addition to peptide 

hydrophobicity. Using this relationship, the retention behavior o f peptides up to 50 

residues in length can be accurately predicted. During the application o f a prediction 

method, an internal peptide standard should be always run with the peptide samples, 

since the use o f an internal standard allows the researcher to correct for any variation in 

HPLC apparatus, temperature, reversed-phase packings, and reversed-phase columns of 

any length or diameter (Guo et al., 1986a; Guo et a l, 1986b). In fact, our laboratory has 

shown that the order o f elution o f proteins can be predicted in RP-HPLC using the sum of 

retention (hydrophobicity/hydrophilicity) coefficients (Mant et a l,  1989).

Denaturation o f a peptide or a protein can be defined as a change in confomiation 

from that which exists under benign, i.e., non-denaturing, conditions. Thus, separation by 

RP-HPLC can cause denaturation because o f the non-polar environment (non-polar 

mobile phase and non-polar sorbent) as well as the low pH utilized for most of 

separations. For example, RP-HPLC induces the protein to unfold to expose its more 

hydrophobic interior in order to bind the hydrophobic stationary phase. Spectroscopic 

studies have shown that some proteins undergo tertiary structure perturbations while 

bound to the reversed-phase sorbent and regain their original tertiary structure after 

elution (Lu et a l, 1988). This denaturing effect may lead to the formation o f two peaks;
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an earlier peak o f native conformation and a latter eluted peak o f denatured conformation 

(Benedek et a l,  1984). Although some proteins show a loss o f biological activity 

(irreversible denaturation) during RP-HPLC, others retain full biological activity. In this 

thesis, peptides which have a potential to form dimers, w ill still be bound to the reversed- 

phase stationary phase as monomers; and peptides which have potential to be a-helical, 

w ill be induced as a-helices during RP-HPLC.

IA-2-5 Temperature effects on peptide retention behavior in RP-HPLC

Considering the complexity o f proteomics applications o f liquid chromatography, 

where the separation o f hundreds or even thousands o f peptides may be required, e.g. 

from simultaneous digest of a multi-protein mixture, optimization o f the separation 

protocol is o f prime importance. The introduction in recent years o f stationary phases 

stable to high temperatures has added to the arsenal o f RP-HPLC approaches for 

optimization o f the resolution o f peptide mixtures (Barry et al., 1995; Boyes et al., 1993; 

Chloupek et a i,  1994; Glajch et al., 1990; Hancock et al., 1994; Kirkland et al., 1993; 

Kirkland et al., 1989; Kirkland et al., 1997; Lee et al., 2003b; Mant et a i, 2003a; Mant et 

al., 1997; Mant et al., 2003b; McNeff et al., 2000; Zhu et al., 1996a; Zhu et al., 1996b). 

In addition, RP-HPLC of peptides at varying temperature has also allowed an insight into 

the role o f conformation in the retention behavior o f peptides and proteins (Lee et al., 

2003b; Mant et al., 2003a; Mant et a l, 2003b; Mant et al., 1989; Purcell et al., 1993; 

Purcell et al., 1995a; Purcell et a l, 1995b; Purcell et a l, 1995c; Richards et al., 1994). 

Indeed, peptides with the presence o f different secondary structure (a-helix, P-sheet or 

random coil) interact in different ways with a reversed-phase matrix. For example, a-
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helical peptides (amphipathic, non-amphipathic) and peptides that have a random coil 

structure in benign conditions but have a-helical potential w ill be present as a-helices 

during RP-HPLC; in contrast, P-sheet peptides and random coil peptides without a- 

helical potential w ill keep their original conformation during RP-HPLC. However, 

temperature has particular effects on induced amphipathic a-helical structure during RP- 

HPLC, i.e., an increase in temperature may denature peptide amphipathic a-helical 

structure, resulting in faster elution o f a-helical peptides due to the disruption o f the non

polar face o f the helices.

In addition to the effect on peptide conformation during RP-HPLC, temperature 

also exhibits a dramatic influence on the resolution and peak width o f peptides, which 

may be due to the general effects o f increasing temperature resulting in increased 

solubility o f the solute in the mobile phase as the temperature rises (Cohen et al., 1984; 

Guo et al., 1986b; Hancock et al., 1986; Ingraham ct al., 1985) as well as causing a 

decrease in solvent viscosity and an increase in mass transfer between the mobile and 

stationary phase (Dolan, 2002). Wc believe that studying temperature effects on peptide 

selectivity w ill be valuable for both the rational development of peptide separation 

optimization protocols and a probe to distinguish between peptide conformations.

IA-2-6 Temperature profiling during RP-HPLC

One o f the most interesting developments of liquid chromatography in recent 

years has been the emergence o f RP-HPLC as a physicochemical probe o f peptide and 

protein structure. Such studies are based on the premise that the hydrophobic interactions 

between peptides and the non-polar stationary phase characteristic o f RP-HPLC (Mant et
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al., 1991; Mant et al., 1996; Mant et al., 2002) mimic the hydrophobicity and interactions 

between non-polar residues which are the major driving forces for protein folding and 

stability. Many studies have demonstrated the correlation between RP-HPLC retention 

behavior o f peptides/proteins and their conformational stability (Aguilar et al., 1993; 

Blondelle et al., 1996; Heinitz et al., 1988; Henderson et al., 1990; Lazoura et al., 1997; 

Lee et al., 1997; Lork et al., 1989; Purcell et al., 1989; Purcell et al., 1995a; Purcell et al., 

1995b; Purcell et al., 1995c; Steer et al., 1998; Steiner et al., 1991; Zhou et al., 1990). In 

addition, self-association o f molecules is a critical factor in explaining biological activity, 

folding and stability o f peptides/proteins. During RP-HPLC, temperature-induced 

unfolding o f peptides can be considered as a probe to monitor the change o f the 

hydrophobic interaction between peptides and the non-polar matrix which, in turn, may 

reflect the ability o f peptide to self-associate. Thus, we believe that the conformation- 

dependent response o f peptides to RP-HPLC under changing temperature (temperature 

profiling) has implications, not only for the approach to general analysis and purification 

o f peptides, but also for the dc novo design of peptides and proteins, since the 

contribution o f different amino acid side-chains to the stability o f a-helical/p-sheet 

structure and oligomerization may be rapidly ascertained through this RP-HPLC 

approach. Up to date, temperature profiling has been utilized on peptides with different 

conformations, including a-hclical, P-sheet, coilcd-coil and random coil peptides (Lee et 

al., 2003b; Mant et al., 2003a; Mant et al., 2003b), demonstrating its sensitivity, 

reliability and reproducibility in monitoring peptide self-association. In addition, this 

peptide self-associating ability is also important during the design o f antimicrobial
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peptides, which interact with biomembranes and lyse target cells in a channel/pore 

forming mechanism or a detergent-like wrapping mechanism.

IA-3 Hydrophilic interaction/cation-exchange chromatography 

IA-3-1 General background

Although RP-HPLC has been established as the most commonly used method for 

separating peptides and proteins, the application o f this technique may be limited when a 

low selectivity or the presence o f complex solute mixtures does not permit satisfactory 

separation o f individual components. Hydrophilic interaction chromatography (HILIC) 

has been promoted as an alternative chromatographic mode for applications to the 

separation of a wide range o f solutes (Alpert, 1990). It is characterized by its use of polar 

stationary phases and decreasing gradients of high concentrations of organic solvents as 

the mobile phase. Separation by HILIC, in a manner similar to normal-phase 

chromatography, depends on hydrophilic interactions between the solutes and the 

hydrophilic stationary phase, i.e., solutes are eluted from a HILIC column in order of 

increasing hydrophilicity (decreasing hydrophobicity). Under typical HILIC conditions, 

elution o f solutes is in an order o f increasing solute hydrophilicity, a behavior which is 

the opposite o f that observed in RP-HPLC (Figure 1-4). However, in a previous study in 

our laboratory, we noted that a HILIC column also possessed some ion-exchange 

characteristics (Zhu et a i, 1991). For example, a peptide mixture run on a HILIC column 

(polyhydroxyethylaspartamide) showed a similar profile to that obtained on a strong 

cation-exchange column (polysulfoethylaspartamide) (Zhu et a i, 1991). Indeed, in our 

hands, the hydrophilic sorbent o f the polysulfoethylaspartamide strong cation-exchange
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Figure 1-4 Comparison o f peptide separation by RP-HPLC (panel A) and HILIC (panel 
B) (adapted from Zhu. B. Y., et al. 1991). Panel A: column, SynChropak RP-P (C,8) 
(250x4.6 mm I.D.); mobile phase, linear AB increasing gradient (l%B/min) at a flow- 
rate of 1 ml/min, where A is 0.05% aqueous TFA and B is 0.05% TFA in acetonitrile; 
panel B: column, polyhydroxyethylaspartamide HILIC column (200x4.6 mm I.D.); 
mobile phase, linear AB decreasing gradient (l%B/min) at a flow-rate o f 1 ml/min, 
where A is 0.2% orthophosphoric acid in acetonitrile and B is 0.2% aqueous 
orthophosphoric acid (starting conditions were 85% A-15% B). The sequence o f peptide 
is NH2-RGAGGLGLGK-amide SI, the sequences o f peptides S2-S5 are same as in 
Figure 1-3.
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column provided much better selectivity than the ideal HILIC column (Zhu et al., 1991; 

Zhu et al., 1992). Our laboratory subsequently took advantage o f the inherent hydrophilic 

character o f ion-exchange packings, specifically strong cation-exchange (CEX) columns, 

by subjecting peptide mixtures to linear salt gradients in the presence o f high levels of 

organic modifier, specifically acetonitrile (Litowski et al., 1999; Mant et al., 1998a; Mant 

et al., 1998b; Mant et al., 2000; Zhu et al., 1992). Thus, we developed HILIC/CEX as a 

complementary HPLC mode to RP-HPLC. It is known that ion-exchange packings 

generally exhibit some hydrophobic character, perhaps producing undesirable peak 

broadening and organic solvents are frequently added to the mobile phase buffers at low 

concentration to suppress any such hydrophobic characteristics (Burke et al., 1989; Mant 

et al., 1991). At lower levels o f acetonitrile, with hydrophobic interactions suppressed, 

peptides are separated on a cation-exchange column by an ionic mechanism only. 

However, as the level o f acetonitrile is raised, the presence o f high levels o f organic 

modifier not only suppresses any undesirable hydrophobic interactions between the 

peptides and the cation-exchange matrix (Burke et a i, 1989), but also promotes 

hydrophilic interactions between the peptides and packing (Zhu et al., 1991; Zhu et al., 

1992). Separations based on hydrophilicity are thus superimposed on top o f those based 

on charge, resulting in mixed-mode HILIC/CEX, i.e., such an approach takes 

simultaneous advantage o f both the charged character o f peptides as well as any 

hydrophilic/hydrophobic properties they possess. As shown in Figure 1-5, in Panel B, at a 

relatively low concentration o f acetonitrile (2 0 %), peptides were eluted in order of 

increasing positive charge o f the peptides; in contrast, in Panel A, when raising the 

concentration o f acetonitrile to 90%, the peptides were separated not only by charge
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Figure 1-5 Effect o f acetonitrile concentration on column selectivity 
during H1LIC/CEX of peptides (adapted from Zliu. B. Y., et al. 1992). 
Column, PolySulfoethyl A strong cation-exchange column (200X4.6 mm 
I.D.). Mobile phase: panels A and B, linear AB increasing salt gradient 
(2% B/min, equivalent to 5 mM NaC104/min, starting at 100% A) at a 
flow-rate o f 1 ml/min, where A is 5 mM aqueous TEAP, pH 7, and B is A 
plus 0.25 M NaC104, pH 7, both A and B containing 90% (panel A) 
acetonitrile or 20% acetonitrile (panel B). The designation o f peptides 
represents the number of positive charges on the peptides.
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difference but also by peptide hydrophobicity, e.g., peptide h2 (with 2 positive charges) 

was eluted faster than peptide i 1 (with 1 positive charge) and peptide 14 (with 4 positive 

charges) was eluted faster than peptide c3 (with 3 positive charges) (Zhu el a l, 1992). 

This mixed-mode mechanism, with a balance of hydrophilic and ionic interactions, offers 

an excellent alternative to RP-HPLC for both peptide (Hartmann el a l, 2003; Litowski et 

a l, 1999; Mant et a l, 1998a; Mant et a l, 1998b; Oyler et a l, 1996) and protein 

separation (Lindner et a l, 1996; Lindner et a l, 1997; Lindner et a l, 1998; Lindner et a l, 

1999; Mizzen et a l, 2000), including posttranslationally modified proteins, e.g., various 

acetylated (Lindner et a l, 1996), phosphorylated (Lindner et a l, 1997), glycosylated 

(Mizzen et a l, 2000), and deamidated (Lindner et a l, 1998) proteins. Indeed, apart from 

its use as a complementary IIPLC mode to RP-HPLC, H1L1C/CEX has occasionally 

proven more effective as a separation technique than RP-HPLC for specific peptide 

separations (Hartmann et a l,  2003; Hodges et a l, 2004).

IA-3-2 Stationary phases for HILIC/CEX

Separation of peptide and protein mixtures by means o f hydrophilic interaction 

chromatography is usually performed with packing materials having average diameters of 

5-10 pm and a pore size between 300 and 1500 A (Lindner et a l, 2004). The stationary 

phases employed are by definition polar and usually include silica modified by chemical 

bonding o f suitable functional groups. Generally, silica-based packings supplied by many 

manufacturers include weak and strong cation and anion exchangers, amino-, diol-, 

polyol-, amide- and amino-cyano-phascs (Lindner et a l, 2004). Since soluble silicate
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anions are formed under alkaline conditions, similar to that in RP-HPLC, silica materials 

used in IIIL IC  are normally not suited for use at basic pH values.

A polypeptide coating with a strong cation exchanger poly(2- 

sulfoethylaspartamide) (PolySulfoethyl A, PolyLC) has been well used as a hydrophilic 

matrix in our laboratory (HILIC/CEX mode) (Hartmann et al., 2003; Litowski et al., 

1999; Mant et al., 1998a; Mant et al., 1998b; Mant et al., 2000; Zhu et al., 1991; Zhu et 

al., 1992). This material, synthesized by the reaction o f taurine with polysuccinimide 

covalently bonded to silica (Alpert et al., 1988), favors electrostatic interactions in lower 

organic solvent levels and hydrophilic interactions in higher organic solvent levels.

IA-3-3 Mobile phases and mobile phase additives for HILIC/CEX

Elution o f peptides and proteins in HILIC/CEX is accomplished by an increasing 

salt gradient in the presence of a high concentration of organic modifier. This high 

concentration of organic solvent in the elution system is necessary to promote the favored 

hydrophilic interactions between the eluents and the polar column matrix. Selection o f 

mobile phases during HILIC/CEX can dramatically alter the results of peptide elution. To 

date, acetonitrile has been the organic solvent o f choice for peptide separations during 

HILIC/CEX, at concentrations o f up to 90%, due to its excellent UV transparency at 

wavelengths around 210 nm and low viscosity. In addition to organic solvents, salts are 

also important to obtain good results in HILIC/CEX. Considering the UV transparency 

and good solubility in high concentrations of organic solvents, sodium perchlorate has 

proved to be particularly suitable for peptide separations during HILIC/CEX (Hartmann 

et al., 2003; Litowski et al., 1999; Mant et al., 1998a; Mant et al., 1998b; Mant et al.,
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2000). In practice, the selection o f the mobile phases, buffer ions, pH and even the 

stationary phases is case-dependent, and all these parameters can be powerful tools for 

high-resolution separations of peptides and proteins.

IA-3-4 Peptide retention behavior during HILIC/CEX

Note that, in an analogous manner to the non-polar face o f an amphipathic a-helix 

representing a preferred binding domain for RP-HPLC, the hydrophilic face o f the a- 

helix would represent a preferred binding domain for a hydrophilic stationary phase such 

as the strong cation-exchange matrix employed for HILIC/CEX in the present study. 

Evidence for such hydrophilic preferred binding domains has been reported previously by 

our laboratory for both amphipathic a-helical peptides (Mant et al., 1998b) and cyclic 

amphipathic p-sheet peptides (Mant et al., 1998a). Peptides are usually eluted in order o f 

increasing hydrophilicity and charge during HILIC/CEX. That is, peptides with the same 

net charge w ill be eluted mainly according to the extent o f their hydrophilic interactions 

with the ion-exchange matrix, with the most hydrophobic peptide being eluted first 

(Hartmann et al., 2003; Mant et al., 1998a); in contrast, i f  the cation-exchange 

interactions were dominant in the mixed-mode separation process, peptides (e.g., with 

different positive charges) should be eluted in order o f the lowest to the highest 

positively-charged peptides (Zhu et al., 1991; Zhu et al., 1992). Moreover, in 

HILIC/CEX, i f  the hydrophilic interactions were the dominant effect, a peptide o f higher 

net positive charge would be eluted earlier than a peptide o f lower net positive charge i f  

the overall hydrophobicity of the latter was greater than that o f the former, which can be
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dramatically changed for charged peptides depending on the concentration o f organic 

solvent (Zhu el al., 1992).

IA-3-5 Comparison of HILIC/CEX and RP-HPLC

To summarize HILIC/CEX: (1) the stationary phase used in HILIC/CEX is a 

strong cation-exchange packing, characterized by both hydrophilic and cation-exchange 

interactions with solutes; (2) the mobile phase in HILIC/CEX is generally composed of 

high constant concentration o f organic solvent (usually acetonitrile) and increasing 

concentration of salts; (3) a high concentration o f organic solvent promotes hydrophilic 

interaction between solutes and the column matrix; (4) increasing concentration o f salts 

compete with column packing to elute peptides in order o f charges and/or hydrophilicity; 

thus (5) the peptide with the least positive charge or the lowest hydrophilicity will 

generally be eluted first during HILIC/CEX, depending on mobile phase conditions.

The major difference between HILIC/CEX and RP-HPLC, by definition, is the 

mechanism o f separating solutes. In addition to the separation mechanisms, there are 

other important variations between HILIC/CEX and RP-HPLC as shown in Table 1-1. 

Interestingly, temperature also has opposite effects on peptide elution during HILIC/CEX 

and RP-HPLC. In the absence of any conformational effects, temperature increases 

generally result in a decrease in retention times o f peptides during RP-HPLC, w'hereas an 

increase of retention times of peptides with increasing temperature has been observed in 

HILIC/CEX (Hartmann et al., 2003; Hodges et al., 2004). figure 1-6 exhibits the 

comparison of HILIC/CEX and RP-HPLC. In Figure 1-6, it is clear that both HILIC/CEX 

and RP-HPLC showed significantly improved separation compared with CEC on the
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peptide mixture. The elution order of peptides in the mixture was quite different between 

HILIC/CEX and RP-HPLC indicating that, as a powerful chromatographic tool, 

HILIC/CEX presents an excellent complement to RP-HPLC for peptide/protein 

separation/optimization protocols (Figure 1-6).
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Table 1-1 Comparisons o f HILIC/CEX and RP-HPLC
HILIC/CEX RP-HPLC

Stationary phase Polar stationary phase, i.e., 
cation-exchange matrix

Highly non-polar stationary 
phase

Mobile phase Elution of solutes depends on 
increasing concentration o f salts 
concomitant with constant 
concentration o f organic solvent 
(or “ modifier”) or decreasing 
concentration o f an organic 
solvent in an aqueous mobile 
phase

Elution o f solutes effected by 
increasing concentration o f an 
organic solvent (or 
“ modifier” ) in an aqueous 
mobile phase

High concentration o f an organic 
modifier at the beginning o f an 
elution; constant high 
concentration or lower 
concentration of the organic 
solvent at the end of the elution

No organic modifier or low 
concentration of organic 
modifier at the beginning of 
an elution; higher 
concentration of the organic 
solvent at the end o f the 
elution

No salt or low salt concentration 
at the beginning o f an elution; 
higher concentration o f salt at 
the end of the elution

No salt or constant salt 
concentration throughout 
elution

Solutes are eluted in order of 
increasing hydrophilicity or 
increasing number o f positive 
charges

Solutes are eluted in order of 
increasing hydrophobicity

Elution mechanism Takes simultaneous advantage of 
both the ion-exchange and 
hydrophilic interactions between 
solutes and the column matrix

Takes advantage o f 
hydrophobic interactions 
between solutes and the 
column matrix
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Figure 1-6 Comparison o f peptide separation by CEC (top), HILIC/CEX (middle), and 
RP-HPLC (bottom) (adapted from Mant, C. T. et al. 2002a). Columns: RP-HPLC, Zorbax 
SB300-C8 reversed-phase column (150X4.6 mm ID, 5 pm particle size, 300 A pore size); 
CEC and HILIC/CEX, PolySulfoethyi A strong cation-exchange column (200X4.6 mm 
ID, 5 pm particle size, 300 A pore size). Mobile phase for CEC and HILIC/CEX, linear 
AB gradient, where buffer A is 20 mM acj. TEAP, pH 3, and buffer B is buffer A plus 400 
mM NaC104; acetonitrile is present in both buffers at a concentration (v/v) o f 10% (CEC), 
or 90% in buffer A and 80% in buffer B (HILIC/CEX); gradient rate, 2.5 mM 
NaC104/min, following 5 min isocratic elution with buffer A; flow rate, 1 ml/min; 
temperature 30 °C. Mobile phase for RP-HPLC, linear AB gradient, where eluent A is 
0.05% aq. TFA, pH 2, and eluent B is 0.05% TEA in acetonitrile; gradient rate 0.5% 
acetonitrile/min, flow rate 1 ml/min, temperature 70 °C. The arrows denote major 
selectivity differences between the HILIC/CEX and RP-HPLC modes.
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B. Introduction to antimicrobial peptides

IB-1 Traditional antibiotics

The past 60 years have been marked as the “ antibiotic era” in medical history in 

which natural, semisynthetic, or synthetic antibacterial chemicals have been used with 

great success against life-threatening infections. The first natural antibiotic, pyocyanase, 

was discovered in 1888 in bacteria Pseudomonas aeruginosa. However, the most 

successful antibiotic was penicillin, which made its clinical debut in 1942 (Travis, 1994). 

By killing the bacteria that cause many o f humankind’s worst infectious diseases, such as 

tuberculosis and pneumonia, it saved countless lives. Because of the discovery and 

synthesis of the “ miracle drug” penicillin, Florey, Chain and Fleming were awarded the 

Nobel Prizes in Medicine in 1945. More antibiotics were discovered over the following 

decades.

The antibiotic mechanisms o f traditional antibiotics are quite different, which can 

be used to classify antimicrobial agents. Briefly, the major mechanisms include the 

inhibition of bacterial cell wall synthesis or damage to the cell wall (e.g., penicillins, 

vancomycin), the inhibition o f cytoplasmic membrane synthesis or the direct disruption 

of the membrane (e.g., polyene antifungals), the inhibition of synthesis or metabolism of 

nucleic acids (e.g., quinolones, nitroimidazoles), the prevention of protein biosynthesis 

(e.g., tetracyclines, erythromycin) or the modification of energy metabolism (e.g., 

sulfonamides, trimethoprim) (Neu, 1992). Examples o f classical antibiotics are shown in 

Figure 1-7. As so many antibiotics have been discovered, it appeared as though
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Figure 1-7 Examples of classical antibiotics.
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humankind had an abundant supply o f effective antimicrobial agents that could 

adequately control the spread of bacterial infections.

IB-2 The development of antibiotic resistance

Recently, the era of the antibiotic miracle may be coming to an end; at best 

antibiotics are progressively demonstrating decreased efficacy (Travis, 1994). In 1994. 

the World Health Organization’s Scientific Working Group on Antibiotic Resistance and 

Surveillance stated that bacterial resistance to antibiotic agents was already a serious 

public health problem in both developed and developing countries. Levels o f resistance 

have been increasing at an alarming rate and are expected to increase at even greater rate 

in the future as antibacterial agents lose their effectiveness (Hancock. 1997). Indeed, 

penicillin resistance showed up only a few years after its clinical debut in 1942 (Travis. 

1994). Since antibiotics are effective through inhibiting bacterial cell wall synthesis, 

protein synthesis, and DNA replication, bacteria can then resist antibiotics as a result of 

chromosomal mutation or inductive expression of a latent chromosomal gene or by 

exchange o f genetic material through transformation (the exchange o f DNA), 

transduction (bacteriophage), or conjugation by plasmids (extrachromosomal DNA) 

(Finland, 1979; Milatovic et al., 1987; Schabcrg et al., 1981). When one strain develops a 

new resistance strategy, it is able to share this strategy with others, an ability that has 

played a crucial role in the rapid spread of antibiotic resistance. For example, intergenus 

spread of resistance can occur between Gram-positive species such as staphylococci and 

enterococci and between Enterobacteriaceae and Pseudomonas or anaerobes such as 

Bacteroides (Arthur et al., 1987; Brisson-Noel et al., 1988; Morse et al., 1986; Tally et
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a l, 1988). Gram-positive species can transfer resistance to Gram-negative species, but 

the reverse is uncommon (Neu, 1992). Some antibiotics can promote this transfer of 

resistance genes, e.g., tetracycline can stimulate the transmission of a transposable 

element coding for tetracycline resistance by 5- to 100-fold (Torres et a l, 1991).

In addition to antibiotic resistance, no radically new structural class has been 

introduced into medical practice over the past 30 years (Hancock, 1997). Therefore, the 

development of a new class of antibiotics lias become critical. Ideally, such antibiotics 

should possess both novel modes of action as well as different cellular targets compared 

with existing antibiotics to decrease the likelihood o f development of resistance. 

Antimicrobial peptides can represent such a new class o f antibiotics (Hancock, 1997; 

Neu, 1992; Travis, 1994).

IB-3 Discover)' of antimicrobial peptides

Although two groups of peptide antibiotics were discovered some time ago — 

namely, the gramicidins and the polymyxins, the major discovery of antimicrobial 

peptides was made in the late 1970s (Boman, 1991). At the beginning of the discovery, 

antimicrobial peptides were found in several different types of animals (frogs, moths, 

bees) as part o f their innate immune systems (Boman. 1991); then, more and more 

antimicrobial peptides have been found from organisms throughout the phylogenetic tree 

for protection against microbes (Andreu et a l, 1998). It is clear that as relative 

latecomers to a world inhibited by prokaryotic microorganisms, only those animal and 

plant species able to prevent and overcome infections were likely to survive. 

Antimicrobial peptides were well involved in the hosl-defense mechanisms as
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microorganism killers, exhibiting rapid killing effects (seconds to minutes versus hours 

for conventional antibiotics) across a broad spectrum of Gram-negative and Gram- 

positive microorganisms.

IB-4 Structural and physical characteristics of antimicrobial peptides

Antimicrobial peptides are generally small (11-50 amino acids) and positively 

charged (a net positive charge o f +2 or more) due to the presence of excess basic residues 

(lysine or arginine) over acidic residues (Hancock et a l, 1995). Based on their secondary 

structure (as shown in Figure 1-8), these peptides fit into four major classes: (i) a-helical 

peptides, including cecropins (Boman et al., 1989; Christensen et al., 1988; Piers et al., 

1994; Steiner et a l, 1981; Zhao et a l, 1997), magainins (Bechinger, 1997; Jacob et a l, 

1994; Matsuzaki, 1999; Zasloff, 1987) and inelittins (Andreu et a l, 1992; Shin et a l, 

1997; Tosteson et a l, 1985); (ii) [3-sheet structures stabilized either by two or three 

intramolecular disulfide bonds, e.g., defensins (Ganz et a l, 1994), protegrins (Steinberg 

et a l, 1997), thionins (Stein et a l,  1999), tachyplesins (Iwanaga et a l, 1994), or by anN- 

terminal to C-terminal covalent bond forming a cyclic p-sheet peptide, e.g., gramicidin S 

(Kondejewski et ctl, 1996) and tyrocidines (Mootz et a l, 1997); (iii) extended helices 

with a predominance o f one or more amino acids, e.g., polyprohelices (Falla et a l, 1996); 

and (iv) loop structures, e.g., bactenecin and polymyxins (Wu et a l,  1999). Most well 

studied cationic antimicrobial peptides belong to the a-helical and p-shcet categories, the 

former generally existing as disordered structures in aqueous medium and becoming 

helical upon interaction with hydrophobic solvents or phospholipid vesicles (Blondelle et 

a l, 1999). In contrast, P-sheet peptides are far more constrained in this conformation,
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Figure 1-8 Antimicrobial peptides with different secondary structures
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either by disulfide bonds or by cyclization o f the backbone. Although they may be further 

stabilized in a non-polar environment, p-sheet peptides exist largely in a "preformed" P- 

sheet conformation in aqueous environments due to their structural constraints (Blondelle 

eta l., 1999).

IB-5 Proposed mechanisms of action

Many models have been proposed for the mechanism o f action o f antimicrobial 

peptides, including the barrel-stave mechanism, the carpet mechanism, the toroid pore or 

wormhole mechanism and the in-plane diffusion model. The mechanism by which these 

peptides induce permeability and traverse the microbial membranes is likely to differ for 

various antimicrobial peptides and the membrane environments in which they are studied. 

In brief, the barrel-stave mechanism describes the formation o f transmembrane 

channels/pores by bundles o f amphipathic a-helices, as their hydrophobic surfaces 

interact with the lipid core o f the membrane and the hydrophilic surfaces point inward, 

producing an aqueous pore (Ehrenstein et al., 1977); in contrast, the carpet model was 

proposed for the first time to describe the mechanism of action o f dermaseptin S (Pouny 

et al., 1992), describing the contact o f antimicrobial peptides with the phospholipid head 

group throughout the entire process o f membrane permeation which occurs only i f  there 

is a high local concentration of membrane-bound peptide. The major difference between 

the two mechanisms is, in the carpet model, peptides are not inserted into the 

hydrophobic core o f the membrane, and neither do they assemble the aqueous pore with 

their hydrophilic faces, that is, the peptides lie parallel with the membrane surface. The 

toroid model is an adaptation o f the barrel-stave model (Ludtke et al., 1996; Matsuzaki,
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1998). In the barrel-stave model, a large amount o f positive charge is confined to a small 

space, facing the interior of pore/channel. In the toroid model, the negatively charged 

headgroups o f lipids separate this charge, thus forming a transient supramolecular 

membrane-spanning complex with interior surface composed o f polar and charged 

peptide side-chains and phospholipid head groups. For the in-plane diffusion model 

(Bechinger, 1997), membrane-associated peptides disturb the lipid packing over a large 

surface area. By diffusion o f the antimicrobial peptides, these disturbances can overlap, 

resulting in the collapse o f lipid packing and inducing temporary openings in the 

membrane.

Due to their diverse mode o f action in biological environments, no general 

mechanism can be proposed for the biological activity of peptide antibiotics. Indeed, it is 

known that the extent o f interaction between peptide and biomembrane is dependent on 

the composition o f the lipid bilaycr. Cell membranes composed predominantly of 

phosphatidylglycerol (PG), cardiolipin (CL) or phosphatidylserine (PS) tend to be highly 

negatively-charged; such compositions are found in many bacterial pathogens. In contrast, 

bilayers enriched in the zwitterionic phospholipids phosphatidylethanolamine (PE), 

phosphatidylcholine (PC) or sphingomyelin (SM), commonly found in mammalian 

cytoplasmic membranes, are generally neutral in net charge. Indeed, mammalian 

cytoplasmic membranes generally contain no or extremely low levels o f the negatively- 

charged lipids PG and CL. ICoppelman ct al. (Koppelman ct al., 2001) have demonstrated 

that the cytoplasmic membrane o f E. coli is substantially more enriched in CL than 

previously known. From these perspectives, composition likely provides an important 

determinant by which antimicrobial peptides target microbial versus host membranes. In
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addition, recent evidence indicates that the distribution o f phospholipids within 

cytoplasmic membranes o f eukaryotic and prokaryotic cells is highly asymmetric (Florin- 

Christensen et al., 2001); for example, only 2% of the total PE content in bovine 

erythrocytes is oriented toward the outer membrane leaflet. The differences o f lipid 

composition and distribution between eukaryotic and prokaryotic cells may have great 

influence on the antimicrobial specificity o f peptide antibiotics.

Although the cytoplasmic membrane is a major target o f antimicrobial peptides, 

there is also evidence that antimicrobial peptides exert their activities through 

mechanisms other than membrane penneabilization. However, it is not easy to 

differentiate these other activities from secondary events arising from membrane 

penneabilization. For instance, some antimicrobial peptides have been proposed, to 

inhibit the synthesis o f specific membrane proteins (Axen et al., 1997; Engstrom et al., 

1984), to block the synthesis o f DNA (Boman et al., 1993), to break single-strand DNA 

(Bateman et al., 1991) or to produce hydrogen peroxide (Leem et al., 1996). 

Antimicrobial peptides have also been reported to trigger self-destructive mechanisms 

such as apoptosis in eukaryotic cells (Velasco et al., 1997; Yoo et al., 1997) or autolysis 

in bacterial targets (based on activation o f amidases that degrade the peptidoglycan) (Sahl, 

1994).

Traditional antibiotics kill bacteria in a highly specific fashion, by entering the 

cell interior and binding to a biomolecule both specific for the microorganism and 

necessary for cell survival, such as a cell wall component or an enzyme involved in 

transcription, translation, or metabolism. Although killing is not immediate, the 

interruption of bacterial metabolic processes eventually leads to cell death over the days
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following the initial antibiotic treatment. Unfortunately, the high specificity o f antibiotics 

provides a way for bacteria to become resistance to traditional antibiotics. In contrast, 

although the exact mode o f action o f antimicrobial peptides has not been established, it 

has been proposed that the cytoplasmic membrane is the main target o f these peptides, 

where peptide accumulation in the membrane causes increased permeability and loss of 

barrier function (Duclohier ct al., 1989; Hancock ct al., 1998). For the antimicrobial 

peptides whose sole target is the cell membrane, the development o f resistance to these 

membrane active peptides would not be expected because this would require substantial 

changes in the lipid composition of cell membranes. Since both their mode o f action and 

cellular targets are different from those o f traditional antibiotics, cationic antimicrobial 

peptides represent a truly new class o f antibiotics. From numerous structure/activity 

studies on both natural and synthetic antimicrobial peptides, a number o f factors believed 

to be important for antimicrobial activity have been identified: the presence o f both 

hydrophobic and cationic residues, an inducible or preformed secondary structure (a- 

helical or p-sheet), and an amphipathic nature that segregates basic and hydrophobic 

residues to opposite sides o f the molecule in lipid or lipid-mimicking environments 

(Blondelle et al., 1999; Hancock, 1997; Hancock ct al., 1998). This amphipathic 

structural feature is believed to play a key role in the antimicrobial mechanism of action, 

with the hydrophilic (positively charged) domain o f the peptide proposed to initiate 

peptide interaction with the negatively charged bacterial surface and the negatively 

charged headgroups o f bilaycr phospholipids. The hydrophobic domain o f the 

amphipathic peptide would then permit the peptide to enter the membrane interior 

(Bechinger, 1997; Blondelle et al., 1999; Epand e ta i,  1999).
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IB-6 Drawbacks of antimicrobial peptides as therapeutics

Compared with traditional antibiotics, there are some fundamental drawbacks o f 

antimicrobial peptides which have prevented their development as therapeutics. Since the 

specific molecules targeted by the traditional antibiotics are generally not present in 

human cells, the antibiotics have lower toxicity to the patient. In contrast, antimicrobial 

peptides interact with the general cytoplasmic membranes (the reason for the broad 

antibacterial spectrum) and, thus, are also toxic to eukaryotic cell membranes, normally 

expressed as hemolytic activity (toxicity to human red blood cells), which is the main 

reason preventing their applications as injectable therapeutics. In addition, due to 

enzymatic proteolysis in vivo, oral bioavailability o f antimicrobial peptides may be low. 

Cationic charges on the majority o f antimicrobial peptides, necessary to initialize peptide- 

lipid interaction during the mechanism of action, may also be screened by the presence of 

a high salt concentration, resulting in decreasing antimicrobial activity in high salt 

environments such as the mucus-covered lungs o f cystic fibrosis patients (Goldman et al.,

1997).

IB-7 Peptide V68i

Zhang el al reported that by utilizing a semi-random mutagenesis technique, they 

obtained a series o f active variants o f an antimicrobial peptide CP2600 (Zhang et al.,

1998) (also named V26p (Zhang et al., 1999)). V(,8i is one o f the variants o f CP2600. As 

studied by Zhang and coworkcrs (Zhang et al., 1999), in aqueous medium, V68| is an 

unstructured peptide, whilst, in a non-polar environment, this 26-residue peptide is an 

amphipathic a-helical peptide. Upon addition to liposomes, fluorescence quenching
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experiments indicate a relocation o f the peptide into a more hydrophobic environment. 

Also, CD data demonstrate that V6si exhibits an a-helical structure in liposomes with 

more than 90% a-helical content. V68i exhibits a very high biological activity against all 

Gram-positive and Gram-negative bacteria with minimal inhibitory concentration (MIC) 

values ranging from 0.5 to 4pg/ml (Zhang et al., 1999). However, the peptide is also 

highly hemolytic and lyses red blood cells at 8pg/ml. V68i also showed an extremely high 

membrane penneabilization activity upon the NPN uptake assay. Therefore, this peptide 

is ideal for our antimicrobial peptide stability and biological activity study.

IB-8 De novo peptide design

We believe that a synthetic peptide approach to examining the effect o f small 

incremental changes in hydrophobicity/hydrophilicity, amphipathicity and helicity of 

cationic antimicrobial peptides w ill enable rapid progress in rational design of peptide 

antibiotics. Our previous studies have successfully utilized such an approach to dissociate 

antimicrobial and hemolytic activities o f de novo designed cyclic p-sheet gramicidin S 

analogs, by systematic alterations in amphipathicity through D-amino acid substitutions 

(Kondejewski et al., 1999; Lee et al., 2003a; Lee et al., 2004). In recent work, we 

demonstrated that the helix-destabilizing properties o f D-amino acids offer a systematic 

approach to the controlled alteration o f the hydrophobicity, amphipathicity, and helicity 

o f amphipathic a-helical model peptides (Chen et al., 2002). By substituting different D- 

aniino acids into the center o f the hydrophobic face o f an amphipathic a-helical model 

peptide, we demonstrated that different D-amino acids destabilized a-helical structure to 

different degrees, whilst the destabilized structure was still inducible to a-helix in
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hydrophobic medium. The advantage o f this method o f single D- or L-amino acid 

substitutions at a specific site is to reduce the complexity o f understanding the 

mechanism of action o f these peptides.

In this thesis, peptide V6gi was used as the ideal framework for our antimicrobial 

peptide study o f hydrophobicity/amphipathicity, stability and biological activity. By 

employing a rational approach to design V6gi analogs with varying hydrophobicity/ 

amphipathicity and stability, we can obtain valuable information to explain the 

mechanism o f action o f a-helical antimicrobial peptides. In addition, since hemolytic 

activity is the main restriction o f antimicrobial peptides being used clinically (Hancock, 

1997; Hancock, 1998; Hancock et al., 1995; Hancock et al., 1998), the high hemolytic 

activity o f Vegi also gives us a chance to study whether changing peptide 

hydrophobicity/amphipathicity and stability can help to dissociate hemolytic activity and 

antimicrobial activity in a similar fashion to that observed for cyclic p-sheet peptides 

(Kondejewski e ta l, 1999).
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CHAPTER II

Objectives, Hypotheses and Overview

Although this thesis describes studies on two major fields: HPLC methodology 

development and development o f new antimicrobial peptides (as shown in Figure II- l), 

there are complementary aspects to these sections. De novo designed model peptides o f 

different secondary structures were utilized in the development o f HPLC methodology, in 

order to gain a better understanding o f the retention behavior o f peptides during RP- 

HPLC and HILIC/CEX. In the second major part o f the thesis, the potent antimicrobial 

peptide V68i was used as the structural framework in the development o f a-helical 

antimicrobial peptides with improved biological activity and specificity. Both sections 

employ de novo approach o f peptide design. More importantly, the methods and results 

o f the HPLC methodology development strongly support the latter antimicrobial peptide 

studies.

Chapter IV presents the study of varying column packing, mobile phase 

conditions and temperature on the RP-HPLC retention behavior at pH 2.0 and pH 7.0 o f 

peptides based on the amphipathic a-helical peptide sequence Ac- 

EAEKAAKEXEKAAKEAEK-amide, where position X is substituted by different L- and 

D-amino acids. The objective of this study was to understand the effects o f varying RP- 

HPLC parameters on the retention behavior o f peptides, necessary for the rational 

development o f separation/optimization protocols.

In order to characterize the effect o f temperature on the retention behavior and 

selectivity o f separation of polypeptides and proteins in RP-HPLC, the chromatographic 

properties o f four series of peptides, with two different peptide conformations (random
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coil and a-helical structure), were studied as a function o f temperature (5-80 °C),

described in Chapter V. Our hypothesis was that, since a-helical peptides may unfold

during increasing temperature, temperature would thus have greater effect on the

selectivity o f a-helical peptides compared with random coil peptides.

In Chapter VI, the objective of this study was to find out the optimum 

concentration o f TFA for peptide separations. Routine use o f higher TFA concentrations 

has generally been avoided, partially due to the concern o f stationary phase degradation. 

However, with the advent o f reversed-phase packings with superior stability towards both 

acidic mobile phases and high temperature, such concern has been overcome. Our 

hypothesis was that the traditional range of TFA concentrations employed for peptide 

studies (0.05%-0.1%) may not be optimum for many, perhaps the majority, o f peptide 

separations.

One o f the most interesting developments o f liquid chromatography in recent 

years has been the emergence o f RP-HPLC as a physicochemical probe o f peptide and 

protein structure. The study in Chapter V ll sets out to extend the utility o f RP-HPLC to 

monitor dimerization and unfolding of de novo designed synthetic amphipathic a-helical 

peptides o f varying hydrophobicity when run at temperatures ranging from 5 to 80 °C. 

Although peptides are eluted from a reversed-phase column mainly by an adsorption/ 

desorption mechanism, peptides bound to a hydrophobic stationary phase w ill partition 

between the aqueous mobile phases in equilibrium with its bound state in a narrow range 

o f acetonitrile concentrations during gradient elution. The rationale for monitoring 

peptide dimerization and unfolding by temperature profiling during RP-HPLC is based 

on several criteria described in detail in Chapter VII.
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We believed that a step-by-step synthetic peptide approach to examining the 

effect o f small incremental changes in hydrophobicity, amphipathicity and stability of 

cationic antimicrobial peptides would enable rapid progress in rational design o f peptide 

antibiotics. With this in mind, we began by studying model a-helical peptides. In Chapter 

V III, we describe a systematic study to determine the effect on secondary structure o f D- 

/L-amino acid substitutions in the non-polar face of a de novo designed amphipathic a- 

helical model peptide. The objective o f this study was to determine and quantify the 

inherent helix stability coefficients as well as helix stereochemistry stability coefficients 

due to the varying D-/L-amino acid substitutions. Our hypotheses were that, (1) by 

introducing different L-amino acids into the center o f non-polar face o f the helix, there 

would be varying changes o f peptide apparent hydrophobicity and peptide conformation; 

and (2) although different D-amino acid substitutions will disrupt a-helical structure to 

different degrees in an aqueous medium, helical structure may still be induced in a 

hydrophobic environment o f the membrane.

Based on the results from the study in Chapter VIII, we designed de novo a series 

o f antimicrobial peptides with improved specificity in Chapter IX. The objective o f this 

study was to improve the antimicrobial activity and specificity by altering the 

hydrophobicity/hydrophilicity, amphipathicity and stability o f the a-helical structure. 

Our hypotheses were that: (1) disruption o f a-helical structure in benign medium by D- 

amino acid substitutions, followed by helix induction in a hydrophobic environment, 

may increase biological activity and specificity; (2) single D-amino acid substitutions 

may dissociate the hemolytic and antimicrobial activities; and (3) altering the 

hydrophobicity/ hydrophilicity and amphipathicity o f the peptides may improve the
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antimicrobial activity and/or decrease the hemolytic activity, which improves specificity 

(therapeutic index).

The antimicrobial peptides with different hydrophobicity/hydrophilicity are also 

perfect models to compare the resolving power o f HILIC/CEX and RP-HPLC for 

separation o f mixtures o f diastereomeric amphipathic a-helical peptide analogs. The 

objectives in Chapters X and X I were: (1) to monitor the hydrophobicity/hydrophilicity 

o f amino acid side-chains in the non-polar and polar faces o f amphipathic a-helices by 

RP-HPLC and HILIC/CEX; (2) to compare RP-HPLC and HILIC/CEX as 

complementary techniques in separating amphipathic a-helical peptides.

In general, in this thesis, we explored and optimized the separation methodology 

o f RP-HPLC and HILIC/CEX, in order to improve the present methods o f peptide/protein 

separation/optimization protocols, which are important to routine peptide/protein studies, 

and peptide/protein structure and function studies, as well as proteomic applications. In 

addition, since RP-HPLC has been well utilized as a sensitive physicochemical probe for 

peptide structures, RP-HPLC studies w ill also help to understand the hydrophobic 

interactions between peptides with different conformations and non-polar environments. 

Furthermore, we employed the results o f peptide hydrophobicity/hydrophilicity and 

amphipathicity from model peptides during RP-HPLC to design a-helical antimicrobial 

peptides. The novel technique of temperature profiling during RP-HPLC was also 

demonstrated to be valuable in the determination o f peptide association ability in 

solution, which proved important to the biological activities o f antimicrobial peptides.
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CHAPTER III 

General Methods and Materials

III-l Materials

All solutions were prepared in HPLC-grade water purchased from EMD Chemicals 

(Gibbstown, NJ) or prepared by an E-pure water purification system from Bamstead 

International (Dubuque, IA).

Table III-l List of materials
Regent Suppliers
acetic anhydride Fisher Scientific (Fair Lawn, NJ)
acetonitrile (HPLC-grade) EM Science (Gibbstown, NJ)
anisole Aldrich (Oakville, ON, Canada)
o-benzotriazol-I-yl-A(A',Ar,A'’- Advanced ChemTech (Louisville, KY)

tetramethyluronium 
hexafluorophosphate (HBTU)

t-boc-protected (tert-butyloxycarbonyl) Advanced ChemTech (Louisville, KY)
amino acids

diethyl ether Fisher Scientific (Fair Lawn, NJ)
diisopropylethylamine (DIEA) Caledon (Georgetown, ON, Canada)
dimethylformamide (DMF) FisherBiotech (Fair Lawn, NJ)
1,2-ethanedithiol (EDT) Aldrich (Oakville, ON, Canada)
hydrogen fluoride (HF) Matheson Tri-Gas (Newark, CA)
jV-hydroxybenzotriazole (HOBt) Novabiochem (La Jolla, CA)
4-methylbenzhydrylamine resin Advanced ChemTech (Louisville, KY)

hydrochloride salt (MBHA)
orthophosphoric acid Anachemia (Toronto, ON, Canada)
potassium phosphate, dibasic Fisher Scientific (Fair Lawn, NJ)
potassium phosphate, monobasic Fisher Scientific (Fair Lawn, NJ)
sodium perchlorate FisherBiotech (Fair Lawn, NJ)
triethylamine (TEA) Anachemia (Toronto, ON, Canada)
trifluoroacetic acid (TFA) Halocarbon Products Corp. (River Edge,

2,2,2-trifluoroethanol (TFE)
NJ)

Sigma (St. Louis, MO)
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III-2 Solid-phase peptide synthesis (SPPS)

The major two methods of synthesis o f peptides are solution-phase synthesis and 

solid-phase synthesis. SPPS now dominates synthetic peptide chemistry, and today the 

majority o f peptides are made by this method. In this technique, a growing peptide chain 

is covalently linked to an insoluble polymeric support and amino acids are added 

sequentially to the N-terminus (Figure III- l) . Thus, SPPS is carried out in the direction of 

C-terminus to N-terminus in contrast to the N-terminal to C-terminal order observed 

during ribosomal biosynthesis o f proteins.

The peptides used in this thesis were synthesized either automated by an Applied 

Biosystems Model 430A peptide synthesizer (Foster City, CA) (Sereda et al., 1994) or 

manually by the conventional /e/Y-butyloxycarbonyl (t-Boc) amino acid solid-phase 

peptide synthesis methodology using methylbcnzhydrylamine resin as described 

previously (Litowski cl al., 1999). There are four major steps involved in the solid-phase 

synthesis o f peptides, including anchoring, dcprotection, coupling and cleavage.

The anchoring step indicates the procedure o f anchoring the first amino acid 

residue to the polymeric resin support through a preattached handle moiety. The types of 

handles determine the peptide C-terminal groups after the cleavage step. The C-tenninal 

amide groups o f all the peptides in this thesis required the handle with an active amino 

moiety which can couple with the carboxylate group o f amino acids. 

Methylbenzhydrylamine resin used in this study is physically stable and is first allowed 

to swell in solvents such as dichloromethane (DCM) and dimethylformamide (DMF). 

The peptides were attached via an acid-labile amide bond which then can be cleaved with 

HF, yielding peptide amide products.
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Figure III-l Schematic diagram of solid-phase peptide synthesis. The polymeric 
resin support is labeled as R, the amino acid protecting groups (for side-chain 
protection and N-terminal protection) are labeled as P, the C-terminal activating 
groups are labeled as A.
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In order to avoid unfavorable side reactions, the N-terminal a-amine was

protected. After the attachment o f the C-temiinus to the resin, the N-terminal amine must 

be deprotected to allow the formation o f a peptide bond with the subsequent amino acid 

residue. Generally, two types o f N“ -protecting groups are used: /-Boc and 9- 

fluorenylmethoxycarbonyl (Finoc) groups, which are acid and base labile, respectively. 

As previously mentioned, only /-Boc chemistry was used in this thesis. The Boc-group 

was removed with 50% (v/v) TFA/DCM to expose the active N-terminal amine group, 

and usually neutralized with diisopropylethylamine (DIEA), a tertiary amine (Figure III- 

2).

The coupling step involves a nucleophilic attack o f a free N-terminal amine o f the 

growing peptide chain upon an activated carboxyl group o f the subsequent amino acid 

residue to be added. Due to the low reactivity, the carboxyl group has to be activated first 

by changing the hydroxyl group to an electron-withdrawing substituent to facilitate 

nucleophilic attack by the amine. A number o f reagents are available for both in situ and 

preactivation o f the amino acid (Albericio el al., 1997; Novabiochem, 2004). Two 

commonly used examples are dicyclohexylcarbodiimide (DCC) and o-benzotriazol-l-yl- 

N,N,N,N-tetramethyluronium hexafluorophosphate (HBTU). The coupling reagent used 

in this study is HBTU, which reacts with the a-carboxyl group to form the activated o- 

benzotriazolyl ester (Figure III-3). In the current study, an auxiliary nucleophile, N- 

hydroxybenzotriazole (HOBt) was added to the reaction to increase reaction rate and 

reduce side reactions. Activation and coupling were performed in situ by dissolving a 5- 

fold molar excess o f amino acid (compared with resin) in DMF and activating with equal 

molar amounts o f HBTU and HOBt and a 6-fold molar excess o f DIEA (Figure III-3). D-
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Figure III-2  TFA catalyzed removal o f the /-Boc group. The polymeric resin 
support is labeled as R.
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Figure I I 1-3 (a) HBTU activation and (b) amino acid coupling during 
SPPS. Resin is labeled as R, the side-chain protecting group on the amino 
acid is labeled as P.
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amino acid residues, in this thesis, were coupled in a significant longer time period to

ensure the efficiency of coupling.

The ninhydrin test for reactive amines was performed at 120 °C. In brief, the 

primary free amines yield a blue/purple color due to the reaction with ninhydrin and 

hydrindantin; and the reaction with secondary amines (e.g., proline) yields an orange 

color. The test is highly sensitive and can detect samples containing less than 0.5% of 

unreacted amine groups (Sarin ct al., 1981). In the event of a test with a positive result, 

the coupling reaction was repeated for a longer time and the ninhydrin test was repeated.

Repetitive deprotection and coupling steps ensure the stepwise elongation of the 

peptide chain. Once the peptide chain was complete, in this study, the N-terminal group 

was acetylated by reaction with 10% acetic anhydride in 20% DIEA/70%> 

dichloromethane (v/v/v). The peptide was then cleaved from the resin with the strong 

acid, anhydrous HF (30ml/g resin), in a specially designed sealed Teflon apparatus at - 

5°C to 0°C for 1 hour. The side-chain protecting groups o f amino acid residues were 

removed simultaneously with cleavage from the resin. Anisole was added as a scavenger 

to trap the released protecting groups, in order to prevent irreversible reattachment to the 

peptide. After cleavage, the resin and peptide mixture was washed with ethyl acetate to 

remove organic contaminants. The crude peptide was then extracted with acetonitrile 

from the resin and lyophilized.

III-3 Peptide purification by preparative RP-HPLC

The practical need for scalar extrapolation from analytical to semi-preparative and 

ultimately to the preparative separation o f synthetic peptides has been well documented
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(Rivier et al., 1984; Sitrin et al., 1986). Crude synthetic peptides are generally generated

in large quantities and when obtained using a solid-phase peptide synthesis approach for

example, can contain undesired impurities, yet these impurities are more likely to be very

closely associated (in sequence) to the desired peptide. In fact, the crude peptidic

preparations may contain the desired product as only a small fraction (1 to 70%) o f the

total (Mant et al., 1991). Since the peptidic impurities cannot be tolerated for most

physico-chemical and biological studies, we have spent considerable effort on the

optimization o f chromatographic methods directed at the purification o f crude peptide

mixtures.

The excellent resolving power and separation time o f reversed-phase 

chromatography, coupled with the availability o f volatile mobile phases, has made this 

mode o f HPLC the favored method for preparative separation o f peptides. Similar to 

analytical reversed-phase chromatography, preparative RP-HPLC can be optimized by 

alterations o f varying HPLC parameters, such as column packings, mobile phase 

conditions including the solvents, gradient rate, flow rate and pH, etc.

Due to the large scale o f peptide samples, most researchers would probably desire 

to increase the column volumes. Therefore, a column of preparative RP-HPLC is 

generally larger and longer than an analytical reversed-phase column. The column used 

in this thesis is a semi-preparative column with 250x9.4mm I.D., 6.5pm particle size,

3 00A pore size (compared with an analytical column with 150x4.6 mm I.D.; 5 p m 

particle size, 300A pore size). Gradient rate is a practical parameter to improve the 

resolving power o f HPLC. According to Burke et al, a shallow gradient approach on a 

preparative column can be used to separate closely-related peptides (Burke et al., 1991).
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The gradient rate used in this thesis was generally 0.2% acetonitrile per minute (Figure

III-4), although a shallower gradient (0.1% acetonitrile/min) was applied to crude peptide

samples with closely-related deletions. In these studies, a flow rate o f 2 ml per minute of

mobile phase was used on the semi-preparative column.

In this thesis, after cleavage from the resin, the crude peptides were purified by 

preparative RP-HPLC on a Varian Vista Series 5000 Liquid Chromatograph (Varian, 

Walnut Creek, CA, USA) using a semi-prep Zorbax 300 SB-Cg column (250x9.4mm 

I.D.; 6.5pm particle size, 300A pore size; Agilent Technologies, Brockville, Ontario, 

Canada) with a linear AB gradient (0.2% acetonitrile/min) at a flow rate o f 2 ml/min, 

where mobile phase A was 0.1% aq. trifluoroacetic acid in water and B was 0.1% TFA in 

acetonitrile. The peptides were further characterized by analytical RP-HPLC, 

electrospray mass spectrometry and amino acid analysis.

III-4 Analytical RP-HPLC

Analytical RP-HPLC in this thesis was earned out on an HP 1100 Liquid 

Chromatograph (Hewlett-Packard, Avondale, PA, USA), coupled with an HP 1100 series 

diode array detector and thermostatted column compartment, HP Vectra XA computer 

and HP LaserJet 5 printer. The background to analytical RP-HPLC has been discussed in 

depth in the introduction (Chapter I). The experimental details o f using analytical RP- 

HPLC, including the column, mobile phases and running conditions, are described in 

each individual study as specific experimental methods.
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Figure III-4  RP-HPLC analysis comparison o f the crude peptide and the peptide 
after purification. Column, instrumentation and run conditions are described in the 
Experimental section o f Chapter VIII. The sequence o f the peptide is acetyl- 
EAEKAAKESEKAAKEAEK-amide, which was denoted as peptide Sl in Chapter 
VIII.
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III-5 Amino acid analysis

Amino acid analysis was utilized to determine the concentration of peptides in 

solutions. The purified peptides were hydrolyzed in 6N HCI (including 0.1% phenol) at 

160 °C for 1.5 hour in sealed evacuated tubes. Analysis was carried out on a Beckman 

System 6300 Amino Acid Analyzer (Beckman, San Ramon, CA). The mechanism o f this 

amino acid analyzer is based on cation exchange chromatography and post column 

ninhydrin derivatization. Peptides are eluted based on net charge and hydrophobicity. 

Typical runs consist o f a series of three buffers: 0.2 M sodium citrate, pH 3; 0.2 M 

sodium citrate, pH 4.3; and 0.35 M sodium citrate, 0.75 M NaCl, pH 7.9. Eluted samples 

are mixed with ninhydrin reagent and detected by spectrophotometry at 570 nm for 

primary amines and 440 nm for secondary amines.

I1I-6 Mass spectroscopy

The molecular masses o f all the peptides were further confirmed by a VG Quattro 

electrospray/triple quadrupole mass spectrometer from VG BioTech (Altrincham, UK). 

10 pi o f samples were injected and delivered to the analyzer using 0.1 % formic acid in 

50% aqueous CH3CN at a flow rate o f 50 pl/min. Samples were detected in positive ion 

mode and scanned 7-10 times from 500 to 1500 Da, and acquired data were subtracted, 

smoothed and centered.

III-7 Circular dichroism spectroscopy

The secondary structures of peptides were determined by circular dichroism (CD) 

spectroscopy, which plays a key role in the study o f peptide/protein structure and folding
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(Greenfield, 1996; Johnson, 1990; Kelly et al., 1997; Woody, 1995). Circular dichroism

is a phenomenon o f circularly polarized light, in which the electric vector rotates about

the direction o f a light beam. This phenomenon results when chromophores in an

asymmetrical environment interact with polarized light. In proteins the major optically

active groups are the amide bonds o f the peptide backbone at the range o f far UV spectra

(170-250 nm) and the aromatic side chains at the near UV region (250-300 nm).

Polypeptides and proteins have regions where the peptide chromophores are in highly

ordered arrays, such as a-helices or p-sheets. Depending on the orientation o f the peptide

bonds in the arrays, the optical transitions o f the amide bond can be split into multiple

transitions, the wavelengths o f the transitions can be increased or decreased, and the

intensity o f the transitions can be enhanced or decreased. As a consequence, many

common secondary structure motifs, such as the a-helix, p-pleated sheets, P-tums, and

random coils, have very characteristic CD spectra (Figure III-5). a-Helices have intense

spectra with a characteristic positive band at 190 nm and double minima at 208 and 222

nm. A P-sheet spectrum is characterized by a negative band at 215 nm and a positive

band at 198 nm. Negligible secondary structure regions (random coils) generally show a

large negative band below 20 0  nm and a small positive band at 220  nm.

CD spectra were recorded on a Jasco J-720 spectropolarimeter (Jasco, Easton, 

MD) running a J700 for Windows Standard Measurement Software Version 1.10.00, 

equipped with a Lauda model RMS circulating water bath (Lauda, Westbury, NY) to 

control the temperature o f the cuvette holder. The spectropolarimeter was routinely 

calibrated with an aqueous solution of recrystallized D-10-(+)-camphorsulfonic acid at 

290.5 nm. Cylindrical quartz cells were used, with path lengths o f 0.02 cm. Exceptions
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Figure III-5 CD spectra of peptides with representative varying secondary 
structures, (O) a-helix, ( • )  p-sheet, (V ) p-tum and (▼) random coil (adapted 
from Greenfield, 1996).
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were occasionally adapted; for example, a 0.01 cm cell could be used for CD scans to

achieve more spectral data at lower wavelength where solvent cutoff was a problem but

the CD signal was also reduced in half. The results are expressed as mean residue molar

ellipticity [0 ] with units o f deg-cm^dmoT1 and calculated from the following equation:

[0]=([0]obs X MRW)/(10/c)

where [0]Obs is the observed ellipticity measured in millidegrees, MRW is the mean

residue molecular weight (molecular weight o f the peptide divided by the number of

amino acid residues), / is the optical path length of the cell in cm, and c is the peptide

concentration in mg/ml. For wavelength scans, data was collected from 190 to 255 nm at

0.05 nm intervals, and the average o f 10 scans reported. Samples in this thesis were

prepared by diluting an aqueous peptide stock solution o f known concentration into

buffer (50 mM PO4, 100 mM KC1, pH 7.0). For the scans in the presence o f

trifluoroethanol (TFE), the above buffer was diluted to 50% with TFE. For peptide

secondary structure characterization, a 10-fold dilution o f a -500 pM stock solution of

the peptide analogs was loaded into a 0 .02  cm fused silica cell and its ellipticity scanned

from 190 nm to 250 nm. The values o f molar ellipticities o f the peptide analogs at

wavelength 222  nm were used to determine the relative a-helical propensity o f each

peptide in these studies.

III-8 Trifluoroethanol titration

A TFE titration study was carried out in order to find out the optimum 

concentration o f TFE used in the CD temperature denaturation study o f peptides. For a 

CD temperature denaturation study, peptides have to be fully folded at the beginning of
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the experiment. TFE was used as the helix-inducing reagent to ensure the folded helical

structure o f peptides. However, the optimum concentration o f TFE is critical to the

accuracy o f the results, since higher or lower concentrations o f TFE than the optimum

concentration can result in overly stable or unstable a-helical structure of peptides. In a

TFE titration, peptide stock solutions were dissolved in benign buffer (15mM aq.

P(V20mM KC1, pH 7.0) at a concentration o f 1 mg/ml. Thirty microliters o f stock

peptide solution were mixed with a calculated volume o f TFE and diluted with water to a

final volume of 100ml. Each sample solution was then loaded into a 0.02cm fused silica

cell and its ellipticity from 190nm to 250nm was measured at 5 °C using a Jasco J720

spectropolarimeter (Jasco, Easton, MD, USA) running a J700 for Windows Standard

Measurement Software Version 1.10.00. Each spectrum is the average of four or eight

scans collected every 0.05 or 0.1 nm from 250nm to the far UV limit o f the sample.

III-9 CD temperature denaturation

Temperature denaturation of peptides was performed in a Jasco J720 

spectropolarimeter (Jasco, Easton, MD, USA); temperature was controlled with a Lauda 

model RMS circulating water bath (Lauda, Westbury, NY). Based on the TFE titration 

study, 40% TFE was the minimal concentration required to obtain maximal helical 

structure. Each peptide was dissolved in 50mM aq. PO4 containing lOOmM KC1 and 40% 

TFE, pH 7.0, to give a peptide concentration of about 0.5mg/ml. Each solution was 

loaded into a 0 .02  cm fused silica cell and its ellipticity at 222  11m was measured over a 

temperature range o f 5-85 °C. The ratio o f the molar ellipticity at a particular temperature 

(/) relative to that at 5 °C ([O](-[O]U)/([O]5- [ 0 ]U) was calculated and plotted against
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temperature in order to obtain the thermal melting profiles, where [0 ]5 and [0 ]u represent

the ellipticity values for the fully folded and fully unfolded species, respectively. The

average molar ellipticity o f all peptides at 222 nm in the presence o f 50%TFE at 5 °C

was taken to represent the 100% helical structure ([0 ]5= -28,500 deg-cm^dmoF1) and that

in the presence o f 8 M urea (average o f 1500 deg-cm^dmof1) was taken to represent a

totally random coil state ([0]u). The melting temperature (Tm) was calculated as the

temperature at which the a-helix was 50% denatured (([O]t- [ 0 ]U)/([O]5- [ 0 ]U)=O.5 ) and the

values were taken as a measure o f a-helix stability.

In Chapter VII, temperature denaturation was performed in 0.1% aq. TFA 

containing 40% TFE, pH 2.0. However, in Chapter IX, temperature denaturation o f an 

antimicrobial peptide, V^i, was carried out in 0.05% aq. TFA, pH 2 to mimic the acidic 

environment frequently characteristic o f RP-HPLC. 50% TFE was added in solution to 

ensure the fully a-helical structure o f peptide Vgsi, due to its relatively negligible helical 

content in aqueous environment.

III-l0 Calculation of resolution (Rs) during RP-HPLC

Peak resolution in chromatography is the ability o f a column to separate 

chromatographic peaks. Resolution is a very important parameter to represent resolving 

power o f HPLC. One attempts to achieve the best resolution possible. The value o f 

resolution depends upon two factors: narrowness o f the peak and the distance between 

peak maxima. One way of improving resolution is to increase column efficiency which 

decreases the width o f the peak. Column efficiency is a function o f such column 

parameters as mobile phase flow rate, particle size o f the column packing and the solvent
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viscosity. Column selectivity, a result of the interaction o f the solute with the solvent and

the column packing, is another way to improve resolution (Mant et al., 1991). Figure III-

6 illustrates how column efficiency and selectivity affect resolution. Resolution can be

calculated in two ways:

(1) Rs = l/4(N)1/2(a - l) ( l/ l+ k ’)

where N is the theoretical plate number, k’ is the capacity factor and a is the peak 

selectivity.

(2) Rs = (t r ,2 -  t r,l)/‘/2(tw,2 + tw,l) = 2 AtI  (tw,2 + tw,i)

where t r,2 and t r,i are retention times o f the retained components measured at the peak 

maximum and At is the difference between t f 7 and t rii. The values o f tw>2and tw,i are the 

peak widths in units o f time measurement at the base. It is often more convenient to 

measure peak widths at high height, then equation (2 ) can also be described as:

(2) Rs= 1.176AtR/(Wi+W2) 

where AIr is the difference in retention time between two peptide peaks (1 and 2) and Wi 

and W2 are their peak widths at half height. This equation is satisfied i f  the units of 

retention time and peak width are the same, such as minutes. In this thesis, resolution 

calculations were based on this modified equation.
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Figure I I I -6  Illustration of relationship among resolution, column 
efficiency and column selectivity (adapted from Mant et al., 1991, pp 84)
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CHAPTER IV

Selectivity Differences in the Separation of Amphipathic a-Helical 
Peptides during Reversed-Phase Chromatography at pH 2.0 and pH 

7.0: Effects of Different Packings, Mobile Phase Conditions and
Temperature

A version o f this chapter has been published: Chen, Y., Mant, C. T. and Hodges, R. S. 
(2004) J. Chromatogr. A 1043, 99-111. Only methods unique to this chapter are 
described in the Experimental section, the remaining general methods are described in 
Chapter III.

IV-1 Abstract

In an ongoing effort to understand the effect o f varying reversed-phase high- 

performance liquid chromatography (RP-HPLC) parameters on the retention behaviour of 

peptides, necessary for the rational development o f separation/optimization protocols, we 

believe it is important to delineate the contribution o f a-helical structure to the selectivity 

o f peptide separations. The present study reports the effects o f varying column packing, 

mobile phase conditions and temperature on RP-HPLC retention behaviour at pH 2.0 and 

pH 7.0 o f peptides based on the amphipathic peptide sequence Ac- 

EAEKAAKEXEKAAKEAEK-amide (with position X in the centre o f the hydrophobic 

face o f the a-helix), where position X is substituted by L- or D- amino acids. At pH 2.0, 

an increase in trifluoroacetic acid concentration or the addition o f sodium perchlorate to a 

phosphoric acid-based mobile phase had the similar effect o f improving peak shape as 

well as increasing peptide retention time due to ion-pairing effects with the positively- 

charged peptides; in contrast, at pH 7.0, the addition of salt had little effect save an 

improvement in peak shape. Temperature was shown to have a complex influence on 

peptide selectivity due to varying effects on peptide conformation. In addition, subtle
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effects on peptide selectivity were also noted based on the column packings employed at

pH 2.0 and pH 7.0.

IV-2 Introduction

The amphipathic a-helix is a very commonly encountered structural motif in 

peptides and proteins (Segrest et al., 1990). Approximately 50% o f all helices in soluble 

globular proteins are amphipathic (Comette et al., 1987; Segrest et al., 1990), with 

soluble proteins, by definition, having come to terms with an aqueous environment 

requiring burial o f hydrophobic residues in the protein interior. Peptides that exhibit this 

structural motif have been extensively used as model systems to understand peptide or 

protein folding, stability and function (Chen et al., 2002; Hodges, 1996; Mant et al., 

1993). For example, amphipathic helical structures are now known to play in important 

role in the mechanism of action o f antimicrobial peptides, since the hydrophilic 

(positively charged) domain o f the antimicrobial peptide initiates peptide interaction with 

the negatively charged bacterial phospholipids and the hydrophobic domain o f the 

peptide would then permit the peptide to enter the membrane interior (Bechinger, 1997; 

Blondelle et al., 1999; Epand et al., 1999; Wu et al., 1999).

Reversed-phase high-performance liquid chromatography (RP-HPLC) is one o f 

the most widely used techniques for the separation and purification o f peptides and 

proteins (Mant et al., 1991; Mant et al., 2002a). Moreover, RP-HPLC also turns out to be 

a useful physicochemical probe for investigation o f amphipathic helices induced or 

stabilized in hydrophobic environments (Blondelle et al., 1992a; Blondelle et al., 1995; 

Chen et al., 2002; Hodges et al., 1994; Mant et al., 1993; Purcell et al., 1995c; Steer et
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a l., 1998; Zhou et a l. ,  1990). For example, the hydrophobic interactions between

polypeptides and the nonpolar stationary phase (typically aliphatic alkyl chains attached 

to a silica support) upon which RP-HPLC depends may well reflect similar intraprotein 

interactions between the nonpolar residues that stabilize the folded or three-dimensional 

structure o f the native protein molecule (Mant et al., 1993). In addition, the interaction of 

amphipathic a-helices with a hydrophobic surface during RP-HPLC is likely to be a good 

model for peptide binding to biological membranes or receptors (Mant et al., 2002b; 

Mant et a l, 2002c; Sereda et a l, 1994). In previous studies (Chen et a l, 2002; Chen et 

a l, 2003; Sereda et a l, 1995; Zhou et a l, 1990), we have stressed the importance of 

delineating the contribution o f a-helical structure (both amphipathic and non- 

amphipathic) to the selectivity of peptide separations, particularly since peptide 

fragments from chemical or proteolytic digests o f proteins typically contain peptides with 

a-helical potential. With RP-HPLC applied to the separation o f such peptide mixtures, 

any peptides with a-hclical potential w ill be induced into such secondary structure by the 

non-polar environment characteristic o f this technique (hydrophobic matrix and non

polar eluting solvent (Blondelle etal., 1995; Purcell et al., 1995c; Steer et a l, 1998; Zhou 

e ta l, 1990)).

In our aforementioned previous studies, we have ( 1) demonstrated the selectivity 

that may be obtained in a reversed-phase separation based on differences in peptide 

conformation (a-hclical versus random coil) and highlighted by their retention time 

behaviour at varying gradients o f organic modifier (Sereda et a l, 1995); (2) we have 

utilized RP-HPLC to monitor the quantitative changes o f apparent peptide side-chain 

hydrophobicity/hydrophilicity and peptide amphipathicity caused by single L- or D-
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amino acid substitutions in the centre o f the hydrophobic face o f a model amphipathic a-

helical peptide (Chen et al., 2002); and (3), we illustrated interesting temperature

selectivity effects in RP-HPLC due to conformation differences between non-helical and

L- or D-amino acid substituted a-helical peptides (Chen et al., 2003). In an ongoing

effort to understand the effect o f varying RP-HPLC parameters on the retention

behaviour o f peptides, necessary for the rational development o f separation/optimization

protocols, we report here the effects o f varying column packing, mobile phase conditions

and temperature on RP-HPLC retention behaviour at pH 2.0 and pH 7.0 o f peptides based

on the amphipathic peptide sequence Ac-EAEKAAKEXEKAAKEAEK-amide (with

position X in the centre o f the hydrophobic face o f the a-helix), where position X is

substituted by L- or D-amino acids.

IV-3 Experimental

IV -3-1 Columns and HPLC conditions

Analytical R P -H P L C  was carried out on a Zorbax 300 SB-Cs column (150 x 2.1 

mm I.D.; 5-pm particle size; 300-A pore size) and a Zorbax Eclipse XDB-Cg column 

(150 x 2.1 mm I.D.; 5pm; 300A) from Agilent Technologies, using a linear AB gradient 

(0.5% acetonitrile/min) at a flow-rate of 0.25 ml/min, at pH 2.0 and pH 7.0. Mobile 

phase systems used in this study were divided into two groups: at pH 7.0, eluent A was 

20 mM aq. PO4 containing 0 mM, 10 mM, 25 mM, 50 mM or 100 mM NaCiCL and 

eluent B was eluent A also containing 50% (v/v) acetonitrile; at pH 2.0, eluent A was, 20 

mM aq. H3PO4 or 20 mM aq. H3PO4 containing 100 mM NaClCL and eluent B was eluent 

A also containing 50% (v/v) acetonitrile. For an alternative pH 2.0 system, eluent A was
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6 mM, 10 mM, 25 mM, 50 mM or 100 mM aq. TFA and eluent B was the corresponding

concentration of TFA in acetonitrile.

IV-4 Results and discussion

1V-4-1 Amphipathic a-helical model peptides

IV-4-1-1 Design o f model peptides

Our peptide models were designed based on the well-characterized sequence Ac- 

EAEKAAKEAEKAAKEAEK-anride, which exhibits a highly amphipathic a-helical 

structure (Figure IV -1) and is denoted as peptide AA9 in previous studies (Chen et a l, 

2002; Mant et al., 1993; Mant et al., 2002b; Mant et al., 2002c; Monera et al., 1995; 

Sereda et al., 1994; Zhou et a l, 1992; Zhou et a l, 1993; Zhou et a l,  1994a; Zhou et a l, 

1994b). In the design o f this model peptide, alanine was selected to form the 

hydrophobic face o f the helix because it contains the minimum side-chain hydrophobicity 

needed to create an amphipathic a-helix and because o f its high intrinsic helical 

propensity and stability contributions (Chou et a l, 1974; Monera et a l,  1995; Zhou et a l, 

1994b). Lysine and glutamic acid were also selected to allow a potential for a-helix 

stabilizing electrostatic attractions at the /—>/+3 and /-»/+4 positions at neutral pH values 

(Scholtz et a l, 1993). In order to reduce the unfavourable dipole interactions o f a-helical 

structure, all substituted model peptides were synthesized with Na-acetylated and Ca- 

amidated termini (Shoemaker et a l,  1987). According to the study o f Zhou et al (Zhou et 

a l, 1994b), this amphipathic a-helical model exhibits the following important features: 

(a) the helix is single-stranded and non-interacting, enabling the determination o f the 

effect o f different amino acid substitutions in the non-polar face; (b) there is a uniform
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Chapter IV Peptide Selectivity by Mobile Phase Conditions

environment created by alanine residues surrounding the substitution site in the centre of

the non-polar face (position 9 o f this 18-mer model peptide); (c) the small size o f the

alanine side-chain methyl group ensures the minimal interactions with the “ guest”  amino

acid residues; (d) the relatively small size o f the peptide (18 residues) maximizes the

effects o f single amino acid substitutions.

The Ala residue in the centre o f the non-polar face o f the amphipathic a-helical 

sequence of AA9 was substituted for the present study with L- or D-proline, L- or D- 

serine and L- or D-glutamine, or by glycine. The side chains o f proline, serine and 

glutamine are uncharged at pH 2.0 or pH 7.0, thus eliminating any chance o f charge 

contributions o f these substituted amino acids complicating interpretation o f results. It 

should be noted that the intrinsic hydrophobicity o f the non-polar face o f the amphipathic 

a-helix is identical for each diastereomeric peptide pair. Since glycine does not exhibit 

optical activity, the Gly-substituted analogue represents a useful reference standard. 

Different a-helical peptide analogues were denoted by the one-letter code o f the amino 

acid residue substituted at position 9 o f the sequence (Figure IV -1). For example, peptide 

Pd represents the model peptide analogue with D-proline substituted at position 9 and 

peptide G denotes the glycine-substituted analogue, etc.

Peptide C3 represents a peptide designed to exhibit negligible secondary 

structure, i.e., a random coil, although Figure IV -1C (helical net) and Figure IV-1D 

(helical wheel) present this peptide in the form it would take i f  it was able to become 

helical. This peptide was originally designed to be o f the same length and similar 

composition to AA9, which may be viewed as the “ native” peptide o f the model 

amphipathic a-helical peptides. However, while AA9 contains seven Ala residues, C3
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contains none (Figure IV-1). With seven Ala residues in the hydrophobic face o f AA9

(hence, seven CH3 groups) and five Gly and two Leu residues in a putative hydrophobic

face for C 3 (hence eight CH 2 and C H 3 groups, from the two Leu residues), overall

hydrophobicity is essentially maintained. The two additional Leu residues in the putative

hydrophilic face in C3, i f  it were a-helical, were designed to increase the retention time

of the random coil peptide and to ensure that it could not form an amphipathic a-helix.

From Figure IV -ID , it can be seen that, even i f  this peptide were able to be induced into

a-helical structure, a non-amphipathic helix would result. However, the presence of five

Gly residues, a well-known a-helix disrupter and, with the sole exception o f proline, the

amino acid with the lowest helical propensity (Monera et al., 1995; Zhou et al., 1994b),

in place o f five Ala residues was designed to make any secondary structure highly

unlikely to occur. In addition, we have also shuffled the positions o f positively-charged

Lys and negatively-charged Glu residues to reduce further the possibility o f intrachain

electrostatic attractions, such as those able to stabilize the a-helical structure of AA9 (or

other analogues) at pH 7.0 (compare Figure 1A for the amphipathic a-helical analogues

with Fig. 1C for putative helical structure o f C3).

IV-4-1-2 CD spectroscopy studies

In order to determine the effect o f different substitutions on a-helical peptide

conformation, CD spectra o f the peptide analogues were measured under benign buffer

conditions (50 mM PO4, 100 mM KC1, pH 7.0) and also in the presence of the a-helix-

inducing solvent TFE for all seven potentially a-helical analogues and for the reference

standard C3.
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Figure IV-2 Circular dichroism spectra o f synthetic model peptides. Solid symbols 
represent CD spectra o f peptide analogs obtained under benign conditions (50 mM 
PO4/IOO mM KC1, pH 7.0); open symbols represent spectra obtained in the presence 
of 50% TFE. The sequences of the model peptides and the random coil peptide C3 are 
shown in Figure IV -1 with denotions described in the text.
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From Figure IV-2A, it can be seen that although peptide QL ([0]222 = -13450°)

exhibited considerably more a-helical structure than its diastereomer, peptide Qd ([0)222 

= -2560°) in benign buffer, the molar ellipticity values o f this diastereomeric peptide pair 

were very similar ([0)222 = -27650° and -24450° for peptides Q l and Q d , respectively, in 

the presence o f 50% TFE). The helix-disrupting characteristics in benign medium of D- 

amino acid residues in peptide sequences otherwise made up solely o f L-amino acids is 

well documented (Aguilar et a l, 1993; Chen el a l, 2002; Krause et a l, 2000; Rothemund 

et al., 1995; Rothemund et a l,  1996); in addition, the attainment o f high helicity o f even 

such D-substituted peptides in the presence o f TFE has also been demonstrated. Thus, 

from a previous study in our laboratory (Chen et al., 2002), all of the model peptide 

analogues, excluding the L-/D-proline substituted peptides, exhibited similar molar 

ellipticity values at 222 nm in the presence o f 50% TFE, with > 90% helical content. 

Since TFE is recognized as a useful mimic o f the hydrophobic environment characteristic 

o f RP-HPLC (Zhou et a l,  1990), as well as being a strong a-helix inducer in potentially 

helical molecules (Cooper et a l, 1990; Nelson et a l,  1989; Sonnichsen et a l, 1992), 

elution o f these peptide analogues as a-helices during RP-HPLC is ensured. In addition, 

the [Q)22o/[0]207 ratio values o f QL and Q d (and, indeed, S|., S d , and G) were less than 1.0 

suggesting that, in the presence o f 50% TFE, these peptides are single-stranded a-helices 

(Cooper et a l, 1990; Zhou et a l, 1993; Zhou et a l, 1994a). Hence, such observations 

also suggest that peptides Q[., Q d , S i., Sd and G are eluted in a single-stranded a-helical 

conformation during RP-HPLC.

Both Pl and Pd exhibited molar cllipticities ([0)222 = -700° and 700°, respectively) 

characteristic o f negligible secondary structure in benign medium (Figure IV-2B). Even
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in the presence o f 50% TFE, molar ellipticity values o f just-14900° (PL) and -8150° (PD)

were achieved, reflecting the strong helix-disrupting character o f proline. Thus, with a

Pro residue substituted into the centre o f the non-polar face o f the model helical peptide,

-50% (PL) or 75% (Pd) o f the sequence could not be induced into a-helical structure in

the presence of TFE, suggesting that these peptides will be eluted only with partial a-

helical structure during RP-HPLC.

Finally, from Figure 1V-2C, peptide C3, designed as a random coil peptide 

standard, exhibited the expected negligible secondary structure in both benign buffer and 

in the presence of 50% TFE.

IV-4-1-3 RP-HPLC elution behavior o f amphipathic a-helical peptides

It is well known that characteristic RP-HPLC conditions (hydrophobic stationary 

phase, non-polar eluting solvent) induce helical structure in potentially helical 

polypeptides (Blondelle et al., 1995; Purcell et al., 1995c; Steer et al., 1998; Zhou et al., 

1990). Polypeptides, such as our model peptides (Figure IV -1), which are thus induced 

into an amphipathic a-helix on interaction with a hydrophobic RP-HPLC stationary 

phase will exhibit preferred binding o f their non-polar face with the stationary phase. 

Zhou et al (Zhou et al., 1990) clearly demonstrated that, because o f this preferred binding 

domain, amphipathic a-helical peptides are considerably more retentive than non- 

amphipathic peptides o f the same amino acid composition. From Figure IV-1, as 

mentioned previously, the central substitution site o f model peptide ensures intimate 

interaction of the substituting side-chain with the reversed-phase stationary phase; 

concomitantly, this is designed to maximize any observed effects on RP-HPLC retention 

behaviour o f different amino acid substitutions at this site.
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IV-4-2 HPLC run parameters investigated in this study

IV-4-2-1 Anionic ion-pairing reagents

Peptides are charged molecules at most pH values and the presence of different

counterions w ill influence their chromatographic behavior. The majority of researchers

utilizing ion-pair RP-HPLC at low pH for the separation o f peptide mixtures still take

advantage o f the excellent resolving power and selectivity o f aq. TFA to TFA/acetonitrile

gradients (Mant et al., 1991; Mant et al., 2002a), although aq. HjPOVacetonitrile systems

have also shown their worth for peptide applications (Gaertner et al., 1985; Guo et al.,

1987; Mant et al., 1991; Mant et al., 2002a; Sereda et al., 1993; Sereda et al., 1995).

Favoured models for the mechanism of ion-pair separations involve either formation of

ion pairs with the sample solute in solution followed by retention o f the solute molecules

on a reversed-phase column (Horvath et al., 1976; Horvath et al., 1977), or a dynamic

ion-exchange event in which the ion-pairing reagent is first retained by the reversed-

phase column and then solute molecules exchange ions with the counterion associated

with the sorbed ion-pair reagent (Horvath et al., 1977; Kissinger, 1977; Kraak et al.,

1977; Van de Venne et al., 1978). Whatever the mechanism, the resolving power o f ion-

pairing reagents is effected by interaction with the ionized groups o f a peptide. Anionic

counterions such as trifluoroacetate (TFA") or phosphate (H2PO4-) w ill interact with the

protonated basic residues o f a peptide (Lys, Arg, His or a free a-amino group). A

hydrophobic counterion such as TFA" will, though interaction with the positive groups in

the peptide, increase further the affinity o f the peptides for the hydrophobic stationary

phase; in contrast, a polar hydrophilic counterion such as H2PO4", following ion-pair

formation, w ill neutralize the positive charge on the peptides (thereby decreasing the
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peptide hydrophilicity) but would be unlikely to interact with the non-polar sorbent (Guo

etal., 1987).

IV-4-2-2 Salt additives to mobile phase

Addition o f salts to mobile phases over a pH range of approximately 4-7 is 

traditionally designed to suppress negatively charged silanol interactions with positively 

charged solutes (Gaertner et al., 1985; Guo et al., 1986a; Mant et al., 1987b; Mant et al., 

1991; Mant et al., 2002a; Meek, 1980; Sereda et al., 1997; Snider et al., 1988). 

However, the potentially beneficial effect of salt, specifically NaClCL, on peptide 

separations at low pH has also been demonstrated (Sereda et al., 1997). Indeed, the 

negatively charged perchlorate (C KV) ions act as a hydrophilic anionic ion-pairing 

reagent and, thus, interact with positively charged groups in a similar manner to HjPCV 

and TFA~. NaClCL is also particularly useful as the salt additive to a RP-HPLC mobile 

phase since it is highly soluble in aqueous acetonitrile eluents, even at relatively high 

concentrations o f this organic modifier (Zhu et al., 1992).

IV-4-2-3 RP-HPLC stationary phases

Although optimization o f peptide and protein separations during RP-HPLC has 

generally been achieved via manipulation o f the mobile phase on a given reversed-phase 

column, the employment o f different stationary phases, preferably with complementary 

selectivities, has also seen some success. Generally, for silica-based stationary phases, 

useful selectivity differences for peptides/proteins have been noted when the bonded- 

phase functionalities are significantly different, e.g., n-alkyl bonded-phase versus 

cyanopropyl and/or phenyl bonded phases (Barry et al., 1995; Burton et al., 1988; Gurley 

et al., 1983; Mant et al., 1991; Marchylo et al., 1992; Tarr et al., 1983; Titani et al., 1982;
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Zhou et al., 1991), or long chain n-alkyl bonded-phases (Cg, C|g) versus shorter n-alkyl

functionalities (C3, C4) (Barry et al., 1995).

In the present study, vve wished to determine whether different columns 

containing identical bonded-phase functionality would offer useful selectivity differences 

for our model amphipathic a-helical peptides under varying mobile phase conditions. As 

noted by Barry et al. (Barry et al., 1995), comparisons o f bonded-phase mediated 

selectivity effects should be carried out using the same based silica support to minimize 

potential complications o f varying silanol contributions to retention processes. Thus, the 

present study employed two Cg-bonded phases based on the same silica support and 

column dimensions (150 x 2.1 mm I.D.; 5-pnr particle size; 300-A pore size) from the 

same manufacturer: (1) Zorbax SB-300Cg (“ SB” denoting “ StableBond” ), prepared from 

monofunctional /;-octylsilane and based on protecting the siloxane bond between the 

silica and the Cg group with bulky side groups, in this case two isopropyl groups 

(monochlorodiisopropyl «-octylsilane) (Barry et al., 1995; Boyes et al., 1993; Glajch et 

al., 1990; Kirkland et al., 1989); and (2) Zorbax XDB-Cg (“ XDB”  denoting Extra Dense 

Bonding), prepared by bonding a dense monolayer o f dimethyl-n-octylsilane to the silica 

support, followed by exhaustive double endcapping with dimethyl- and trimethylsilane 

groups (Kirkland et al., 1997; Kirkland et al., 1998). The SB packing was originally 

designed to protect the siloxane bond from acid hydrolysis at low pH, while the XDB 

packing was intended to shield the silica support from dissolution at pH values at 

neutrality and higher. In addition, both packings were also designed to exhibit thermal 

stability over a wide temperature range.
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IV-4-2-4 Temperature

Generally, the variation o f temperature for RP-HPLC applications has implied 

raising the temperature in order to attempt improvement o f solute separations. Since 

reversed-phase stationary phases with excellent thermal stability have now been 

commercially available for several years (Barry et al., 1995; Boyes et al., 1993; Glajch et 

al., 1990; Kirkland et a l,  1989; Kirkland et a l, 1997; Kirkland et a l, 1998), the potential 

o f this separation approach is now being realized, not least for resolution of peptide 

mixtures (Chen et a l, 2003; Chloupck et a l, 1994; Hancock et a l, 1994; Mant et a l, 

1997). For instance, an interesting recent example by our laboratory (Chen et al., 2003) 

demonstrated that it is possible to manipulate polypeptide separations by subjecting 

mixtures o f a-helical and random coil peptides to RP-HPLC at various temperatures (5°C 

-  80°C); depending on the stability o f the individual components o f secondary structure 

in the mixture, the molecules unfolded to different extents at different temperatures and, 

hence, interact with the stationary phase to differing extents, thus effecting a separation 

based on variations in peptide stability.

IV-4-3 Effect o f run parameters on RP-HPLC o f amphipathic a-helical peptides

IV-4-3-1 Effect o f salt on RP-HPLC o f model peptides at pH 2.0 and pH 7.0

Figure IV-3 shows the elution behaviour of the seven model peptides at pH 7.0 in 

the absence (Figure 1V-3A) and presence (Figure IV-3B) o f 100 mM NaClCL on the 

XDB-Cs column. From Figure IV-3 and Table IV -1, in both the absence and presence of 

salt, L-amino acid substituted peptides are consistently retained longer than their D- 

amino acid substituted counterparts; in addition, peptide elution order remains the same 

in the absence and presence o f salt. The lesser retentiveness o f the D-analogues
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Figure IV-3 Effect of salt on RP-HPLC elution profile of model peptides at pH 7.0. 
Conditions: (A) linear AB gradient (0.5% CI^CN/min) at a flow rate of 0.25ml/min, 
where eluent A is 20 mM aq. PO4, pH 7.0, and eluent B is eluent A containing 50% 
CH3CN; (B) same as (A) except for the addition of 100 mM NaClCL to both eluents; 
temperature, 65 °C.
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compared to their L-enantiomers is likely due to disruption o f the non-polar face o f the

amphipathic a-helix when introducing a D-amino acid into an a-helix otherwise made up 

o f L-amino acids (Chen et al., 2002; Krause et al., 2000; Rothemund et al., 1995; 

Rothemund et al., 1996); the apparent hydrophobicity o f this preferred binding domain 

will thus be diminished relative to the amphipathic a-helix made up entirely o f L-amino 

acids, resulting in the observed lower retention times o f the D-amino acid substituted 

peptides o f the L-/D-peptide pairs. It is interesting to note that P l is eluted prior to both 

Sl and G, considering that Pro is considered to be a more hydrophobic residue than Ser or 

Gly (Guo et al., 1986a). However, since the presence o f Pro severely disrupts the a-helix 

(Figure IV-2), with only -50% o f P|. able to be induced into an a-helical structure, its 

concomitant severe disruption o f Pl amphipathicity (and, hence, non-polar face) would 

result in a lesser retention time compared to the fully folded Sl and G analogues, despite 

the relatively lesser hydrophobicity of these two residues compared to Pro. A similar, 

albeit even more dramatic, observation was made for Pd (only -25% able to be induced 

into a-helical structure; Figure IV-2), which was eluted prior to all peptide analogues.

From Figure IV-3, there is a small reduction in retention time o f all peptides in the 

presence of salt (Figure IV-3B) compared to its absence (Figure IV-3A), concomitant 

with decreasing peak widths (W 1/2) (Figure IV-3; Table IV -1), this decrease in W 1/2 

values also resulting in an increase in resolution (Rs) between adjacent peptides (Figure

IV-3; Table IV-2).

As noted above, the addition of salt above pH 4 is frequently necessary to block 

non-specific interactions between underivatized, negatively charged silanol groups on the 

silica support and positively charged residues, such interactions resulting in longer
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T able IV-1 Effect o f  NaC104 on peptide retention time and peak width during RP-
HPLC at pH 7.0 a

t >  - •  i  „ b  7  'Peptides b ^R (-NaClO-0 ° 
(min)

(+NaC104) C
(min)

W\n (-NaC)O-i) d

(min)
W\n (+NaC104)d

(min)
Pd 12.20 11.93 0.1744 0.1301
Sd 13.11 12.61 0.1749 0.1261
Q d 13.86 13.36 0.1739 0.1202
Q l 15.02 14.41 0.1822 0.1251
Pl 16.28 15.62 0.2049 0.1519
S l 17.63 16.76 0.1935 0.1366
G 18.64 17.67 0.1935 0.1353

a. C onditions: R P-H PLC  at pH  7.0 on XDB-Cg colum n (see in F igure IV-3).
b. For peptide denotions, see Section IV -4-1-1.
c. D enotes the retention tim es o f  the peptides during RP-H PLC at pH  7.0, w ith (+) o r w ithout (-) lOOmM N aC 104.
d. D enotes the peak w idth at h a lf height o f  the peptides (in time units) during R P-H PLC  at pH 7.0, w ith (+) or w ithout (-)

lOOmM N aC 104.
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T ab le  IV-2 Effect o f  N aC104 on peptide resolution during RP-HPLC at 
pH  7.0 a ________________________________________ ____________

Peptide p a irb A / r  (-NaClO-t) °
(min)

A ^ r  (+NaClCM) °
(min)

R s  (-NaClCM)d R s  (+NaC104)d

Sd - Pd 0.91 0.68 3.06 3.12
Q d ■ Sd 0.75 0.75 2.53 3.58
Q l - Q d 1.16 1.05 3.83 5.03
Pl - Q l 1.26 1.21 3.83 5.14
Sl - P l 1.35 1.14 3.98 4.65
g - s l 1.01 0.91 3.07 3.94

a. C onditions: R P-H PLC  at pH  7.0 on XDB-Cg colum n (see Figure IV-3).
b. D enotes the later eluted peptide m inus the adjacent faster eluted peptide on the chrom atogram  in 

Figure IV-3. For peptide denotions, see Section IV-4-1-1.
c. D enotes the difference in retention time betw een tw o adjacent peptides in the sam e peptide pair 

during R P-H PLC  at pH  7.0 w ith (+) or w ithout (-) lOOmM N aC 104; ArR = tR o f  form er peptide 
m inus rR o f  adjacent earlier eluted peptide.

d. D enotes the resolution o f  every  two adjacent peaks during R P-H PLC  at pH  7.0 w ith (+) o r w ithout 
(-) lOOmM N aC 104.
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Chapter IV Peptide Selectivity by Mobile Phase Conditions

retention times and peak broadening. However, it is a testament to the dense bonded

phase of this XDB, concomitant with the exhaustive endcapping during its production,

that the peptide elution profiles in both the absence (Figure IV-3 A) and presence (Figure

IV-3B) o f NaC104 were quite similar.

Figure 1V-4 shows the elution behaviour o f the seven model peptides at pH 2.0 

under mobile phase conditions employing 20 mM H3PO4 in the absence (Figure IV-4A) 

or presence (Figure 1V-4B) o f 100 mM NaCKA), 6 mM TFA (Figure IV-4C) and 50 mM 

TFA (Figure IV-4D). In contrast to results obtained at pH 7.0 (Figure IV-3; Table IV -1), 

the retention times o f all seven peptide analogues increased considerably in the presence 

of salt at pH 2.0 (Figure IV-4B) compared to its absence (Figure IV-4A). With the 

exception o f the now coeluted Q i/ P l, the resolution of adjacent peptide pairs improved in 

the presence o f salt (Figure IV-4B; Table IV-3) due, in a similar manner to the effect of 

salt at pH 7.0 (Figure IV-3B; Tables IV -1 and IV-2), the decreasing W 1/2 values 

compared to its absence (Figure 1V-4A). Interestingly, increasing the concentration of 

TFA from 6 mM (Figure 1V-4C) to 50 mM (Figure IV-4D) had a similar effect to that o f 

salt addition, i.e., an increase in peptide retention times concomitant with an increase in 

resolution between adjacent peptides (Table IV-3), mainly due again to a decrease in W i/2 

at the higher TFA concentration. Note also that Qo and P|. are again coeluted in the 

presence o f 50 mM TFA (Figure IV-4D) in a similar manner to the presence o f 100 nrM 

NaCIC>4 (Figure IV-4B). An increase in retention time of positively charged peptides 

with increasing TFA concentration has been previously demonstrated (Guo et al., 1987).

The explanation for the increase in peptide retention times in the presence o f salt 

(Figure IV-4B) compared to its absence (Figure IV-4A) is likely due to ion-pairing of the
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five basic, positively charged lysine residues with the negatively charged CIO4" anion,

neutralizing the hydrophilic, charged character o f the lysine side-chains and

concomitantly enhancing the hydrophobicity o f the peptides. Support for this view,

rather than an induction o f hydrophobic interactions with the reversed-phase packing in

the presence of 100 mM NaClCh, also lies in the similar effect o f increasing the

concentration o f TFA from 6 mM (Figure IV-4C) to 50 mM (Figure 1V-4D). Note that

the selectivity of the peptide separations effected by the C IO 4 ”  or TFA- anions was the

same.

A point of significance from Figure 1V-4 also lies in the relative effectiveness of 

the C IO 4”  and TFA" anions in increasing peptide retention time with increasing anion 

concentration, i.e., an increase in TFA" concentration o f just 44 mM (50 mM in Figure

IV-4D minus 6 mM TFA in Figure 1V-4C) has a similar effect as the addition of 100 mM 

C IO 4 " (Figure 1V-4B) compared to its absence (Figure IV-4A). This result is likely due 

to the aforementioned relative hydrophilic/hydrophobic properties o f these anions. Thus, 

the presence o f the hydrophilic C IO 4" counterion simply reduces the hydrophilicity o f the 

peptides via ion-pairing with the positively charged residues, thus increasing peptide 

retention time; in contrast, the hydrophobic TFA” counterion not only reduces the 

hydrophilicity of the peptides through such ion-pairing but also further increases peptide 

hydrophobicity due to the hydrophobic nature of the TFA" anion. Hence, a lower 

concentration of TFA w ill have a similar effect on peptide retention time as a 

significantly higher (about double, in this instance) concentration o f NaC104.

At pH 2.0 (Figure IV-4), the glutamic acid residues are uncharged and the 

peptides have a net charge o f +5. However, at pH 7.0 (Figure IV-3), both the lysine and
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T able IV-3 Effect o f  eluent system on peptide resolution during RP-HPLC at pH 2.0 a
Peptide pair b 20mM  H 3P 0 4c 20mM  H 3PO 4 / 

lOOmM N a C lO /
6 mM  TFA C 50mM  TFAC

AfRd (min) Rse AtRd (min) Rse A fRd (min) Rse AfRd (min) Rse
Sd-Pd 2.97 5.09 2.69 7.59 2.21 3.75 2.50 7.28
Pl-Sd 1.18 2.06 1.29 4.20 0.70 1.26 0.95 2.52
Q d-Pl 0.87 1.72 __ f f 0.70 1.42 f __f

Q l-Q d 3.00 6.86 2.99 9.59 2.38 5.97 2.87 7.46
Sl-Q l 0.96 1.90 1.43 4.63 0.76 1.58 1.14 3.48
g -s l 1.94 3.65 0.89 2.77 1.17 2.35 1.01 3.22

a. Conditions: R P-H PLC  at pH  2.0 on SB-Cg colum n (see Figure 1V-4).
b. Denotes the later eluted peptide m inus the adjacent faster eluted peptide on the chrom atogram  in Figure IV-4. For peptide denotions, see Section

IV-4-1-1.
c. D enotes the different eluent system s as show n in Figure IV-4.
d. D enotes the difference in retention tim e betw een tw o adjacent peptides (peptide pair) in the corresponding eluent system s during RP-H PLC at pH

2.0; AfR = rR o f  form er peptide m inus tR o f  adjacent earlier eluted peptide.
e. Denotes the resolution o f  every two adjacent peaks (peptide pair) in the corresponding eluent system s during R P-H PLC  at pH 2.0.
f. Dash denotes the co-eluted peptides.
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SB  co lu m n  p H  2 .0

Qd, Pl400-

20mM H3P 0 4 +  
lOOmM NaC104

P d

P<
e
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o
400- Qd, P.cs

<uo 50 m M  TFA6 mM TFAs
i5I—.O

C /3
-O
<

Q d

4020 30
Elution time (min)

F ig u re  IV -4 Effect o f  m obile phase conditions on R P-H PLC  elution profile o f  m odel peptides at pH  2.0. Conditions: all 
runs carried out w ith a linear AB gradient (0 .5%  C H 3 CN /niin) at a flow rate o f  0.25 m l/m in; (A ) eluent A is 20 m M  aq. 
H 3 PO 4 , pH  2.0, and eluent B is eluent A contain ing 50%  C H 3 CN; (B) sam e as (A) except for the addition o f  100 mM  
N aC 10 4  to both eluents; (C ) eluent A  is 6  m M  aq . TFA  and eluent B is 6  m M  TFA  in C H 3 CN; (D ) eluent A is 50 m M  aq. 
TFA  and eluent B is 50 m M  TFA  in C H 3 CN; tem perature 65 °C.
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Chapter IV Peptide Selectivity by M obile Phase Conditions

glutamic acid residues are charged, producing an overall -1 charge on the peptides.

Thus, the observation that the retention times o f the peptides do not increase on the

addition o f salt at pH 7.0 (Figure IV-3) can be explained on the basis o f overall net

charge. In addition, these results at pH 7.0 (Figure IV-3), with no increase in peptide

retention times in the presence o f salt, also again suggests that induction o f hydrophobic

interactions with the column packing by the inclusion o f 100 mM NaClO.} is not a factor.

Figure IV-5 illustrates graphically the effect o f concentration o f anionic ion- 

pairing reagents on peptide retention time at both pH 2.0 (Figure IV-5A, TFA" anion; 

Figure IV-5B, CIOT anion) and pH 7.0 (Figure 1V-5C, CIOT anion). From Figure IV-5, 

the similar effect o f TFA- (5A) and GOT (5B) is quite clear, i.e., an increase in retention 

time o f the a-helical peptides with increasing anion concentration. In addition, an 

increase in salt concentration at pH 7.0 (Figure 1V-5C) is again (see Figure IV-3) seen to 

have negligible effect on peptide retention time.

A significant result from Figure IV-5 is the similarity o f the profile for the random 

coil peptide, C3, compared to those o f the a-helical peptides. At pH 7.0, a fully folded 

a-helical peptide would allow intrachain electrostatic interactions between lysine and 

glutamic acid residues. Potentially, the negligible effect o f GOT at pH 7.0 could be 

viewed as an inability to compete with the negatively charged glutamic acid residues for 

ion-pairing with the lysine side-chains, i.e., a conformational aspect to the differences in 

peptide elution behaviour at pH 2.0 versus pH 7.0 rather than simply a matter o f overall 

net charge (+5 and -1, respectively). However, the random coil C3 is unable to exhibit 

such intrachain interactions; indeed, PL and (particularly) PD would also be limited in this 

respect. Thus, the observation that the random coil C3, the partially folded Pl and PD and
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the fully folded G, Sl, Sd, Ql and Qd all exhibited similar responses to increases in

perchlorate concentration at both pH 2.0 and pH 7.0 indicates that counterion

concentration effects are conformation independent.

IV-4-3-2 Effect o f column packing on RP-HPLC of model peptides at pH 2.0 and pH 7.0

Figure IV -6  compares the retention behaviour o f the a-helical peptides on the 

XDB (Figure IV-6 A and 6B; pH 2.0 and pH 7.0, respectively) and SB (Figure IV-6C and 

6 D; pH 2.0 and pH 7.0, respectively) C« columns. From Figure IV-6 B, selectivity 

differences between the two column packings are apparent both at pH 2.0 (panels A and 

C) and pH 7.0 (panels B and D). Thus, al pH 2.0, there is considerable movement o f Qd 

and Q l relative to the other peptides between the two columns: Q d/S d and P |/Q l are 

coeluted peptide pairs on the XDB column (Figure 1V-6A), while Qd/Pl is a coeluted pair 

on the SB column (Figure 1V-6C). At pH 7.0, Q l is eluted prior to Pl on the XDB 

column (Figure 1V-6B) and after Pl on the SB column (Figure 1V-6D). Further, for this 

peptide mixture, pH 7.0 resulted in better resolution o f all six peptides in both columns 

compared to pH 2.0.

All peptides are eluted considerably earlier on both columns at pH 7.0 compared 

to pH 2.0. As noted previously for Figure IV-4, the sodium perchlorate (specifically, the 

CIOC anion) is able to act as an ion-pairing reagent at pH 2.0 since the peptides have an 

overall +5 net charge. In contrast, at pH 7.0, the overall net charge on the peptides is -1; 

thus, the salt is able to mask any unfavourable electrostatic interactions between the 

peptides and the hydrophobic stationary phase at this pH but does not act as an ion- 

pairing reagent, i.e., the charged character o f the peptides makes them more hydrophilic 

at pH 7.0 compared to pH 2.0 where ion-pairing can take place.
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Figure IV-5 Effect o f concentration o f anionic ion-pairing reagents on the retention time 
of model peptides at pHs 2.0 and 7.0. Conditions: linear AB gradient (0.5% CfhCN/min) 
at a flow-rate o f 0.25 ml/min for all runs; (A) eluent A is 10, 25, 50 or 100 mM aq. TFA 
and eluent B is the corresponding TFA concentrating in CH3CN; (B) eluent A is 10, 25, 
50 or 100 mM NaClOa in 20 mM aq. H3PO4, pH 2.0, and eluent B is the corresponding 
eluent A containing 50% CH3CN; (C) eluent A is 10, 25, 50 or 100 mM NaC104 in 20 
mM aq. PO4, pH 7.0, and eluent B is the corresponding eluent A containing 50% CH3CN; 
temperature, 65 °C. Symbols used are open diamonds for random coil peptide C3, open 
inverted triangles for G, open upright triangles for Sl, closed upright triangles for Sd, open 
squares for Ql, closed squares for Qd, open circles for P l and closed circles for Pd-
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Elution time (m in)
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Figure IV -6 C om parison o f  R P-H PLC  retention behavior on  X D B and SB-Cs colum ns at pH 2.0 and pH 7.0. C onditions: all runs 
w ere carried out by  linear gradient elution (0.5%  C H jC N /m in) at a  flow rate o f  0.25 m l/m in; (A  and C) eluent A  is 20 m M  aq . 
H 3 PO 4 , pH  2.0, and eluent B is eluent A  containing 50%  C H 3 CN, both eluents containing 100 m M  NaCKA*; (B and D ) eluent A is 
20  m M  a q . PO4, pH 7.0, and eluent B is eluent A  contain ing 50%  C H 3 CN, both eluents contain ing 100 m M  NaCKA*, tem perature, 

S  65 °C.
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Chapter IV Peptide Selectivity by Mobile Phase Conditions

IV-4-3-3 Effect o f temperature on RP-HPLC o f model peptides at pH 2.0 and pH 7.0

Figure IV-7 illustrates the effect o f temperature on elution behaviour o f the a- 

helical peptides at pH 2.0 on the SB-Cg column (designed, as noted previously, to exhibit 

excellent stability at acidic pH values (Boyes et al., 1993; Glajch et al., 1990; Kirkland et 

al., 1989)). From Figure IV-7, increasing temperature both reduces peptide retention 

time and decreases peak widths, due to an enhancement o f the mass-transfer rate of the 

peptide solutes between the mobile and stationary phases (a higher mass-transfer rate will 

reduce peak broadening and, hence, increase efficiency) (Antia et al., 1988; Boyes et al., 

1993; Li et al., 1997a; Li et al., 1997b). For this peptide mixture, optimum resolution 

was obtained at 65°C (Figure IV-7B; Table IV-4), with Qn and Pi. being coeluted at 80°C 

(Figure IV-7C; Table IV-4).

The major selectivity changes with increasing temperature at pH 2.0 arise mainly 

from the behavior o f Pp and Pl which decrease in retention time less with increasing 

temperature relative to the other peptides. This is likely due to the different conformation- 

dependent responses o f the peptides with temperature (Mant et al., 2003a; Mant et a l, 

2003b), with unfolding o f the amphipathic peptides (and, hence, disruption o f the 

preferred binding domain, i.e., the non-polar face) in solution as the temperature is raised, 

thus leading to a decrease in retention time (an average drop in Ir for the a-helical 

peptides o f -14 min between 15°C and 80°C). In contrast, Pp and Pp (an average drop in 

tR for Pp and Pp o f - 8  min and 10 min, respectively, between 15°C and 80°C) are already 

75% (Pp) or 50% (Pp) in a random coil configuration, even at low temperature; hence, 

their response to a temperature increase would not be as marked as that o f a fully folded 

peptide analogue (Mant et al., 2003a).
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Figure IV-7 Effect of temperature on RP-HPLC elution profile of model peptides at 
pH 2.0. Conditions: linear AB gradient (0.5% G-^CN/min) at a flow rate of 0.25 
ml/min, where eluent A is 0.05% aq. TFA, pH 2.0, and eluent B is 0.05% aq. TFA in 
CH3CN; temperature, 15 °C (A), 65 °C (B) and 80 °C (C).
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T ab le  IV-4 Effect o f  temperature on peptide resolution during RP-HPLC at pH 2.0 a
Peptide p a i r b Temperature (° C )c

15 °C O
N Lh
0

o oo o 0 O

AfRd (min) Rse A/Rd (min) R se AfRd (min) Rse
Sd_P d 5.15 9.52 2.20 6.79 1.39 4.11
Pl-Sd -1.24 f 2.87 0.52 1.35 0.87 1.68
Q d-Pl 3.14 6.37 0.73 1.79 __s __g

Q l-Q d 2.35 4.81 2.37 6.26 2.34 4.27
Sl-Q l 0.42 0.88 0.89 2.33 0.99 2.51
g -s l 1.31 3.00 1.10 2.94 1.09 2.81

a. C onditions: R P-H PLC  at pH  2.0 on SB-Cs colum n (see Figure IV-7).
b. D enotes the later eluted peptide m inus the adjacent faster eluted peptide on the chrom atogram

in F igure IV -7; for peptide denotions, see Section IV -4-1-1 .
c. C hrom atogram s at the d ifferent tem peratures are shown in Figure IV-7.
d. D enotes the difference in retention time betw een tw o adjacent peptides (peptide pair) at the 

corresponding tem perature during RP-H PLC at pH 2.0; ArR = rR o f  form er peptide m inus rR o f  
adjacent earlier eluted peptide.

e. D enotes the resolution o f  every two adjacent peaks (peptide pair) at the corresponding 
tem perature during RP-H PLC  at pH  2.0.

f. A t 15 °C P L elutes prior to SD.
g. D ash denotes the co-eluted peptides.
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XDB pH 7.0
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Figure IV -8  Effect o f temperature on RP-HPLC elution profile o f model peptides at 
pH 7.0. Conditions, linear AB gradient (0.5% CI-HCN/min) at a flow rate o f 0.25 
ml/min, where eluent A is 20 mM aq. P04, pH 7.0, and eluent B is eluent A containing 
50% CHjCN, both eluents containing 100 mM NaCl04; temperature, 20 °C (A), 65 °C 
(B) and 75 °C (C).
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T able  IV-5 Effect o f  tem perature on peptide resolution during RP-HPLC at pH 7.0 3
Peptide pair b Temperature ( ° C )c

20 °C 65 °C 75 °C
AfRd (min) Rse A/Rd (min) R se A/Rd (min) Rse

Sd-Pd 2.50 4.23 0.59 1.52 0.39 0.75
Q d~Sd 1.60 2.15 0.63 1.54 0.68 1.22
Q l-Qd

f — 0.61 1.34 0.66 1.13
P l-Q l — — 1.10 2.15 1.29 1.99
Sl-Pl 2.12 2.83 0.86 1.80 0.65 1.10
g -s l 1.10 1.90 0.74 1.63 0.73 1.38

a. C onditions: RP-H PLC  at pH  7.0 on  X D B-CS colum n (see Figure IV-8).
b. D enotes the later eluted peptide m inus the adjacent faster eluted peptide on the chrom atogram

in Figure IV-8. F or peptide denotions, see Section IV-4-1-1.
c. C hrom atogram s at the different tem peratures are shown in Figure IV-8.
d. D enotes the difference in retention time betw een two adjacent peptides (peptide pair) at the 

corresponding tem perature during RP-H PLC at pH 7.0, ArR = tR o f  form er peptide m inus tR o f  
adjacent earlier eluted peptide.

e. D enotes the resolution o f  every  two adjacent peaks (peptide pair) at the corresponding 
tem perature during R P-H PLC  a t pH  7.0.

f. D ash denotes the co-eluted peptides.

o

C
hapter 

IV 
Peptide 

Selectivity 
by 

M
obile 

Phase 
C

onditions



Chapter IV Peptide Selectivity by Mobile Phase Conditions

Figure IV-8 now illustrates the effect o f temperature on elution behaviour o f the

a-helical peptides at pH 7.0 on the XDB-Cg column (designed, as noted previously, to

exhibit excellent stability at neutral and higher pH values (Kirkland et al., 1997; Kirkland

et al., 1998)). From Figure IV -8 , in a similar manner to pH 2.0 (Figure IV-7), increasing

temperature decreases peptide retention time. Peak width also generally decreases with

increasing temperature, with optimum resolution o f the peptide mixture, in a similar

manner to the pH 2.0 results (Figure IV-7; Table IV-4) being obtained at 65°C (Figure

IV-8 B; Table IV-5). Note that the broader peaks and reduced retention times of the

peptides in Figure 1V-8B compared to Figure IV-6B, where the same column and

conditions were used, is likely due to column aging in the fonner. Between 20°C and

75°C (Figure IV -8A and IV-8C, respectively), the retention times o f the a-helical

analogues decreased by an average o f - 1 0  min; in contrast, the retention time decrease

for Pd and Pl was 7.5 min and 8 min, respectively. Such results, where Pd and Pi. exhibit

a different response to temperature variation relative to the other peptides, are similar to

those observed at pH 2.0 (Figure IV-7).

IV-5 Conclusions

In the present study, we have demonstrated how variations in column packing, 

mobile phase conditions and temperature allow useful manipulation o f elution profiles o f 

ainphipathic a-helical peptides at both pH 2.0 and pH 7.0. In particular, the perchlorate 

anion (CIO4") has proved to be an excellent hydrophilic ion-pairing reagent where there is 

a net positive charge on the peptide. In addition, it can be used as an ion-pairing reagent 

in the pH range o f pH 2.0 -  pH 7.0, unlike acidic anionic ion-pairing reagents such as
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TFA. Coupled with the different selectivities observed for peptide separations achievable

with different Cg packings and/or temperature (the latter achievable via conformational

differences between peptides), our observations are applicable to the rational

development o f separation/optimization protocols for peptide/proteomic applications.
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CHAPTER V

Temperature Selectivity Effects in Reversed-Phase Chromatography 
Due to Conformation Differences between Helical and Non-Helical 

Peptides

A version o f this chapter has been published: Chen, Y., Mant, C. T. and Hodges, R. S. 
(2003) J. Chromalogr. A 1010, 45-61. Only methods unique to this chapter are described 
in the Experimental section, the remaining general methods are described in Chapter III.

V -l Abstract

In order to characterize the effect o f temperature on the retention behaviour and 

selectivity o f separation of polypeptides and proteins in reversed-phase high-performance 

liquid chromatography (RP-HPLC), the chromatographic properties of four series of 

peptides, with different peptide conformations, have been studied as a function of 

temperature (5-80 °C). The secondary structure of model peptides was based on either the 

amphipathic a-helical peptide sequence Ac-EAEKAAKEXn/i EKAAKEAEK-amide, 

(position X being in the centre o f the hydrophobic face o f the a-helix), or the random coil 

peptide sequence Ac-X[yLLGAKGAGVG-amide, where position X is substituted by the 

19 L- or D-amino acids and glycine. We have shown that the helical peptide analogues 

exhibited a greater effect o f varying temperature on elution behaviour compared to the 

random coil peptide analogues, due to the unfolding of a-helical structure with the 

increase of temperature during RP-HPLC. In addition, temperature generally produced 

different effects on the separations o f peptides with different L- or D-amino acid 

substitutions within the groups o f helical or non-helical peptides. The results demonstrate 

that variations in temperature can be used to effect significant changes in selectivity
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among the peptide analogues despite their very high degree o f sequence homology. Our

results also suggest that a temperature-based approach to RP-HPLC can be used to

distinguish varying amino acid substitutions at the same site o f the peptide sequence. We

believe that the peptide mixtures presented here provide a good model for studying

temperature effects on selectivity due to conformational differences o f peptides, both for

the rational development o f peptide separation/optimization protocols and a probe to

distinguish between peptide conformations.

V-2 Introduction

Over the past two decades, reversed-phase high-performance liquid 

chromatography (RP-HPLC) has emerged as the main method in the development o f 

separation protocols for peptide and protein mixtures (Cunico et al., 1998; Mant et al., 

1991; Mant et al., 2002a). The resolving power o f this technique is reflected by its 

frequent use in multidimensional separations o f polypeptides, including proteomics 

applications (Bamidge et al., 2003; Link et al., 1999; Liu et al., 2002b; Wagner et al., 

2000; Wagner et al., 2002; Washburn et al., 2001; Wehr, 2002). Indeed, the combined 

desalting/purification aspect of RP-HPLC makes it ideal as the final step o f a 

multidimensional separation protocol, notably prior to mass spectrometry o f purified 

solutes.

Clearly, considering the complexity o f proteomics applications o f liquid 

chromatography, where the separation o f hundreds or even thousands o f peptides may be 

required, e.g., from simultaneous digest of a multi-protein mixture, optimization o f the 

separation protocol is o f prime importance. Concerning RP-HPLC, such optimization has
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traditionally been achieved by mobile phase variations (e.g., changes in organic modifier,

ion-pairing reagent or pH) (Cunico et al., 1998; Mant et al., 1991; Mant et al., 1992;

Mant et al., 2002a), variations in the organic modifier gradient rate (Mant et al., 1991;

Mant et al., 1994; Sereda et al., 1995), or even changes in column packing to take

advantage of selectivity differences offered by different stationary phase ligands (Mant et

al., 1997; Zhou et al., 1991). In addition, the introduction in recent years o f stationary

phases stable to high temperatures has added to the arsenal o f RP-HPLC approaches for

optimization of the resolution o f polypeptide mixtures (Barry et al., 1995; Boyes et al.,

1993; Chloupek et al., 1994; Glajch et al., 1990; Hancock et al., 1994; Kirkland et al.,

1989; Kirkland et al., 1993; Kirkland et a l, 1997; Lee et al., 2003b; Mant et al., 1997;

Mant et a l,  2003a; Mant et a l, 2003b; McNeff et al., 2000; Zhu et al., 1996a; Zliu et a l,

1996b).

Many and varied influences will have an impact on the way a particular peptide 

interacts with a reversed-phase column, not least of which include characteristics of the 

peptide itself, e.g., amino acid composition (Guo et al., 1986a; Zhou et al., 1990), residue 

sequence (Houghten et a l,  1987; Zhou et al., 1990), peptide length (Mant et a l, 1988; 

Mant et a l, 1989), and the presence o f any secondary structure (a-helix or (3-sheet) 

(Blondelle etal., 1992a; Heinitz et a l,  1988; Mant et a l, 1998a; Mantet al., 1998b; Steer 

et al., 1998; Steiner et al., 1991; Zhou et al., 1990); indeed, RP-HPLC o f peptides and 

proteins at varying temperature has also allowed an insight into the role o f conformation 

in the retention behaviour o f peptides and proteins (Lee et a l,  2003b; Mant et a l, 1989; 

Mant et a l,  2003a; Mant et a l, 2003b; Purcell et a l, 1993; Purcell et a l,  1995a; Purcell 

et a l, 1995b; Purcell et a l,  1995c; Richards et a l, 1994). The importance o f delineating
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the contribution o f a-helical structure (both amphipathic and non-amphipathic) to the

selectivity o f peptide separations cannot be underestimated, particularly when one

considers that peptide fragments from chemical or proteolytic digests o f proteins

typically contain peptides with a-helical potential. During RP-HPLC, such peptides will

be induced into a-helical structure by the non-polar environment characteristic o f this

technique (hydrophobic matrix and non-polar eluting solvent) (Blondelle et al., 1995;

Purcell et al., 1995c; Steer et al., 1998; Zhou et al., 1990).

A previous study in our laboratory (Sereda et al., 1995) illustrated the selectivity 

that may be obtained in a reversed-phase separation based on peptide conformational 

differences (a-helical versus random coil), highlighted by their retention time behaviour 

at varying gradients o f organic modifier. Thus, the present study examines the effect of 

temperature on RP-HPLC retention behaviour at pH 2.0 of four series of peptides, based 

on either the amphipathic peptide sequence Ac-EAEK.AAKEXEKAAKEAEK-amide 

(with position X in the centre o f the hydrophobic face of the a-helix) or the random coil 

peptide sequence Ac-XLGAKGAGVG-amide, where position X is substituted by the 19 

L- or D-amino acids. We believed that observation of the temperature effect on retention 

behaviour o f such peptide models would have implications, not only for the rational 

development o f separation/optimization protocol, but also for the understanding o f the 

hydrophobic interactions between RP-HPLC stationary phases and peptides with 

conformational differences.
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V-3 Experimental

V-3-1 Columns and HPLC conditions

Analytical RP-HPLC was carried out on a Zorbax 300 SB-Cg narrowbore column 

(150 x 2.1 mm I.D.; 5-pm particle size, 300-A pore size) from Agilent Technologies with 

a linear AB gradient (0.5% acetonitrile/min) at a flow-rate o f 0.25 ml/min, where eluent 

A was 0.05% aq. TFA, pH 2.0, and eluent B was 0.05% TFA in acetonitrile. This Cs 

column (with SB denoting StableBond) was chosen for this study due to its excellent 

temperature stability at low pH (Barry et al., 1995; Boyes et al., 1993; Chloupek et al., 

1994; Glajch et al., 1990; Hancock et al., 1994; Kirkland et al., 1989; Kirkland et al., 

1993; Kirkland et al., 1997; Lee et al., 2003b; Mant et al., 1997; Mant et al., 2003a; Mant 

et al., 2003b; McNeff et al., 2000; Zhu et al., 1996a; Zhu et al., 1996b).

V-4 Results

V-4-1 Peptide design and designation

The amphipathic a-helix is a very commonly encountered structural motif in 

peptides and proteins and approximately 50% o f all helices in soluble globular proteins 

are amphipathic (Comette et al., 1987; Segrest et al., 1990). In order to study the effect o f 

temperature on selectivity o f peptide separations, we believed that the best initial 

approach was to compare the retention behaviour of peptides with extremes o f structure, 

i.e., either with as close to 100% a-helical conformation as possible or with the complete 

absence o f a-hclix. In addition, in a previous study, we showed that a-helical peptides 

with D-amino acid substitutions exhibited considerably different retention behaviour 

during RP-HPLC compared with L-diastereomeric analogues (Chen et al., 2002), due to
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Chapter V peptide selectivity by temperature

the helix-disrupting characteristics o f D-amino acids when substituted into an a-helix

made up solely o f L-amino acid residues (Aguilar et al., 1993; Chen et a l, 2002; Krause

et al., 2000; Rothemund et a l, 1995; Rothemund et a l, 1996). Hence, this study set out

to explore whether temperature has a different effect on the separation o f D- versus L-

peptide diastereomers. Four series o f peptides designed to exhibit markedly different

conformational characteristics during RP-HPLC were synthesized, the sequences o f

which are shown in Figure V -l.

Two series o f random coil decapeptide analogues, designed to exhibit negligible 

a-helical structure, were substituted with a single L- or D-amino acid at position 1 

(Random-L and Random-D, Figure V -l). The sequence o f Ac-Xd/l LGAKGAGVG- 

amide, containing 4 Gly residues, was chosen since it lacks any ability to form any 

specific secondary structure (Sereda et a l, 1993; Sereda et a l,  1995). A 10-residue length 

for the peptide analogues was chosen to avoid significant effect o f chain length on the 

retention behaviour (Mant et al., 1988) and to mimic the average sized fragment o f a 

proteolytic digest o f a protein. The presence o f a lysine residue at position 5 o f the 

peptide analogues ensures sufficient peptide solubility.

The two series o f a-helical peptide analogues were synthesized (Helical-L and 

Helical-D, Figure V -l), based on the well-characterized sequence o f Ac- 

EAEKAAKEAEKAAKEAEK-amide (also denoted as AA9) (Mant et a l, 1993; Mant et 

a l,  2002b; Mant et a l, 2002c; Monera et a l, 1995; Sereda et a l, 1994; Zhou et a l,  1992; 

Zhou et a l, 1993; Zhou et a l, 1994a; Zhou et al., 1994b). L- and D-amino acids were 

used to substitute the Ala residue at position 9 in the centre o f the non-polar face o f this 

amphipathic a-helical sequence (helical wheel, Figure V -l). The use o f such amphipathic
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a-helices was also designed to reflect the common occurrence o f such helices in nature,

with, as noted above, approximately 50% of all helices in globular proteins being

amphipathic (Comette et al., 1987; Segrest et a l, 1990). Since glycine does not exhibit

optical activity, the Gly-substituted analogues in both helical and random coil categories

represent useful reference standards during RP-HPLC.

In the present study, since we have a large number (78) peptide analogues (19 L- 

and D-amino acids substituted at position 1 o f the random coil peptide or position 9 o f the 

a-helical peptide, respectively (plus two glycine-substituted peptides), in order to avoid 

the complexity o f designation o f these analogues, the peptides are divided into two main 

categories as "Random" and "Helical" to represent random coil and amphipathic a- 

helical peptides, respectively; within each category, peptide analogues are named after 

the substituting amino acid residues at position 1 o f Random peptides or position 9 of 

Helical peptides. For instance, within Helical, Ln or L|. represents the a-helical peptide 

with amino acid D-leucine or L-leucine substitution at position 9 in the centre o f the non

polar face, respectively. However, when comparing temperature effects on L- or D- 

diastereomeric peptide analogues, we put all the peptides into two groups as "L-Peptides" 

and "D-Peptides"; within each category, peptides are named after both the substituting 

amino acid residue and the peptide structure, e.g., L r and L h in D-Peptides represent the 

random coil peptide and the a-helical peptide with a D-leucine substitution at the 

corresponding position, respectively.

V-4-2 Conformation o f model peptides

The secondary structures of model Random and Helical peptide categories as 

represented by Ll and LD peptides in the presence o f the a-helix-inducing solvent 50%
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115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter V peptide selectivity by temperature

TFE at pH 7.0 are shown in Figure V-2. The high helicity o f the amphipathic peptide

series in the presence o f TFE has been previously well documented (Chen et al., 2002; 

Monera et al., 1995; Zhou et al., 1994b). According to our previous study (Chen et al., 

2002) all o f the amphipathic peptide analogues with L-/D-amino acid substitutions 

showed similar molar ellipticity values at 222 nm in the presence o f 50% TFE with over 

90% helical content, with the exception o f the L-/D-proline substituted peptides. Since 

TFE is recognized as a useful mimic of the hydrophobic environment characteristic o f 

RP-HPLC (Zhou et a l, 1990), as well as being a strong a-helix inducer for potentially 

helical molecules (Cooper et al., 1990; Kentsis et a l, 1998; Lau et al., 1984a; Nelson et 

a l,  1989; Sonnichsen et a l,  1992), elution o f these peptide analogues as a-helices during 

RP-HPLC is ensured. In addition, the [Q]222/[Q]2os ratio values o f Helical L l and Ld are 

less than 1, suggesting that, in the presence o f 50% TFE, these peptides are single

stranded a-helices (Cooper et a l, 1990; Zhou et a l, 1993; Zhou et al., 1994a). Taken 

together, these observations suggest that the helical peptides in this study are bound and 

eluted in the single-stranded amphipathic a-helical conformation during RP-HPLC. In 

contrast, the peptides designed as model random coil peptides showed, as expected, no 

secondary structure, even in the presence of 50% TFE (Figure V-2).

V-4-3 Temperature effect on RP-HPLC selectivity o f amphipathic a-helical peptides

The effect o f temperature on the selectivity of amphipathic a-helical model 

peptides during RP-HPLC is shown in Figure V-3. As noted above, it is known that 

characteristic RP-HPLC conditions (hydrophobic stationary phase, non-polar eluting 

solvent) induce helical structure in potentially helical polypeptides (Blondelle et al., 

1995; Purcell et al., 1995c; Steer et a l, 1998; Zhou et a l, 1990) in a manner similar to
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Figure V-3 Effect for temperature on RP-HPLC selectivity for model a-helical 
peptides with L- or D-amino acid substitutions. Column: SB-C8 300 column (150x2.1 
mm I.D.; 5 pm particle size, 300 A pore size). Conditions: linear AB gradient (0.5% 
acetonitrile/min) at a flow rate o f 0.25 ml/min, where eluent A is 0.05% aq. TFA, pH 
2.0, and eluent B is 0.05% TFA in acetonitrile. Arrows in chromatograms point out the 
co-eluted or poorly resolved peaks o f different peptides. Helical peptides are denoted 
by the substituting L- or D-amino acid at position 9 in the hydrophobic face (Figure V- 
!)•
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that o f the helix-inducing solvent TFE. Polypeptides, such as our model peptides (Figure

V -l), which are thus induced into amphipathic a-helices on interaction with an

hydrophobic RP-HPLC stationary phase w ill exhibit preferred binding of their non-polar

face with the stationary phase, resulting in considerably more retentive behaviour than

non-amphipathic peptides of the same amino acid composition (Zhou et al., 1990). In

Figure V-3, RP-HPLC chromatograms at low temperature (10 °C), intermediate

temperatures (25 °C and 45 °C) and high temperature (80 °C) were chosen as examples to

show the effect o f temperature on the separation of Helical peptides with different L- or

D-amino acid substitutions. It is clear that there is a wide range of retention times as

would be expected given the differences in side-chain hydrophobicity o f the substituted

L- or D-amino acids, ranging as they do from the highly non-polar (e.g., lie, Leu, Phe,

Trp) to the polar (e.g., Ser, Thr, Asn, Gin) (Chen et al., 2002; Monera et al., 1995; Sereda

et al., 1994). As has previously been observed (Chen et al., 2002), Helical Pl and Pd

were eluted early, due both to the strong helix-disrupting nature o f proline (which also

disrupts the amphipathicity o f Pl and Pdj and its comparatively low hydrophobicity

compared to other non-polar peptide analogues.

From Figure V-3 (left panels), the most obvious phenomenon is that all L- and D- 

Helical peptide analogues became less retentive at higher temperature than those at lower 

temperature, as expected due to the general effects o f increasing temperature resulting in 

increased solubility o f the solute in the mobile phase as the temperature rises (Cohen et 

al., 1984; Guo et al., 1986b; Hancock et al., 1986; Ingraham et al., 1985) as well as 

causing a decrease in solvent viscosity and an increase in mass transfer between the 

mobile and stationary phases (Dolan, 2002). For L-Helical peptides (left column), the
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profile at 10 °C shows that A l and Y l were co-eluted, with QL and Slpoorly resolved, as

indicated by the arrows. However, with the increase o f temperature, these peptide

analogues were well resolved 45 °C and resolution improved even more at higher

temperatures (80 °C). In contrast, some peptide analogues (e.g., Pl and Nl, V l  and Wl)

were well resolved at 10 °C, but were then co-eluted at 45 °C; however, these peptides

were again resolved at 80%, albeit with a reversal o f their elution order compared to 10

°C.

Interestingly, similar phenomena are apparent in the profiles o f the D-Helical 

peptides (Figure V-3, right panels). At 10 °C, Helical Td was eluted faster than the 

adjacent peptide analogues Nr and So, but To and No were co-eluted at 25 °C. 

Furthermore, at 45 °C, Np was eluted before Tp. In contrast, Tp was co-eluted with Sp, 

the latest eluted peptide among the three analogues at low temperature. Finally, an elution 

order change was observed at 80 °C, with Np being eluted first and Tp eluted last, with 

all three peptides well resolved. A similar change in elution order can also be seen for 

Helical Vp and YD analogues from 10 °C to 80 °C, albeit to a lesser degree.

From the RP-HPLC elution profiles in Figure V-3, three effects o f temperature on 

the retention behavior o f Helical peptide analogues are apparent: (i) the retention times of 

Helical peptide analogues decreased with increasing temperature; (ii) temperature 

affected the retention behaviour o f different Helical peptide analogues to differing 

extents; (iii) the overall trend o f temperature effect on the Helical peptides with either L- 

or D-amino acid substitutions is without significant difference. O f particular note is the 

alteration o f peak height o f peptide analogues during the change of temperature in Figure
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V-3, where an increase in temperature resulted in increased peak height and decreased

peak width during RP-HPLC, which may be important to increase elution resolution.

V-4-4 Temperature effect on RP-HPLC selectivity fo r random coil peptides

Random coil peptides used in the present study are molecules without specific

secondary structure in a non-polar environment (Figure V-2). Therefore, the separation o f

Random peptides with varying L-/D-amino acid substitutions are merely dependent on

side-chain hydrophobicity o f the substituting amino acid residue, as the peptides with the

less hydrophobic substituting amino acid residues (e.g., Gly, Glu, Pro) are eluted faster

and the peptides with the more hydrophobic residues (e.g., Trp, Phe, Leu) are eluted

slower (Figure V-4; L-peptides). From Figure V-4, temperature has similar effects on the

L-/D-amino acid substituted random coil peptide analogues as was observed for the

Helical peptides and described above (Figure V-3), i.e., (i) overall, increasing

temperature decreased the retention times o f the Random peptides; (ii) temperature

affected the retention behavior o f the Random peptides to different degrees; and (iii) the

influence o f temperature on the L- and D- Random peptides during RP-HPLC is similar.

For instance, L-Val- and L-Tyr-substituted random coil peptides (denoted as V r and Y r

in Figure V-4, left) were separated, co-eluted and separated once more over the

temperature range o f 25 °C to 75 °C, albeit with reversal o f elution order at 75 °C

compared to 25 °C.

V-4-5 Comparison o f temperature effect on L- or D-Hclical and Random model peptides 

Figure V-4 shows RP-HPLC elution profiles o f temperature effect on selectivity 

o f both Helical and Random peptides with varying L-/D-amino acid substitutions. The 

temperatures chosen were designed to indicate the alteration o f peptide elution profiles
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with different co-eluted peaks (highlighted in bold letters) at different temperatures.

Although all peptide analogues (Helical and Random) again exhibit the trend o f reducing

retention time with increasing temperature, it is also apparent that temperature affects

retention behavior o f different peptides to different extents. Thus, co-eluted peaks are

composed o f different Helical and Random peptide analogues at different temperatures.

Figure V-5 plots the relationship o f RP-HPLC retention time versus temperature 

o f Helical and Random peptide analogues. Temperature has a much greater effect on 

retention time o f the a-helical peptide analogues (both L-amino acid substituted helical 

peptide analogues in Panel A and D-amino acid substituted peptide analogues in Panel B) 

than the random coil peptides. Although not shown here, the slope values o f the best 

fitting lines o f peptide retention data within the temperature range 10-75 °C vary from -

0.14 to -0.19 for L-Helical peptides and -0.02 to -0.07 for L-Random peptides (Figure V- 

5, Panel A). Similarly, the slopes vary from -0.11 to -0.18 and -0.02 and -0.08 for D- 

Helical and D-Random peptide analogues, respectively (Figure V-5, Panel B). The 

significant difference in magnitude o f the slopes of the plots for the Helical and Random 

peptides highlights again that temperature has a greater effect on the L-/D-Helical peptide 

analogues compared to the L-/D-Random peptide analogues, which can be attributed to 

differences in peptide structural changes. In addition, the slope variations within Helical 

or Random peptides show the subtle differences that temperature can have on peptide 

analogues in the same structural category with different amino acid substitutions. It is 

interesting to see that the overall effect o f temperature on L- or D-amino acid substituted 

peptides with the same secondary structure is extremely similar. It is important to note
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acid substitutions, respectively. In both (A) and (B), solid lines w ith solid sym bols represent helical peptides and dotted lines with 
open sym bols denote random  coil peptides. C o-elution or poor resolution o f  peptide peaks are m arked w ith sm all b lack bars. The 
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Chapter V  peptide selectivity by temperature

that the linearity o f the best fitting lines in Figure V-5 have correlation coefficients

greater than 0.97 for most peptides, reflecting the generality o f the conclusions.

V-4-6 Optimum separation o f peptide mixtures o f a-helical and random coil peptides

From Figure V-5, marked as short black vertical bars, the co-elution points o f any

two peptides illustrate the complexity o f RP-HPLC elution in Helical and Random

peptide mixtures within the temperature range used. The prospective optimum separation

zones o f L- or D-peptide mixtures are denoted as grey columns in Figure V-5, 0.5 °C

away (on the X-axis) from the nearest co-elution point on both sides of these zones.

Hence, in order to obtain the optimum separation o f L- or D-peptide mixtures, RP-HPLC

was carried out in 0.5 °C increments within the prospective optimum separation zones of

the L-peptides (encompassing 16 L-amino acid substituted Helical and Random model

peptides) and the D-peptides (encompassing 20 D-amino acid Helical and Random

peptides). Figure V -6  shows the RP-HPLC elution profiles o f the L- and D-peptide

mixtures used in Figure V-4 and Figure V-5, with the optimum separation (middle

panels) as well as the RP-HPLC profiles obtained at temperatures several degrees lower

(upper panels) or higher (lower panels) than the corresponding optimum temperatures.

Considering the number o f a-helical and random coil peptide analogues in each mixture,

excellent separations have been observed at 21 °C and 62.5 °C for L-peptides and D-

pcptides, respectively. In addition, the optimum temperatures o f L- and D-peptides are

both in the corresponding empirical prospective optimum zones (Figure V-5), indicating

the validity o f the temperature-based optimization protocol. In contrast to the optimum

elution profiles, the chromatograms at higher or lower temperature represent the

sensitivity o f the varying temperature approach to influence the selectivity of peptides
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Figure V-6 RP-HPLC separation o f random coil and helical L- or D-peptides around 
the optimum temperatures. Column and conditions same as for Figure V-3. Arrows in 
chromatograms point out the co-eluted or poorly resolved peaks o f different peptides. 
Peptide designation is based on the substituting amino acid as described in the text. 
Subscripts of letter R and H denote random coil or helical peptide, respectively.
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with conformational differences. It is important to note that, from shifts in temperature in

the range o f just 2.5 °C to 4° C from the optimum temperature, the RP-HPLC profiles

clearly show considerably different retention behavior with different peptides co-eluted

(indicated by the arrows), underlining the effectiveness o f subtle temperature changes to

alter the elution profiles o f the peptide models in this RP-HPLC temperature selectivity

study.

V-5 Discussion

Although the retention times o f all the Helical and Random peptides decreased 

with increasing temperature, it is clear that the overall retention o f the a-helical model 

peptides decreased to a greater extent than that o f the Random peptide analogues. Since 

the Helical or Random model peptides have different conformations, i.e., as single

stranded amphipathic a-helical peptides or random coil peptides, respectively, the 

varying results o f temperature effect on peptide retention behaviour may be mainly 

attributed to structural differences (Figure V-4, Figure V-5) with the conformation of the 

a-helical peptides in solution during RP-HPLC strongly influenced by temperature. 

Indeed, in our previous study (Chen e( al., 2002), we showed that the helical 

conformation o f the model peptides could be denatured to different degrees with a 

temperature increase in the presence o f helix-inducing 40% trifluoroethanol (TFE). In 

fact, on binding to a reversed-phase column, the high hydrophobicity o f the stationary 

phase stabilizes secondary (a-helical) structure, mimicking the effect o f TFE when the 

peptide is in solution (Sereda et al., 1994). Therefore, during RP-HPLC, a temperature 

increase may also induce peptide denaturation and, as a result, disrupt peptide
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amphipathicity, thereby reducing the retention time o f the model peptide. In contrast, the

elution o f random coil peptides was merely influenced by the general effects o f

temperature (as described above) with a concomitant lesser effect on retention behaviour

compared to the a-helical peptide analogues.

From Figure V-5, the retention behaviour o f all L- and D-Helical peptides with a 

change o f temperature was similar except for that o f L-/D-proline substituted Helical 

peptides. Due to the well-documented helix-disrupting characteristic o f proline (Chen et 

al., 2002; Monera et al., 1995; Zhou et al., 1994b), proline-substituted model peptides 

would not be fully helical even in a strong hydrophobic environment, e.g., in the presence 

o f 50% TFE or the hydrophobic conditions o f RP-HPLC. As a result, the effect of 

temperature denaturation on Helical P l and Pd would not be as dramatic as the effect on 

other a-helical model peptide analogues, since, for all intents and purposes, the Helical 

P l and Pd analogues are already partially denatured. Interestingly, the slope values o f the 

temperature profiles o f the various peptide analogues appear to be related to their the 

molar ellipticity values, i.e., slope values o f Helical PL and Pd during temperature 

variation are smaller than those of a-helical peptide analogues with other amino acid 

substitutions, and greater than those of random coil peptides; concomitantly, the molar 

ellipticity values of Helical PL and Pd in the presence o f 50% TFE are smaller than those 

o f other a-helical analogues but greater than those o f random coil peptides (Chen et al., 

2002) (Figure V-2). Thus, our results support again the premise that temperature can be 

used as a sensitive probe of peptide conformation during RP-HPLC (Lee et al., 2003b; 

Mant et al., 1989; Mant et al., 2003a; Mailt et al., 2003b; Purcell et al., 1993; Purcell et 

al., 1995a; Purcell et al., 1995b; Purcell et al., 1995c; Richards et al., 1994).
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Figure V-7 shows the temperature effect on RP-HPLC retention behaviour o f L-

/D-amino acid substituted a-helical model peptides. Thus, the retention behaviour of

hydrophobic (Val, He, Ala) and hydrophilic (Asn, Gin) L-/D-amino acid substituted

Helical peptide analogues over a temperature range o f 5 °C to 80 °C were examined by

plotting peptide retention time at a specific temperature minus its retention time at 5 °C

versus temperature in order to highlight differences in the elution behaviour o f peptides

as the temperature is raised. The Gly-substituted Helical peptide was also selected as a

standard to evaluate the effect o f temperature on L-/D-diastereomeric peptide analogues,

due to the characteristic non-optical activity o f glycine. From Figure V-7, it is clear that

L-Helical peptides o f different amphipathicity/hydrophobicity behave quite similarly

during RP-HPLC at different temperatures (Panel A), as do the D-amino acid substituted

a-helical diastereomers (Panel B). High correlations were obtained with R=0.985 for L-

Helical peptides and R=0.995 for D-Helical peptides, respectively. In addition, in our

previous study (Chen et al., 2002), D-amino acid substituted peptides generally showed

lower helicity in aqueous environment, due to the helix-disrupting characteristics o f D-

amino acid residues (Aguilar et al., 1993; Chen el a l, 2002; Krause et al., 2000;

Rothemund et al., 1995; Rothemund et al., 1996); however, the peptides are induced to

an highly helical conformation in an hydrophobic environment. In Figure V-7 Panel C,

temperature has a similar effect on L-/D-Helical diastereomeric peptides and the Gly

peptide (R=0.989), confirming once again that, not only do the hydrophobic conditions of

RP-HPLC mimic the helix-inducing properties of TFE, thus inducing Helical peptides to

fully helical conformation, but also that this temperature-based approach to RP-HPLC is

useful for the identification o f peptide secondary structures.
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Figure V-7 Comparison o f temperature effect on RP-HPLC of L- and D-helical 
peptides. Column and conditions same as for Figure V-3. (Panels A, B and C) 
Temperature plotted versus peptide retention time at a specific temperature minus its 
retention time at 5 °C (change in retention time) for L-helical peptides, D-helical 
peptides and L- and D-helical diastereomeric peptides, respectively. The symbols used 
are (O) for L-helical peptides, ( • )  for D-helical peptides and (G) for both L- and D- 
helical diastereomeric peptide analogs. Least square fit analysis resulted in the 
correlations shown in each panel. Only L- and D-peplides o f lie, Val, Ala, Gin, Asn 
and Gly substituted helical peptides were used in this figure.
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Generally, as shown in Figure V-5, temperature is demonstrated to have a similar

effect on the retention behaviour o f random model peptide analogues with either L- or D-

amino acid substitutions. However, subtle differences in the effect o f temperature are

apparent for different peptide analogues. Thus, Figure V -8  illustrates the surprising

results o f different temperature effects on aromatic and aliphatic L-/D-amino acid

substituted Random peptides. Although there is no dramatic difference in temperature

effects (represented by the slopes o f the plots) on retention time o f individual peptides

(Figure V-8A, V-8 B), a significant variation in retention behavior emerged between

aromatic and aliphatic L-/D-amino acid substituted Random peptides as the temperature

is raised incrementally from 10 °C to 75 °C (Figure V-8C, V-8D), when peptide

retention data were presented as peptide retention time at a specific temperature minus its

retention time at 10 °C versus temperature. Using the Gly-substituted Random peptide as

an internal standard, Figure V-8 C and V-8D indicate that aliphatic amino acid substituted

Random peptides (Figure V-8D) are more stably bound to the stationary phase of the Cs

column (with plots shallower than that o f the standard Gly peptide) than aromatic amino

acid substituted analogues (with plots steeper than that o f the standard Gly peptide)

(Figure V-8C) as the temperature is raised; in other words, temperature is more effective

in altering the bound status of aromatic Random peptides than that o f aliphatic Random

peptides during RP-HPLC. In addition, since aromatic Random Fl and Fp are more

hydrophobic (i.e., are eluted later) than aliphatic Random peptide analogues during RP-

HPLC, while, in contrast, the aromatic Y l and Yp are less hydrophobic (i.e., are eluted

earlier) than aliphatic Random peptide analogues, this alteration o f bound status of the

model peptides during temperature is independent of peptide hydrophobicity. Calculated
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Figure V-8 Comparison o f temperature effect on RP-HPLC o f random coil peptides. 
Column and conditions same as for Figure V-3. (A and B) Effect o f temperature on the 
retention time o f different random coil peptides. (C and D) Temperature plotted versus 
peptide retention time at a specific temperature minus its retention time at 10 °C of 
random coil peptide analogs. In (A) and (B),closed circles and closed squares are used to 
represent D-random coil peptides; open circles and open squares represent L-random coil 
peptides; open triangles denote the Gly-substituted random coil peptides. In (C) and (D), 
open diamonds and closed diamonds represent the aromatic and aliphatic amino acid 
substituted random coil peptides, respectively; open triangles denote the Gly-substituted 
random coil peptide. Curvy-linear correlation is shown in (C) and (D). Peptide designation 
is based on the substituting amino acid as described in the text.
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by polynomial curve fitting analysis, the excellent curvy-linear correlations shown in

Figure V-8C and V-8D also demonstrate the sensitivity and the validity o f this

temperature approach to distinguish peptides with aliphatic and aromatic amino acid

substitutions. Note that the large difference in retention times between Random L- and D-

substituted peptide pairs (which possess the same inherent hydrophobicity and lack the

potential for D-amino acid disruption o f secondary structure) could be attributed to

nearest-neighbor effects, since the substitution site at position 1 o f the sequence is next to

a L-Leu residue at position 2 (Figure V-l).

Although, as previously described (Chen et al., 2002; Mant et a l,  2003a), the 

monomeric status o f the a-helical peptide analogues used in this study is ensured, the 

possibility that Random peptide analogues may exhibit a degree o f 

association/oligomerization was investigated by comparing the temperature profiles o f 

these peptides with that o f the random coil standard, G r (Random Gly-substituted 

peptide). Thus, the data from Figure V-7C, Figure V-8C and V-8D were normalized 

relative to the temperature profile o f the Gr, as presented in Figure V-9. Based on 

previous studies by our laboratory (Lee et al., 2003b; Mant et al., 2003a; Mant et al., 

2003b) which introduced the concept of detecting self-association o f peptidic solutes by 

“ temperature profiling”  in RP-HPLC, the positive profiles o f the aliphatic random coil 

peptides may indeed be indicative o f some degree o f association, albeit subtle, compared 

with aromatic random coil peptides, possibly offering an explanation of different 

temperature effects between these two kinds o f Random peptide analogues. From Figure

V-9, the negative slopes for the Helical peptides are considerably steeper than those of 

Random peptides. Since the data were normalized relative to the Random standard G r,
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Chapter V  peptide selectivity by temperature

other factors which can influence peptide retention behavior (the aforementioned effects

on mobile phase viscosity and mass transfer effects, for example) are already taken into

account in the Helical plots shown in Figure V-9. Thus, as discussed in detail in our

previous study (Mant et al., 2003a), the steep negative profiles o f the Helical peptides

indicate considerable unfolding o f the a-helices with increasing temperature. Briefly, at

low temperature, the bound monomeric a-helices are in equilibrium with the same

monomeric folded states free in solution, with their retention times dependent on the

hydrophobicity o f their non-polar faces. At high temperature, a considerable amount o f

the random, disrupted helical forms o f these peptides are now present in solution,

concomitant with a loss o f amphipathicity (note that these peptides are assumed to always

be bound to the stationary phase as a-helices (Mant et al., 2003a)). The fast exchange

between folded a-helical structure and unfolded form in solution now becomes a major

determinant o f the observed retention time, i.e., the more random coil present in solution,

the greater the decrease in retention time and, hence, the much steeper negative profiles

illustrated in Figure V-9 compared to Random peptides which possess only negligible

secondary structure throughout the entire temperature range.

V -6  Conclusions

In this study, we report the use o f four series of synthetic model peptides (non

helical and amphipathic a-helical peptides with L-/D-amino acid substitutions) in order 

to demonstrate the selectivity, based on peptide conformational differences, that may be 

obtained in a reversed-phase separation during temperature alterations. Temperature 

variations resulted in dramatically different effects on the retention behaviour of a-helical
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and random coil peptides. In contrast to random coil peptides, a-helical peptides

underwent a temperature-induced unfolding process during RP-HPLC, resulting in

considerable selectivity variations. The optimum resolution of mixtures o f random coil

and a-helical peptide analogues was obtained simply by varying the temperature of the

RP-HPLC separation, taking advantage o f the different responses to temperature of

peptides with secondary structure potential compared to those with no such potential. In

addition to aiding the rational development o f peptide separation/optimization protocols,

this study also confirms the value o f employing RP-HPLC at varying temperatures as a

sensitive and practical probe to distinguish peptide conformations, a role which should

prove valuable for peptide/protein structure studies.
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CHAPTER VI

Optimum Concentration of Trifluoroacetic Acid (TFA) for 
Reversed-Phase Chromatography of Peptides Revisited

A version o f this chapter has been published: Chen, Y., Mehok, A. R., Mant, C. T. and 
Hodges, R. S. (2004) J. Chromatogr. A 1043, 9-18; and has also been selected in 
Proteomics Select issue 12, July 20, 2004 (wwwl.elsevier.com/vj/proteomics). Only 
methods unique to this chapter are described in the Experimental section, the remaining 
general methods are described in Chapter III.

VI-1 Abstract

Trifluoroacetic acid (TFA) remains the dominant mobile phase additive for 

reversed-phase high-performance liquid chromatography (RP-HPLC) o f peptides after 

more than two decades since its introduction to this field. Generally, TFA has been 

employed in a concentration range o f 0.05% - 0.1% (6.5 mM -  13 mM) for the majority 

o f peptide separations. In order to revisit the question as to whether such a concentration 

range is optimum for separations o f peptide mixtures containing peptides o f varying net 

positive charge, the present study examined the effect o f varying TFA concentration on 

RP-HPLC at 25°C and 70°C o f three groups o f synthetic 10-residue synthetic peptides 

containing either one (+1) or multiple (+3, +5) positively charged groups. The results 

show that the traditional range ofTFA concentrations employed for peptide studies is not 

optimum for many, perhaps the majority, o f peptide applications. For efficient resolution 

o f peptide mixtures, particularly those containing peptides with multiple positive charges, 

our results show that 0.2% - 0.25% TFA in the mobile phase w ill achieve optimum 

resolution. In addition, the use o f high temperature as a complement to such TFA 

concentration levels is also effective in maximizing peptide resolution.
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VI-2 Introduction

Since its introduction over two decades ago as an anionic ion-pairing reagent for 

reversed-phase high-performance liquid chromatography (RP-HPLC), trifluoroacetic acid 

(TFA) has become the most extensively used mobile phase additive for RP-HPLC of 

peptides (Cunico et al., 1998; Mant et al., 1991; Mant et a l, 2002a). Its efficacy in this 

role lies in its volatility and UV transparency, coupled with the hydrophobic, negatively 

charged trifluoroacetate ion (TFA-) which is able to interact with basic, positively 

charged amino acid side-chains (Arg, Lys, His), as well as free Na-amino groups 

(Cunico et al., 1998; Guo et a l, 1987; Mant et a l, 1991; Mant et a l, 2002a). In addition, 

at low pH values (e.g., pH 2.0), protonation of acidic residues enhances the interaction of 

peptides with the reversed-phase packing, concomitant with the suppression of free 

silanol ionization, thereby avoiding undesirable ionic interactions with positively charged 

peptide solutes (Mant et al., 1987b; Mant et a l,  2002a; Regnier, 1983).

Favored models for the mechanism of such ion pair separations involve either 

formation of ion-pairs with the sample solute in solution followed by retention o f the 

solute molecules on a reversed-phase packing (Horvath et al., 1976; Horvath et a l, 1977) 

or a dynamic ion-exchange event whereby the ion-pairing reagent is first retained by the 

reversed-phase column and then solute molecules exchange ions with the counterion 

associated with the sorbed ion-pair reagent (Horvath et a l,  1977; Kissinger, 1977; Kraak 

et al., 1977; Van de Venne et a l, 1978). Whatever the mechanism, the resolving power 

o f negatively charged, anionic ion-pairing reagents such as TFA is effected through their 

interaction with the aforementioned positively charged groups in a peptide (Guo et a l, 

1987; Mant et al., 2002a). Indeed, hydrophobic anions such as TFA" w ill not only
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neutralize the positively charged groups, thereby decreasing peptide hydrophilicity, but

w ill increase further the affinity o f the peptides for the reversed-phase sorbent (Guo et a l,

1987).

In the past, concentrations ofTFA in mobile phases (aq. TFA/acetonitrile mobile 

phase systems being the most commonly employed for peptides (Cunico et al., 1998; 

Guo et al., 1987; Mant et al., 1991; Mant et al., 2002a)) have mainly been limited to a 

range o f 0.05% - 0.1% (v/v). However, an early study in our laboratory (Guo et al., 

1987) demonstrated the potential use o f varying TFA concentrations (0.01% - 0.8%) on 

peptide selectivity, where increasing TFA concentration resulted in an increase in peptide 

retention time; further, the greater the number o f positive charges on a peptide, the 

greater the increase in peptide retention, demonstrating potential manipulation of peptide 

elution profiles by varying anionic counterion concentration. Such an approach has also 

been reported for the preparative RP-HPLC separation o f very hydrophilic, histidine-rich 

peptides, where 1% TFA was employed to ensure retention o f the peptides by the RP- 

HPLC packing (Hong et al., 1991). Considering the range o f positively charged peptides 

which may be present in peptide mixtures -  in proteomic applications, for instance, 

where protein digests may contain thousands o f peptides with multiple charges -  we 

believe the question o f whether traditionally employed concentrations o fTFA  in mobile 

phase systems are indeed optimized for general peptide applications should be revisited.

Routine use o f higher TFA concentrations has generally been avoided in the past, 

perhaps partly due to concerns o f stationary phase degradation, e.g., cleavage o f alkyl 

chains from silica-based packings via acid hydrolysis o f the siloxane bond linking the 

stationary phase functional group with surface silanols (Glajch et al., 1987; Guo et al.,
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1986b). However, with the advent o f reversed-phase packings with excellent stability

towards both acidic mobile phases and high temperature (Boyes et a l, 1993; Glajch et

a l, 1990; Kirkland et a l, 1989), such concerns have been overcome. Thus, the present

study determines the effect o f varying TFA concentration and temperature on RP-HPLC

of three groups o f synthetic model peptides, these groups containing peptides o f+1, +3 or

+5 net charge. From the retention behavior o f these peptides, conclusions could be drawn

about optimum mobile phase conditions for sample mixtures containing peptides o f

varying net charge.

Vl-3 Experimental

VI-3-1 Column and HPLC conditions

Analytical RP-HPLC runs were carried out on a Zorbax SB300-Cs column (150) 

x 2.1 mm I.D.; 5-pm particle size, 300-A pore size) from Agilent Technologies (Little 

Falls, DE, USA), using a linear AB gradient (1% acetonitrile/min) at a flow-rate o f 0.25 

ml/min, where eluent A was 2 - 3 2  mM aq. TFA and eluent B was the corresponding 

concentration o f TFA in acetonitrile; runs were carried out at 25°C and 70°C. 

Approximately 1 pmol o f each o f the peptides in the 10-peptide mixtures was injected in 

a total sample volume o f 10 pl.

VI-4 Results and Discussion

VI-4-1 Design o f synthetic model peptides

We have always believed that studies attempting to equate peptide elution 

behavior in HPLC generally, and RP-HPLC specifically, with varying run parameters is
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T a b le  V I-1  S eq u en ce  and  n am e o f  the p ep tid es  in  th is s tudy
Peptide group 3 Peptide nam e Peptide sequence 15 Increase in the num ber o f  carbon atom c

la Ac -GGGGGLGLGK-amide 0

lb Ac -GGAGGLGLGK-amide 1

lc Ac-GGAAGLGLGK-amide 2

Id Ac-GGVGGLGLGK-amide 3
+ 1 le Ac-GGVAGLGLGK-amide 4

I f Ac-GGIGGLGLGK-amide 4
lg Ac ~ GGXAGLGLiGK- amide 5
lh Ac - GGWGLGLGK- amide 6

li Ac-GGIVGLGLGK-amide 7
u Ac-GGXIGLGLGK-amide 8

3a Ac-GRGGKLGLGK-ami de 0

3b Ac-GRAGKLGLGK-amide 1

3c Ac-GRAAKLGLGK-amide 2

3d Ac-GRVGKLGLGK-amide 3
+3 3e Ac -GRVAKLGLGK-amide 4

3f Ac-GRXGKLGLGK-amide 4
3g Ac-GRIAKLGLGK-amide 5
3h Ac - GRWKLGLGK- amide 6

3i Ac-GRIVKLGLGK-amide 7
3j Ac-GRIIKLGLGK-amide 8

5a NH3*-RRGGKLGLGK-amide 0

5b NH3* - RRAGKLGLGK-amide 1

5c NH3*-RRAAKLGLGK-amide 2

5d NH3*-RRVGKLGLGK-amide 3
+5 5e NH3 * -RRVAKLGLGK-ami de 4

5f NH3 + -RRIGKLGLGK-amide 4
5g NH3* - RRIAKLGLGK- amide 5
5h NH3"-RRWKLGLGK-amide 6

5i NH3*-RRIVKLGLGK-amide 7
5j NH3*-RRIIKLGLGK-amide 8

a. The charge of the peptide is shown as at pH 2.0
b. The different amino acid substitutions are showed in bold letters.
c. The increase o f the number o f carbon atoms is assigned from the peptides la, 3a and 5a as zero.
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Chapter VI Optimum Concentration ofTFA  

best achieved by initial studies using defined model peptide systems, the results o f which

can then be extrapolated to peptides as a whole. Thus, we have designed and synthesized

three groups o f model peptides exhibiting variations in hydrophobicity and net positive

charge (Table V M ). From Table VI-1, each group o f peptides contains 10 peptides with

the same net positive charge, arising from the presence o f a single lysine residue (+1

group), two lysine residues and an arginine residue (+3 group) or two lysine residues, two

arginine residues and a free N-terminal a-amino group (+5 group). Within each peptide

group, hydrophobicity varies only subtly between adjacent peptides, i.e., peptide

hydrophobicity varying by just one methyl or methylene group (equivalent to an increase

of one carbon atom) from one peptide to the next. The presence o f several glycine

residues ensured negligible secondary structure for these peptides (Monera et al., 1995;

Zhou et al., 1994b) (i.e., they have a “ random coil”  configuration), to avoid

complications in interpretation o f data due to selectivity differences in peptide RP-HPLC

retention behavior arising from conformational variations (Chen et al., 2003; Sereda et

al., 1995). The 10-residue length o f the peptides was chosen to mimic the size of an

average peptide fragment arising from proteolytic digests o f proteins. Peptides are

denoted by charge and relative hydrophobicity order, e.g., the peptide with one positive

charge and the lowest hydrophobicity within this +1 group (a -G G - substitution; Table

1) is denoted la; the peptide with three positive charges and the highest hydrophobicity

within this +3 group (a - I I -  substitution; Table V I-1) is denoted 3j, etc.

VI-4-2 RP-HPLC stationary> phase

The Zorbax SB-300Cs (“ SB”  denoting “ Stable Bond” ) is prepared from

monofunctional n-octylsilane based on protecting the siloxane bond between the silica
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and the Cs group with bulky side groups, in this case two isopropyl groups (Boyes et al.,

1993; Glajch et a l, 1990; Kirkland et al., 1989). This packing was originally designed to

protect the siloxane bond from acid hydrolysis at low pH (Boyes et al., 1993; Glajch et

al., 1990; Kirkland et a l,  1989) and has shown excellent thermal stability at pH 2 (Chen

et al., 2003; Hancock et al., 1994; Mant et al., 1997; Mant et al., 2003a; Mant et al.,

2003b).

Vl-4-3 Effect ofTFA concentration on elution behavior o f model peptide mixtures

The effect o fTFA  concentration on the RP-HPLC retention behavior of mixtures 

o f positively charged peptides was determined by running the three 10-peptide groups 

(+ 1, +3 and +5; Table V I-1) in aq. TFA/acetonitrile mobile phases containing 2 mM, 4 

mM, 8 mM, 16 mM and 32 mM TFA (equivalent to a range o f -  0.016% - 0.25% TFA, 

i.e., encompassing the 0.05% - 0.1% TFA range traditionally used for such separations) at 

25°C and 70 °C. It should be noted that we chose to express TFA concentrations in mM 

versus % in order to be able to make a direct comparison o f the effectiveness o f TFA 

with alternative ion-pairing reagents, the subject o f a separate study. The pH value o f the 

aq. TFA (eluent A) ranged from pH 2.8 (2 mM TFA) to pH 1.7 (32 mM), which we refer 

to generally as pH 2. Note that even the highest pH value (pH 2.8 for 2 mM aq. TFA) is 

far enough below the pKa values o f the positively charged groups in the peptides so as 

not to affect the full positive charge on the peptides; in addition, i f  any underivatized 

silanol groups (pKa -  4.0) remained on the Stable Bond packing, they also would remain 

protonated (i.e., neutral) under the RP-HPLC conditions used in the present study, thus 

preventing any potential undesirable electrostatic interactions between the positively
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charged peptides and the hydrophobic stationary phase. Elution time data for all peptides

at 25 °C and 70 °C are presented in Table VI-2.

Figure V I-1 compares the results obtained at 70 °C when running the three groups 

o f peptides in the 2 mM TFA, 8 mM TFA and 32 mM TFA mobile phase systems. From 

Figure V I-1, increasing TFA concentration generally results in increasing peptide 

retention time and improved peak shape. In addition, this effect o f increasing TFA 

concentration is more marked the greater the positive charge on the peptides, i.e., +1 

group < +3 group < +5 group. This effect is especially dramatic for the +5 group, where 

early eluted peptides, in particular, showed severe tailing and poor peak shape at low (2 

mM) TFA concentration.

An interesting observation from Figure V I-1 is the effect o fTFA  concentration on 

the elution time range o f the peptides, i.e., AtR (j analogue -  a analogue) for each peptide 

group. At 32 mM TFA, the values were 11.8 min (+1 group), 9.8 min (+3 group) and 7.2 

min (+5 group), i.e., the larger the number o f positive charges, the smaller the elution 

range. These AtR values for the +1 and +3 groups remained essentially constant over the 

entire range ofTFA concentrations examined (2 mM -  32 mM); for the +5 groups, these 

values remained essentially constant over the 8 mM -  32 mM TFA range. Also from 

Figure V I-1, an increase in TFA concentration dramatically improved resolution for 

specific peptide pairs. Thus, for the +5 group, peptides 5f and 5g are almost completely 

separated to baseline at 32 mM TFA but poorly resolved at lower TFA concentrations. 

Similarly, for the +3 group, peptides 3g and 3h are almost completely separated to 

baseline at 32 mM TFA. Further, for the +1 group, lg  and 111 are coeluted for the entire 

TFA concentration range even through there has been an increase in overall resolution of
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Chapter V I Optimum Concentration ofTFA

Table V I-2  Retention times o f+1, +3 and +5 peptides in different TFA 
concentrations
P e p tide

g ro u p

TFA
(m M )

T e m p e ra tu re

(°C)

R e te n t io n  t im e  ( m in )

a11 b C d e f g h i j

25 17.S9 19.04 20.09 22.00 23.16 24.16 25.43 24.87 27.04 28.96
£

70 10.40 17.63 18.78 20.77 22.03 22.93 24.11 24.11 26.32 28.29

A
25 1 S.20 19.34 20.37 22.28 23.44 24.44 25.71 25.17 27.34 29.25

4
70 16.71 17.93 19.06 21.06 22.33 23.23 24.44 24.44 26.62 28.59

25 18.48 19.59 20.60 22.50 23.65 24.66 25.92 25.37 27.53 29.44
+1 8

70 16.95 18.15 19.27 21.27 22.53 23.44 24.66 24.66 26.84 28.81

16
25 18.7S 19.88 20.87 22.77 23.93 24.94 26.20 25.6S 27.83 29.75

70 17.28 18.47 19.57 21.56 22.83 23.74 24.99 24.99 27.15 29.11

25 19 0S 20.16 21.14 23.03 24.19 25.21 26.47 25.98 2S.13 30.06
b l

70 17.56 18.73 19.82 21.81 23.08 23.99 25.26 25.26 27.42 29.40

25 15.77 16.67 17.71 19.17 19.88 21.03 21.62 21.62 23.42 25.11
2

70 13.96 14.87 15.99 17.51 18.34 19.35 20.11 20.48 22.13 23.82

25 17.02 17.85 18.82 20.22 20.94 22.07 22.69 22.69 24.45 26.13
4

70 15.12 16.01 17.09 18.57 19.41 20.42 21.20 21.53 23.18 24.S9

25 17.92 18.72 19.65 21.00 21.72 22.84 23.49 23.49 25.22 26.90
+3 8

70 15.94 16.82 I7.S7 19.33 20.19 21.19 22.00 22.30 23.97 25.69

16
25 19.06 19.84 20.74 22.05 22.80 23.89 24.60 24.60 26.32 28.01

70 17.12 17.99 19.02 20.45 21.32 22.30 23.16 23.42 25.13 26.85

25 19.97 20.74 21.62 22.89 23.68 24.75 25.47 25.5 S 27.24 28.95
32

70 18.01 18.87 19.90 21.30 22.21 23.16 24.09 24.33 26.07 27.81

25 10.33 11.40 12.S2 14.61 14.98 16.34 16.34 17.38 18.35 19.96

70 9.35 9.35 9.35 11.73 12.42 13.71 14.14 15.15 16.20 I7.S4

25 13.94 14.46 15.33 16.70 17.03 18.23 18.23 19.14 20.05 21.57
4

70 10.25 11.32 12.69 14.17 14.73 15.S4 16.19 17.08 18.07 19.61

25 16.35 16.75 17.40 18.59 18.90 20.02 20.02 20.84 21.71 23.18
+5 8

70 13.25 13.90 14.90 16.10 16.63 17.63 17.97 18.79 19.73 21.25

25 18.70 19.03 19.56 20.65 20.94 22.02 22.02 22.75 23.61 25.06
16

70 15.91 16.41 17.21 18.27 18.75 19.71 20.02 20.80 21.73 23.22

32
25 20.21 20.53 20.99 22.08 22.34 23.43 23.43 24.13 25.01 26.48

70 17.57 18.02 18.76 19.SO 20.27 21.22 21.52 22.27 23.22 24.73

a. F o r  p e p t id e  nam es, see T a b le  V I - 1 ;  R P -H P L C  c o n d it io n s , see section V I -3 -1 .
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the peptide mixture at 32 mM TFA. There are also subtle selectivity differences between

peptides with the same hydrophobicity difference within the three groups of peptides,

e.g., compare the g and h analogues, which are not resolved in the +1 group (lg /lh ) but

are resolved in the +3 (3g/3h) and +5 (5g/5h) groups.

Finally, a critical conclusion from the results presented in Figure V I-1 is that, for

the efficient resolution o f all three groups o f peptides (at 70 °C), a TFA concentration of

32 mM (~ 0.25%) is required. Similar results were also obtained at 25 °C (data not

shown).

VI-4-4 Effect o f temperature on elution behavior o f model peptide mixtures

Figure Vl-2 illustrates the effect of temperature on elution behavior of the three 

groups o f peptides in the presence o f 32 mM TFA. This concentration o f TFA was 

maintained due to its producing the best overall resolution for all three groups of peptides 

in Figure VI-1. From Figure VI-2, an increase in temperature reduces peptide retention 

time, due to an enhancement o f the mass-transfer rate o f the peptide solutes between the 

stationary and mobile phases (Antia et al., 1988; Boyes et al., 1993; Li et al., 1997a; Li et 

al., 1997b). Advantages o f varying temperature may be seen in selectivity changes at 25 

°C and 70 °C. Thus, peptide pairs 5f/5g (+5 group) and 3g/3h (+3 group) are coeluted at 

25 °C but are resolved at 70 °C; conversely, peptides 111 and Ig (+1  group) are resolved to 

baseline at 25 °C but are completely coeluted at 70 °C. In addition, the peptide pair 5a/5b 

and 5d/5e (+5 group) is better resolved at 70 °C compared to 25 °C.

Interestingly, the elution range of the peptides, i.e., M r (j analogue -  a analogue) 

appears to be affected by a temperature change. Thus, at 25 °C, AtR values are 6.3 min, 

9.0 min and 11.0 min for the +5, +3 and +1 groups, respectively; in contrast, these values
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Figure VI-2 Effect o f temperature on RP-HPLC retention behavior of positively 
charged model peptide mixtures. Conditions: linear AB gradient (1% acetonitrile/min) 
at a flow rate o f 0.25 ml/min, where eluent A is 32 mM aq. TFA and eluent B is 32 
mM TFA in acetonitrile. The structures and denotions o f the peptides are shown in 
Table VI-1; +5, +3 and +1 refer to the net charge o f all peptides in the peptide 
mixtures.
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have increased to 7.2 min, 9.9 min and 11.8 min, respectively, at 70 °C, i.e., an average

increase for all these peptide groups o f ~ 0.9 min.

Finally, it should be noted that the option to be able to use a relatively high TFA 

concentration (32 mM) combined with high temperatures for manipulation o f elution 

profiles o f peptide mixtures highlights well the advantages o f chemically and thermally 

resistant silica-based RP-HPLC packings.

VI-4-5 Effect o f nearest-neighbor effects on elution behavior o f model peptide mixtures

Deviations from expected elution behavior for small peptides are generally 

explained in terms o f sequence-specific effects, which can be divided into two categories 

-  nearest-neighbor and conformation effects (Zhou et al., 1990). The former implies that 

such effects are amino acid sequence-dependent, but independent o f differences in 

secondary structure; in comparison, amino acid sequence-dependent conformational 

effects would be an apparent reduction or enhancement o f the overall hydrophobicity of 

the peptide as a result o f the peptide adopting an unique conformation on interacting with 

the stationary phase, compared to the hydrophobicity o f the peptide i f  it existed as a 

random coil, i.e., lacking an unique conformation (Zhou et al., 1990). The random coil 

nature o f the model peptides in the present study, assured by the presence of multiple 

glycine residues, suggests that subtle selectivity differences during RP-HPLC are likely 

due to nearest-neighbor effects within specific peptides and/or the environment within 

which residue substitutions are made. Thus, even through the peptide analogues in all 

three groups of peptides have the same series of residue substitutions (Table VI-1), the 

environment surrounding these substitutions varies substantially. For instance, for the +5 

group, the substitutions are made within the sequence +H3N-RR-X-X-K- (where X-X
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denotes substituted residues), i.e., within a highly charged environment, in addition to

three adjacent positive charges at its N-terminus; for the +3 group, substitutions are made

within the sequence Ac-GR-X-X-K-, i.e., within a much lesser charged environment than

the +5 group; finally, for the +1 group, substitutions are made within the sequence Ac-

GG-X-X-G-, i.e., with no ionizable groups close to the substitution positions.

From Figure V I-1, peptide analogues g and h, which differ by a full carbon atom 

(partial sequence of-G 1AG - for g and -G VVG - for h; Table VI-1), were not resolved in 

the +1 group (lg/1 h) at any TFA concentration (2 mM -  32 mM TFA) at 70°C; however, 

they were baseline resolved at 25°C (Figure VI-2). Interestingly, the same sequence 

variations for the +3 group (-R IA K - for 3g and -R V V G - for 3h) could not be resolved 

at 25 °C but could be resolved at 70 °C (Figure VI-2). For the +5 group (-R IA K - for 5g 

and -R V V G - for 5h), the two peptides are readily resolved at 25 °C and 70 °C (Figure

VI-2), where the only difference between the +3 and +5 groups is the replacement of the 

N-terminal glycine residue in the +3 groups with an arginine residue with a free a-amino 

group in the +5 group. Such a result illustrates the sensitivity o f RP-HPLC to subtle 

changes in sequence not immediately adjacent to the dipeptide sequence where the 

hydrophobicity changes. Further, what is even more interesting is the separation o f 

peptides lg  and 111 at 25°C (Figure VI-2). Peptide 111 has a greater intrinsic 

hydrophobicity than lg  by 1 carbon atom out o f the 10-residue sequence (Table VI-1), 

yet peptide lh  is eluted prior to lg at 25 °C while the two peptides are coeluted at 70 °C 

(Figure VI-2). This result suggests that nearest-neighbor effects are greater at 25 °C and 

such effects are being diminished at high temperature.
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Another interesting example o f a nearest-neighbor effect lies in the behavior of

the e and f  analogues o f the three peptide groups. Thus, e analogues contain the sequence 

-V A -, whilst f  analogues contain the sequence -IG -, i.e., they were designed to contain 

the same number o f carbon atoms (four) in the substitution positions and, thus, the same 

apparent intrinsic hydrophobicity, where there is an increase o f one methyl group in 

going from valine to isoleucine and a decrease o f one methyl group in going from alanine 

to glycine (Table VI-1). Regardless o f the surrounding residues (-G V A G - and -G IGG- 

in the +1 group; -R V A K - and -R IG K - in the +3 group and +5 group; Table VI-1), the 

peptides are readily separated at both 25°C and 70°C (Figure VI-2). It is perhaps 

significant that the e analogues (with the -V A -  substitution) are consistently eluted prior 

to the f  analogues (with the - IG - substitution). Thus, the inherent hydrophobicity o f the 

isoleucine side-chain ( f  analogues), adjacent as it is to glycine with no appreciable side- 

chain, is likely to be fully expressed on interaction with the hydrophobic stationary phase. 

In contrast, instead o f being additive, it is likely that the combined hydrophobicity o f the 

valine and alanine side-chains (e analogues) is not being fully expressed, i.e., the 

apparent hydrophobicity o f this dipeptide is being diminished relative to - IG - o f the f  

analogues, perhaps due to “ shielding”  of the hydrophobicity o f one residue by the other 

via conformational constraints between these adjacent residues.

VI-4-6 Effect o f TFA concentration and temperature on elution characteristics o f model 

peptides

Figure VI-3 summarizes graphically the effect o f increasing TFA concentration 

(expressed as Logio [TFA]) on M r (32 mM -  8 mM) (i.e., the difference in peptide 

retention time between that obtained at a concentration o f 32 mM TFA compared to 8
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F ig u re  V I-3  Effect o f  TFA  concentration on retention characteristics o f  m odel positively charge peptides at 25 and 70 °C. AtR 
denotes difference in retention tim e betw een adjacent peptides; W \a  denotes peak w idth at h a lf height o f  peptides; R s denotes 
resolution o f  adjacent peptides. O pen sym bols w ith solid lines represent results obtained at 25 °C; closed sym bols w ith  dotted  lines 
represent results ob tained at 70 °C. The +5 group peptides are represented by peptide pairs 5h/5i and 5i/5j; the +3 group peptides 
are represented by peptide pairs 3b/3c, 3d/3e and 3i/3j; the +1 group peptides are represented by peptide pairs lb / lc ,  1 d/1 e and 

^  l i / l j .  Sequences o f  all peptides are show n in T able V I - 1 .

Chapter 
VI Optimum 

Concentration 
ofTF

A



Chapter VI Optimum Concentration ofTFA  

mM TFA), peptide peak width at half height (W 1/2) and peptide resolution. To simplify

interpretation o f data, only profiles obtained from selected peptide data are shown: thus,

only values obtained for 5h/5i and 5i/5j (+5 group); 3b/3c, 3d/3e and 3i/3j (+3 group);

and lb /lc , ld /le  and l i / l j  (+1 group) are presented. However, the data presented in

Figure VI-3 represents the observed elution behavior for all peptide analogues and can be

viewed as summarizing general rules for effect o f TFA concentration on peptides of

varying net charge.

From Figure Vl-3, AtR (32 mM -  8 mM values) are essentially independent of 

TFA concentration for all three peptide groups at both 25 °C and 70 °C. Table VI-3 

shows the change in peptide retention times between the 8 mM and 32 mM TFA systems 

at both 25 °C and 70 °C. Due to the comparatively poor retention o f the +5 group 

peptides at concentrations o f 2 111M TFA (Figure VI-1) and 4 mM TFA (data not shown), 

8 mM was chosen as the lower TFA concentration limit to ensure accuracy o f data. Note 

that the average AtR/positive charge values are essentially constant at both 25 °C and 70 

°C for all three groups, albeit there is an increase in the values as the net charge increases,

i.e., +1 < +3 < +5. This increase reflects the earlier observation (Figure VI-1) that the 

elution range o f the peptides (tR j  analogue -  a analogue) increases with increasing net 

positive charge.

Clearly, peptide peak width is decreasing with increasing TFA concentration (as 

well as increasing temperature), this effect being more marked the higher the net positive 

charge on the peptides. Indeed, the effect on peak width by an increase in both TFA 

concentration and temperature is most dramatic for the +5 group, as had been noted from 

the elution profiles shown in Figure VI-1. The overall general trend o f decreasing peak
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T ab le  V I-3  Difference o f retention times o f + 1, +3 and +5 peptides between 8 and 32 mM o f TFA
Peptide

group

Tem perature

(°C)

A fR (32 -S m M ) (m in) a A verage b A verage/

a d b C d e f g h i j

charge c

+1
25 0.60 0.57 0.54 0.53 0.54 0.55 0.55 0.61 0.60 0.62 0.57 0.57

70 0.61 0.58 0.55 0.54 0.55 0.55 0.60 0.60 0.58 0.59 0.58 0.58

+3
25 2.05 2.02 1.97 1.89 1.96 1.91 1.98 2.09 2.02 2.05 1.99 0.66
70 2.07 2.05 2.03 1.97 2.02 1.97 2.09 2.03 2.10 2.12 2.05 0.68

+5
25 3.86 3.78 3.59 3.49 3.44 3.41 3.41 3.29 3.30 3.30 3.49 0.70

70 4.32 4.12 3.86 3.70 3.64 3.59 3.55 3.48 3.49 3 .48 3.72 0.74
a. D enotes the difference o f  peptide retention tim es betw een 8 mM and 32 mM  o f  TFA.
b. A verage denotes the average values o f  the AtRp^.gmMjOf 10 peptides analogs in the sam e group.
c. A verage/charge denotes the average values o f  the A/R(j2-8mM)Of 10 peptides analogs in the sam e group divided by the num ber o f  charges on the peptides.
d. For peptide names, see Table V I-1 ; RP-H PLC  conditions, see section V I-3-1.
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width with an increase in TFA concentration and temperature is also illustrated in Table

VI-4 which reports the difference in W 1/2 values obtained between 8 mM TFA and 32

mM TFA (i.e., W 1/2 at 32 mM minus W 1/2 at 8 mM). The average W 1/2 value/net positive

charge is presented simply to highlight the effect o f temperature. Thus, over this entire

TFA concentration range, the average Wi/2/charge is always lower (i.e., this value is more

negative) at 70°C compared to 25°C.

Finally from Figure VI-3, for all three peptide groups, increasing TFA 

concentration clearly increases resolution o f adjacent peptide pairs. In addition, as 

reflected by the steeper slopes o f the 70 °C data, increasing the temperature from 25 °C 

also increases peptide resolution over the entire TFA concentration range. The effects of 

these two run parameters is underlined in Table Vl-5, which reports the relative increase 

in peptide resolution at 70°C versus 25°C 011 increasing the TFA concentration from 2 

mM TFA to 32 mM TFA. Thus, for instance, for the +1 group, resolution increases 1.21- 

fold at 32 mM TFA compared to 2 mM TFA at 25 °C for the lb/1 c peptide pair compared 

to 1.44-fold at 70 °C; these values are 1.32-fold (25 °C) and 1.57-fold (70 °C) for the 

1 d/1 e peptide pair; and 1.42-fold (25 °C) and 1.60-fold (70 °C) for the l i / l j  peptide pair. 

The same trend is also observed for the +3 and +5 group peptides. Also from Table VI-5, 

it is clear that, the higher the net positive charge on the peptides, the greater the 

improvement in resolution on raising the TFA concentration from 2 mM TFA to 32 mM 

TFA. Thus, taking the i/j analogues as an example, the resolution o f l i / l j ,  3i/3j and 5i/5j 

peptide pairs improves by 1.42-fold, 1.83-fold and 2.07-fold, respectively, at 25°C; at 70 

°C, the resolution o f these peptide pairs improves 1.60-fold, 2.18-fold and 2.54-fold, 

respectively. Finally, Table VI-5 again highlights interesting selectivity
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T a b le  V I-4  Difference o f  peak width at ha lf height o f  + 1, +3 and +5 peptides between 8 and 32 m M  o f T F A
Peptide Temperature A W 1/2 (32 -8 m M ) (m ill) “ Average b Average/ 

charge c

group
( ° C )

a f b C d e f  § h i j

+1
25 -0.0185 -0.0119 -0.0057 -0.0074 -0.0112 -0.0141 -0.0168 -0.0171 -0.0202 -0.0055 -0.0128 -0.0128

70 -0.0217 -0.0252 -0.0144 -0.0172 -0.0258 -0.0293 . d - -0.0272 -0.0187 -0.0224 -0.0224

+3
25 -0.0451 -0.0513 -0.0440 -0.0344 -0.0307 -0.0366 - -0.0323 -0.0294 -0.0380 -0.0127

70 -0.0415 -0.0523 -0.0474 -0.0466 -0.0402 -0.0476 -0.0446 -0.0424 -0.0425 -0.0380 -0.0443 -0.0148

+5
25 - - - - - - -0.0852 -0.0710 -0.0S62 -0.0808 -0.0162

70 e -0.1 865 -0.1732 -0.1774 -0.0928 - -0.1319 -0.1325 -0.1078 -0.1432 -0.0286
a. D enotes the difference o f  peptide peak w idth at h a lf  height betw een 8 and 32 mM o f  TFA.
b. A verage denotes the average values o f  the AW I/2 (32 mM -8 mM) ° f  the corresponding peptides analogs in the sam e group.
c. A verage/charge denotes the average values o f  the AW 1/2(32m.M -8m.M)Of the corresponding peptides analogs in the sam e group divided by the num ber o f  charges on the

peptides.
d. D ashes denote the co-eluting peaks or the poorly  resolved peaks, for w hich the peak w idth at h a lf height can not be determined.
e. Peptide 5a is not retentive enough in 8 mM  TFA  at 70 °C, therefore, is not included in this table.
f. For peptide denotions, see T able V I-1; R P-H PLC  conditions, see section VI-3-1.
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Tab le  V I-5  Relative increase in peptide resolution (Rs) between 2 and 32 mM o f  TFA a
Peptide
group

Temperature

(°C)

Relative increase in Rsvalues b

a-b c b-c c-d d-e e-f f-g g-h h-i i-j

25 1.31 1.21 1.24 1.32 1.13 1.54 1.27 1.51 1.42
+ 1

70 1.47 1.44 1.46 1.57 1.63 a - - 1.60

+3
25 1.84 1.81 1.74 2.07 1.77 - - - 1.83

70 2.06 2.12 2.13 2.45 2.00 2.69 1.44 2.26 2.18

25 _ _ _ 2.06 2.07
+3

70 - - - - - - - 2.58 2.54
a. RP-HPLC conditions, linear AB gradient (1%  acetonitrile/m in) at a flow-rate o f  0.25 m l/m in, where

eluent A is 2 or 32 mM  aq. TFA and eluent B is the corresponding TFA concentration in acetonitrile.
b. Calculated by the expression (Rs o f  peptide pair at 2 mM TFA)/(/?s o f  peptide pair at 32 mM  TFA)
c. Denotes adjacent peptide pair from  w hich Rs values w ere derived; sequences show n in Table VI-1.
d. Denotes situations where poorly  resolved o r coeluted peaks prevented m easurem ent o f  Rs.
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Chapter VI Optimum Concentration o f  TFA 

differences with increasing TFA concentration. Such selectivity differences vary from

peptide pair to peptide pair and, thus, the improvement in resolution between peptide

pairs is not identical in all cases. A clear example o f this from Table VI-5 is that the

relative increase in resolution at 70 °C for 3g/3h is significantly lower (1.44) than the

general range o f the peptides (2.00-2.45), whereas the 3f/3g pair is somewhat higher

(2.69), i.e., the elution behavior is causing these anomalies. Thus, for the 3g/3h peptide

pair, the difference in retention times between the peptides has actually decreased on

raising the TFA concentration from 2 mM to 32 mM, although the concomitant decreases

in peak widths still lead to an overall relative increase in resolution (1.44), albeit

significantly less than might be expected. In contrast, the difference in retention time

between 3 f and 3g has increased with increasing TFA concentration; thus, with the

concomitant decrease in peak widths, the relative increase in resolution (2.69) is

somewhat greater than the remaining adjacent peptide pairs. Such results again confirm

the advantage o f being able to employ high TFA concentration and/or high temperature

to improve resolution o f peptide mixtures.

Raising the TFA concentration further to 64 mM and 128 mM was found to be 

impractical due to considerable loss of peak detection sensitivity at high TFA 

concentrations. Thus, at 64 mM TFA, peptide peak areas were already somewhat smaller 

than those observed at 32 mM TFA; at 128 mM TFA > 80% o f peak area compared to 32 

mM TFA had been lost. Such results likely arise from the strong UV-absorbing 

characteristics o f TFA at high concentration interfering with peptide bond detection at 

210 nm. However, considering the excellent results achieved with 32 mM TFA 

concomitant with only incremental further improvements in peptide resolution at higher
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TFA concentrations, this loss o f detection sensitivity at TFA concentrations > 32 mM

TFA is o f no practical concern.

From the results o f this study, it is apparent that the concentrations o f TFA 

generally employed for RP-HPLC of peptides (0.05% - 0.1%, i.e., ~ 6.5 mM -  13 mM) 

are somewhat at the low end o f a favorable concentration range for such purposes, 

particularly for peptides containing multiple charges (e.g., +5 group in Fig. 1). Indeed, 

we suggest that the concentration o f TFA employed for general peptide applications 

should be altered to the 0.2% - 0.25% range (~ 26 mM -  32 mM) to ensure optimum 

peptide resolution, particularly considering the now ready availability o f stable, silica- 

based RP-HPLC packings.

VI-5 Conclusions

The present study has investigated the effect o f varying TFA concentration and 

temperature on RP-HPLC of three groups of synthetic model peptides containing either 

one (+1) or multiple (+3, +5) positively charged groups. The results clearly show that the 

traditional range o f TFA concentrations employed for peptide studies (0.05% - 0.1%) is 

not optimum for many, perhaps most, peptide applications. For efficient resolution of 

peptide mixtures, particularly those containing peptides with multiple positive charges, 

our results suggest that 0.2% - 0.25% TFA in the mobile phase w ill achieve the desired 

goal o f optimum peak resolution and detection sensitivity. In addition, the use o f high 

temperature as a complement to such levels o f TFA concentration has also proved 

effective in maximizing peptide resolution.
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CHAPTER VII

Temperature Profiling of Polypeptides in Reversed-Phase 
Chromatography: I. Monitoring of Dimerization and Unfolding of 

Amphipathic a-Helical Peptides

A version o f this chapter has been published: Mant, C. T., Chen, Y. and Hodges, R. S. 
(2003) J. Chromatogr. A 1009, 29-43. Only methods unique to this chapter are described 
in the Experimental section, the remaining general methods are described in Chapter III.

VII-1 Abstract

The present study sets out to extend the utility o f reversed-phase chromatography 

(RP-HPLC) by demonstrating its ability to monitor dimerization and unfolding o f de 

novo designed synthetic amphipathic a-helical peptides on stationary phases of varying 

hydrophobicity. Thus, we have compared the effect o f temperature (5 °C to 80 °C) on the 

RP-HPLC (Cg or cyano columns) elution behavior o f mixtures o f peptides encompassing 

amphipathic a-helical structure, amphipathic a-helical structure with L- or D- 

substitutions or non-amphipathic a-helical structure. By comparing the retention 

behavior o f the helical peptides to a peptide o f negligible secondary structure (a random 

coil), we rationalize that “ temperature profiling”  by RP-HPLC can monitor association o f 

peptide molecules, either through oligomerization or aggregation, or monitor unfolding o f 

a-helical peptides with increasing temperature. We believe that the conformation- 

dependent response o f peptides to RP-HPLC under changing temperature has 

implications both for general analysis and purification o f peptides but also for the de novo 

design o f peptides and proteins.
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VII-2 Introduction

One o f the most interesting developments o f liquid chromatography in recent 

years has been the emergence o f reversed-phase chromatography (RP-HPLC) as a 

physicochemical probe o f peptide and protein structure. Such studies are based on the 

premise that the hydrophobic interactions between polypeptides and the non-polar 

stationary phase characteristic o f RP-HPLC (Mant el al., 1991; Mant el al., 1996; Mant el 

al., 2 0 0 2 a) mimic the hydrophobicity and interactions between non-polar residues which 

are the major driving forces for protein folding and stability. Thus, RP-HPLC has 

demonstrated its potential for correlating the retention behavior o f peptides (Aguilar et 

al., 1993; Blondelle et al., 1996; Heinitz et al., 1988; Henderson et al., 1990; Lazoura et 

al., 1997; Lee et al., 1997; Lork et al., 1989; Purcell et al., 1989; Purcell et al., 1995a; 

Purcell et al., 1995b; Purcell et al., 1995c; Steer et al., 1998; Steiner et al., 1991; Zhou et 

al., 1990) and proteins with their conformational stability, for monitoring hydrophobicity 

and amphipathicity o f a-helices and (i-sheet molecules (Benedek, 1993; Chen et al., 

2002; Hodges et al., 1994; Kondejevvski et al., 1999; Mant et al., 1989; Mant et al., 

1998a; Mant et al., 1998b; Mant et al., 2002a; Richards et al., 1994; Rosenfeld et al., 

1993; Tripet et al., 2000; Yu et al., 2000) and for assessing how the pKa values o f 

potentially ionizable side-chains, frequently important as enzyme catalytic groups, are 

influenced by their microenvironment (Sereda et al., 1993). In addition, we have 

previously described the design and development o f a single model ligand-receptor 

system based on observing the retention behaviour o f de novo designed single-stranded 

amphipathic a-helical peptide ligands binding to a complementary receptor (RP-HPLC 

stationary phase) (Mant et al., 2002b; Mant et al., 2002c; Sereda et al., 1994) since
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hydrophobic interactions play a key role in the binding o f ligands to receptors in

biological systems.

Much o f the efficacy o f RP-HPLC as a probe o f stability, folding and 

conformation o f peptides and proteins lies in the wealth o f stationary phases and/or 

mobile phase conditions available to the researcher when gauging the potential o f relating 

peptide elution behavior with structural features (e.g., the amphipathicity o f a-helices or 

cyclic P-sheet peptides; destabilization of conformation) and/or biological activity (e.g., 

antimicrobial potency, receptor binding). Temperature has also added another dimension 

to such applications, with physicochemical studies o f RP-HPLC of polypeptide solutes 

under conditions o f varying temperature allowing even more insight into conformational 

stability o f peptides and proteins as well as the way such peptidic solutes interact with 

hydrophobic stationary phases (Mant et al., 2003b; Purcell cl al., 1989; Purcell et al., 

1995c).

The present study sets out to extend the utility o f RP-HPLC as an effective 

physicochemical probe of polypeptide structure by demonstrating its ability to monitor 

dimerization and unfolding o f de novo designed synthetic amphipathic a-helical peptides 

on stationary phases o f varying hydrophobicity when run at temperatures ranging from 

5°C to 80 °C. Significantly, interactions between non-polar residues, specifically between 

the non-polar faces o f amphipathic a-helical sequences in a protein (50% of a-helices 

found in proteins are amphipathic) (Comette et al., 1987; Segrest et al., 1990) are the 

major driving force for protein folding and stability. In addition, dimerization is a critical 

factor in explaining biological activity, folding and stability o f biological molecules. 

Thus, we believe that the conformation-dependent response o f peptides to RP-HPLC
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under changing temperature (temperature profiling) has implications, not only for the

approach to general analysis and purification o f peptides, but also for the de novo design

o f peptides and proteins, since the contribution o f different amino acid side-chains to

stability o f a-helical structure and oligomerization may be rapidly ascertained through

this RP-HPLC approach.

VII-3 Experimental 

VII-3-1 Columns

Analytical RP-HPLC runs were carried out on Zorbax SB300-Cs and SB300-CN 

columns (150 x 4.6 mm I.D., 5-pm particle size, 300-A pore size) from Agilent 

Technologies (Little Falls, DE, USA).

VII-4 Results

VII-4-1 Synthetic model peptides used in this study

Table V II-1 shows the sequence of the synthetic model peptides employed for the 

present study, these peptides divided generally into three groups: ( 1) amphipathic a- 

helical peptides; (2) non-amphipathic a-helical peptides; and (3) a peptide internal 

standard (C l) with negligible secondary structure (random coil). Figure V II-1 shows 

representations o f selected peptides from Table V II-1 as a-helical nets.

From Figure VII-1, peptides LL9 and AA9 represent “ native”  model amphipathic 

a-helical peptides based on the sequence Ac-E/iEK/uiKEXEK/inKEnEK-amide, where n 

denotes Ala (AX9 peptides) or Leu (LX9 peptides) and X denotes the residue substituted 

at position 9 o f the sequence. Thus, the LL9 “ native”  analogue has Leu substituted at
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Table VII-1 Synthetic peptides used in this study
Peptide Sequence2 Denotion

Amphipathic a-helical peptidesb

A c - E L E K L L K E L E K L L K E L E K - a m i d e LL9
A c - E L E K L L K E K E K L L K E L E K - a m id e LK9

A c-E AE K A A K E A E K A A K E A E K -a m id e AA9
A c -E AEK AAKEKE KA AKEA EK -a m id e AK9

Amphipathic a-helical peptides with 
stereoisomeric substitution^

Ac- E A E K A A K E A E K A A K E A E K -am id e A l

A c -E A E K A A K E L E K A A K E A E K -am id e Ll, Ld

A c - E A E K A A K E I E K A A K E A E K - a m id e II, Id
A c -E A E K A A K E T E K A A K E A E K -am id e T l, T d

A c-E A E K A A K E P E K A A K E A E K -a m id e Pl, Pd

Ac -E A EK AAKEGE KA AKEA EK- am id e G

Non-amphipathic a-helical peptidesJ

A c -EEL K LK LEL EL K LK L EE K - a m i d e naL
Ac-E EA K A K A E A E A K A K A E E K -a m id e naA

Random coil peptide0

Ac-ELE KG GL EG E KGGKELEK-amide Cl

a. Peptide sequences are shown using the one-letter code for amino acid residues; Ac- denotes 
N“ -acetyl and -amide denotes C-terminal amide.

b. The amphipathic a-helical peptide LL9 has 7 Leu residues in the non-polar face (Figure 
VII-1), while AA9 has 7 Ala residues in the non-polar face. Bold residues denote 
differences between peptide sequences, e.g., LL9 and LK9 have a Leu or a Lys residue, 
respectively, at position 9 o f the otherwise identical sequence, while AA9 and AK.9 have an 
Ala or a Lys residue, respectively, at position 9 o f the otherwise identical sequence.

c. Subscript letter denotes L- or D-amino acid substitution at position 9 o f the 18-residue 
sequence o f AA9 (Figure VII-1), e.g., Ll  denotes substitution o f l-Lcu at position 9, LD 
denotes substitution o f D-Leu at position 9, etc. Bold residues denote different L- or D- 
aniino acids substituted at position 9 o f the otherwise identical sequence.

d. naL and naA represent non-amphipathic a-helical analogues o f LL9 and AA9, respectively, 
i.e., same amino acid composition but different sequence; hence, “ na”  denotes non- 
aniphipathic.

e. C l denotes random coil control peptide 1.
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AA9

Amphipathic a-Helices 

LL9

Non-amphipathic a-Helices 
naA naL

LK9

Random Coil Peptide
C l

F ig u re  V II-1 R epresentation o f  synthetic a -h e lica l peptides as a -h e lica l nets. For the “native” am phipathic a -helical peptides, 
LL9 and AA9, the area betw een the solid lines on the top o f  the two nets represents the hydrophobic face [m ade up o f  Leu (LL9) 
or A la (A A 9) residues]. The substitution site for peptide analogs (position 9) is the center o f  the non-polar face o f  these “native” 
peptides, e.g ., the analogs w ith Lys at position  9 is denoted LK9. For the non-am phipathic a -h e lic a l peptides, naA  and naL, 
w hich represent SCD S (sam e com position , different sequence analogs) o f  A A 9 and LL9, respectively, the distribution o f  the A la 
(naA) or Leu (naL) residues results in non-am phipathic structures. A random  coil standard, C l ,  is also presented as an a -h e lica l 
net, in order to illustrate the unlikelihood o f  such secondary structure.
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Chapter VII Temperature Profiling in RP-HPLC  

position 9; similarly, the AA9 “ native” analogue has Ala substituted at position 9. The

result o f this well-characterized sequence (Mant et al., 1993; Mant et al., 2002b; Mant et

al., 2002c; Monera et a l, 1995; Sereda et a l, 1994; Zhou et a l,  1992; Zhou et a l,

1994b), which has a high potential to form a-helical structure, is an amphipathic helix

with a wide hydrophobic face (between the solid lines in the helical net representations o f

LL9 and AA9; Figure VII-1) made up of non-polar residues at positions 2, 5, 6 , 9, 12, 13

and 16; the hydrophilic face is made up of Lys and Glu residues. In addition, the LL9 and

AA9 peptides are amphipathic a-helical peptides with non-polar faces representing

hydrophobic domains o f very different hydrophobicities, i.e., a very hydrophobic

environment represented by the Leu residues o f LL9 and a much less hydrophobic

environment created by the Ala residues of AA9. From Figure V II-1 and Table V II-1,

LK9, with Lys substituted at position 9 of the LX9 peptides, represents an amphipathic

a-helical peptide analogue with a highly hydrophilic, positively charged residue situated

in the centre o f a very hydrophobic environment; similarly, AK9, with Lys substituted at

position 9 of the AX9 peptides, represents an amphipathic a-helical peptide with this

positively charged residue situated in the centre of only a moderately hydrophobic

environment.

From Table VI I-1, the peptides denoted with subscript L or D refer to the L- or D- 

amino acid substitutions in the centre of the non-polar face o f the AX9 peptide sequence. 

Thus, A l denotes the analogue with L-Ala substituted at position 9 o f the sequence 

(identical to AA9), Ld denotes the analogue with D-Lcu substituted at position 9 o f AX9, 

etc.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter V II Temperature Profiling in RP-HPLC

From Table VII-1 and Figure VII-1, the peptides denoted naL and naA represent

SCDS (same composition, different sequence) analogues o f LL9 and AA9, respectively. 

As shown in the helical net representations (Figure VII-1), the distribution o f the Leu 

(naL) or Ala (naA) residues results in non-amphipathic structures (hence, “ na” , which 

denotes non-amphipathic).

Finally, peptide Cl represents a peptide designed to exhibit negligible secondary 

structure, i.e., a random coil. This peptide was designed to be o f similar length and 

composition to AA9, as well as retention time of similar magnitude to that o f AA9. While 

AA9 contains seven Ala residues, C l contains none. Instead, five Gly residues and two 

Leu residues are present in the Cl preferred binding domain i f  it were a-helical. Thus, 

with seven Ala residues in AA9 (hence seven CH3 groups) and five Gly and three Leu 

residues in C1 (hence twelve CH2 and CH3 groups, from the three Leu residues), overall 

hydrophobicity is essentially maintained. The additional Leu is required to increase the 

retention time o f the random coil peptide to a value similar to that of AA9 with the 

preferred binding domain. The positioning o f the three Leu residues was designed to 

ensure that they could not form an amphipathic a-helix and, hence, override the 

destabilizing effect o f the Gly residues. From Figure VII-1, it can be seen that, even i f  

this peptide was able to be induced into a-hclical structure, a non-amphipathic helix 

would result. However, the presence of five Gly residues (Gly is a known a-helix 

dismpter and the amino acid with the lowest helical property (Monera cl al., 1995; Zhou 

et al., 1994b)) in place o f five Ala residues (Ala being the amino acid with highest helical 

propensity (Monera cl al., 1995; Zhou et al., 1994b)) was designed to make any 

secondary structure highly unlikely to occur.
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Illustration o f the strong a-helicity o f LK9 ([0]222 = -28,450°) and LL9 ([6)222 = -

24,900°) in the presence o f the a-helix-inducing solvent TFE (Cooper et a l, 1990; Lau et

a l, 1984a; Nelson et al., 1989; Sonnichsen et al., 1992) at pH 2.0 (50% TFE in 0.1% aq.

TFA) is shown in Figure VII-2. The high helicity o f the amphipathic peptide series in the

presence o f TFE, o f which AA9 is the “ native”  analogue, has been well documented

(Monera et al., 1995; Zhou et a l, 1992; Zhou et a l, 1994b). In addition, the non-

amphipathic analogue o f AA9, i.e., naA, has also been shown previously to exhibit strong

helicity in the presence o f 50% TFE (Guo et al., 1986a), as does the LL9 non-

amphipathic analogue, naL, in the present study (data not shown). Since TFE is

recognized as a useful mimic o f the non-polar environment characteristic o f RP-HPLC

(Zhou et al., 1990), as well as being a strong a-helix inducer in potentially helical

molecules (Cooper et al., 1990; Lau et a l, 1984a; Nelson et a l, 1989; Sonnichsen et a l,

1992), elution o f these peptide analogues as a-helices during RP-HPLC is ensured. In

contrast, from Figure VII-2, the peptide designed as a random coil standard, C l, clearly

exhibits negligible secondary structure, even in the presence o f 50% TFE and at the low

temperature of 5°C ([6)222 = -3,950°). Finally, it has also been previously demonstrated

that the L- and D-peptide analogues (w ith the exception o f P l and Po) all exhibit high a-

helical content in the presence of 50% TFE (Chen et a l, 2002).

VII-4-2 Retention behavior o f model peptides during RP-HPLC

It is well known that the chromatography conditions o f RP-HPLC (hydrophobic 

stationary phase, non-polar eluting solvent) induce and stabilize helical structure in 

potentially helical polypeptides (Purcell et al., 1995c; Steer et a l,  1998; Zhou et a l,

1990) in a manner similar to that o f the helix-inducing solvent TFE. Polypeptides which
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are thus induced into an amphipathic a-helix on interaction with a hydrophobic RP-

HPLC stationary phase w ill exhibit preferred binding o f their non-polar face with the

stationary phase (Zhou et al., 1990). Figure VII-3 shows the RP-HPLC elution profile o f

a-helical peptides on the Cg column. From Figure VII-3, for peptide pairs AA9/naA and

LL9/naL, the amphipathic analogues (AA9 and LL9) were eluted later than their non-

amphipathic analogues (naA and naL, respectively), due to the preferred binding domains

(i.e., the non-polar faces) o f AA9 and LL9. In addition, the retention times o f naL and

LL9 are greater compared to naA and AA9, respectively, due to the considerably greater

hydrophobicity o f Leu compared to Ala (Guo et al., 1986a; Guo et al., 1986b). Also from

Figure VII-3, it is clear that substitution o f a positively charged Lys residue into the

centre o f the non-polar face o f an amphipathic a-helica! peptide (AK9, LK9) decreases

significantly the hydrophobicity of the non-polar face, as evidenced by the reduction in

RP-HPLC elution times o f AK9 and LK9 compared to AA9 and LL9, respectively. It

should be noted that the illustrated RP-HPLC run was carried out at 40 °C due to the

relatively poor peak shape o f naL at lower temperatures.

Figure VII-4B shows the RP-HPLC elution profile o f L- and D- peptide pairs on 

the Cg column. From Figure VI1-4B, the D-substituted analogues were eluted faster than 

their corresponding diastereomcrs. This decrease in retention times of the D-analogues 

compared to the L-analogues can be rationalized as being due to disruption o f the 

hydrophobic face o f the amphipathic a-helix due to the introduction o f a D-amino acid 

(Aguilar et al., 1993; Krause et al., 2000; Rothemund et al., 1995; Rothemund et al., 

1996). The overall effect would thus be a decrease in the apparent hydrophobicity o f the 

non-polar face o f the amphipathic a-helix when substituted with a D-amino acid relative
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Figure VII-4 RP-HPLC of diastereomeric peptide pairs. Columns: Zorbax SB300-Cs 
(B) and Zorbax SB300-CN (A) (150x4.6 nun I.D., 5 pm particle size, 300 A pore 
size). Conditions: linear AB gradient (l%B/min) at a flow rate o f 0.25 ml/min, where 
eluent A is 0.05% aq, TFA and eluent B is 0.05% TFA in acetonitrile; temperature, 25 
°C. The structures and descriptions o f the peptides are shown in Table VII-1.
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to its L-diastereomer and, hence, a decrease in retention time o f the former compared to

the latter. Figure VII-4A shows the RP-HPLC elution profile o f the same peptide mixture

on a CN column under the same conditions. Interestingly, peptides co-eluted on the Cs

column (Figure VII-4B) are now completely or partially resolved on the CN column (PL,

To and Ll, II)- Also the retention times o f all the peptides are reduced on the CN column

(Figure VII-4A) relative to the Cs column, underlining the lesser hydrophobicity o f the

cyano-substituted stationary phase compared to the C% column matrix.

It is important to note that the SB300-Cs and SB300-CN columns (with SB 

denoting StableBond) were chosen for this study due to their excellent temperature 

stability at low pH values (Barry et al., 1995; Kirkland et al., 1997; McNeff et al., 2000). 

VII-4-3 E ffect o f temperature on RP-HPLC o f a-helical peptides

Figure VII-5 illustrates the effect o f temperature on the retention behavior o f 

peptides at varying conformation, amphipathicity and stability by presenting the elution 

profile o f a 6 -peptide mixture at 5 °C (top), 45 °C (middle) and 80 °C (bottom). The 

profile at 5 °C again shows the effect o f amphipathic (AA9) versus non-amphipathic 

(naA) helical peptide retention behavior (i.e., AA9 is eluted later than its non- 

amphipathic homologue, naA) as well as the effect o f substituting a positively charged 

residue (Lys) in the centre o f a non-polar face of an amphipathic peptide (i.e., LL9 and 

AA9 are eluted later than their Lys-substituted counterparts LK9 and AK9, respectively). 

O f particular note is the elution position o f the random coil C l peptide, whose overall 

hydrophobicity is clearly similar to that o f the apparent hydrophobicities of the AX9 

peptides (“ apparent”  due to the preferred binding o f the non-polar face o f such peptides 

to the RP-HPLC stationary phase), an important consideration when subsequently
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Figure VII-5 RP-HPLC o f a-helical peptides at 5 °C, 45 °C and 80 °C. Column: 
Zorbax SB300-C8 (150x4.6 mm I.D., 5 pm particle size, 300 A pore size). Conditions: 
linear AB gradient (l%B/min) at a flow rate o f 0.25 ml/min, where eluent A is 0.05% 
aq. TFA and eluent B is 0.05% TFA in acetonitrile. The structures and descriptions of 
the peptides are shown in Table V II-1.
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attempting to distinguish between the RP-HPLC elution behavior o f amphipathic a-

helical peptides versus random coil peptides as the temperature is increased.

At 45 °C (Figure VII-5, middle), all peptides, with the exception o f LL9, have 

decreased in retention relative to 5 °C (Figure VII-5, top) albeit to differing extents and, 

thus, leading to a selectivity change in the elution profile which is particularly evident in 

the separation o f the first four eluted peptides (AK9, naA, C l, AA9). In contrast to the 

other five peptides, the retention time of LL9 has increased at 45 °C compared to 5 °C. 

Finally, at 80 °C (Figure VII-5, bottom), the retention times o f all six peptides have 

decreased relative to 45 °C (Figure VII-5, middle). In addition, selectivity changes 

effected by this high temperature relative to 45 °C (Figure VII-5, middle) and 5 °C 

(Figure VII-5, top) are again clearly apparent for the first four peptides eluted, 

particularly evident by the co-elution o f the amphipathic a-helical AA9 and the random 

coil C l.

Figure V II-6  illustrates the overall effect o f temperature on the RP-HPLC elution 

behavior o f a-helical peptides on the C« column. The data are reported as peptide 

retention time at a particular temperature (t|<) minus its retention time at 5 °C (ti<5 °C; 

panel A) or 80 °C (ti<80 °C; panel B) versus temperature in order to highlight differences 

in the elution behavior of peptides as the temperature is raised. From Figure VII-6 , it is 

clear that peptides o f different amphipathicity/hydrophobicity and conformation behave 

quite differently during RP-HPLC at different temperatures, although all (with the sole 

exception o f LL9) decrease in retention time relative to the value at 5 °C with increasing 

temperature (panel A), or (again with the exception o f LL9) increase in retention time 

relative to the value at 80 °C with decreasing temperature (panel B).
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The random coil peptide (C l) was included in peptide mixtures to correct for

effects o f temperature on peptide solubility, mobile phase viscosity and mass transfer, 

etc., hence assuring that only effects on secondary and tertiary/quaternary structure were 

being observed. Thus, conclusions concerning the effect on peptide conformation o f 

raising the temperature may be made based on comparing the temperature profiles o f the 

a-helical peptides to that o f the random coil peptide standard. From Figure V II-6 A, the 

rate o f decrease o f retention time o f naL and LK9 as the temperature is raised 

incrementally from 5 °C to 80 °C is less rapid than for the random coil C l. In contrast, 

the rate o f change for naA, AA9 and AK9 is more rapid than that o f C l. Finally, the 

retention behaviour o f LL9 is unique in this peptide mixture in that its retention time 

increases with increasing temperature (up to -50 °C) and then decreases once more with 

a further temperature increase. From Figure V II-6 B, the rate o f increase o f retention time 

o f naL and LK9 as the temperature is lowered incrementally from 80 °C to 5 °C is less 

rapid than for the random coil CL However, the rate o f change for naA, AA9 and AK9 is 

more rapid than that o f CL Finally, the retention time o f LL9 increases up to -50 °C with 

decreasing temperature and then decreases once more with a further temperature 

decrease.

Figure VII-7 illustrates the effect o f temperature on the RP-HPLC elution 

behavior of monomeric a-helical diastereomeric peptide pairs on the cyano column. The 

column was chosen over the considerably more hydrophobic C« column (Zhou et al.,

1991) since it was hoped that the lesser hydrophobicity, although o f a great enough 

magnitude to induce and/or stabilize a-helical structure when the peptide is bound to the 

stationary phase, would help not only to allow maximum detection o f unfolding o f a-

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

CD

C

U©mX
I

u
o

•10

C l Cl
•is

T d

-20

•10
C l

* Pn
Cl

-15

-25
0 20 40 60 80 0 20 40 60 80

Tem perature (°C)

F ig u re  V I I - 7  Effect o f  tem perature on R P-H PL C  o f  L- and D -diastereom eric a -h e lica l peptides. C olum n: Zorbax SB300-CN  
(150x4.6  m m  I.D., 5 pm  particle size, 300 A pore size). Conditions: linear AB gradient (0.5% B /m in) at a flow  rate o f  0.25 m l/m in, 
w here eluent A is 0 .05%  aq . TFA  and eluent B is 0 .05%  TFA  in acetonitrile; tem perature, 5-80 °C in 5 °C increm ents. (A-D) 
Peptide retention tim e at a specific tem perature m inus its retention tim e at 5 °C (/r-^r 5°C) for diastereom eric peptide pairs o f  Thr-, 
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Chapter V II Temperature Profiling in RP-HPLC 

helical peptides in solution but also highlight any differences in profiling behavior

between L- and D-peptide pairs. From Figure V1I-7A-7D, in a similar manner to AK9

and AA9 on the C8 column (Figure V1I-6), the rate o f change in retention behavior from

5 °C to 80 °C is faster for all L- and D-peptide pairs compared to the random coil C l.

Finally, from Figure V II-8 , it is interesting to note that a comparison o f the effect o f

temperature on RP-HPLC o f several monomeric amphipathic a-helices, all w ith L-amino

acid substitutions at the centre o f the non-polar face (Li., L., A l and G) revealed similar

RP-HPLC temperature profiles for all the peptides.

VII-5 Discussion

V I1-5-1 Hypothesis fo r  monitoring dimerization and unfolding o f a-helical peptides by 

temperature profiling in RP-HPLC

Although peptides are eluted from a reversed-phase column mainly by an 

adsorption/desorption mechanism (Mant ct al., 1991; Mant et a l, 2002a), even a peptide 

strongly bound to a hydrophobic stationary phase w ill partition between the aqueous 

mobile phase in equilibrium with its bound state in a narrow range o f acetonitrile 

concentrations during gradient elution.

From Figure VII-9 (top) our hypothesis for monitoring peptide dimerization by 

temperature profiling during RP-HPLC within the small partitioning “ window” 

characteristic o f peptides (Mant et a l, 1987a) is based on four criteria: (1) at low 

temperature, an amphipathic a-helical peptide able to dimerize in aqueous solution (i.e., 

associate through its hydrophobic, non-polar face) w ill dimerize in solution during 

partitioning, i.e., the concentration o f monomer in solution is low and dimer
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Chapter VII Temperature Profiling in RP-HPLC  

concentration is high; (2 ) at higher temperatures, the monomer-dimer equilibrium favors

the monomer as the dimer is disrupted, thus increasing the concentration o f monomer and

decreasing the concentration of dimer in solution; (3) at high temperatures, only

monomer is present in solution; and (4) whether in the monomeric or dimeric form in

solution, the peptide is always bound in its monomeric helical form to the hydrophobic

stationary phase. Disruption o f the dimer is required for rebinding o f the non-polar face

of the amphipathic peptide. Thus, the rate o f rebinding is faster at lower dimer

concentration.

From Figure VII-9 (bottom), our hypothesis for monitoring peptide unfolding 

during RP-HPLC by temperature profiling is based on three criteria: (1) at low 

temperature, an a-helical peptide is fully folded in solution; (2 ) as the temperature 

increases, there is a gradual shift in equilibrium from a-helix to random coil as the 

peptide unfolds; and (3) at high temperature, whether the peptide is in its monomeric a- 

helical form or in an unstructured, random coil form in solution, the peptide is always 

bound to the hydrophobic stationary phase in its monomeric a-helical form.

VII-5-2 Monitoring dimerization and unfolding o f a-helical peptides during RP-HPLC

The retention behavior o f LL9, containing a highly hydrophobic non-polar face, 

suggests dimerization at low temperature with concomitant shielding o f the non-polar 

face o f the peptide. As the temperature is raised, there is disruption o f dimerization, 

exposing more o f the hydrophobic face o f the peptide and, thus, switching the dimer <-> 

monomer equilibrium to more monomeric a-helix at higher temperatures. In addition, the 

temperature at the maximum M r (tR-tR5°C) value for LL9 may represent the stability of 

the dimer under the conditions o f chromatography. Interestingly, the hclicity o f LL9 in
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the presence o f 40% TFE decreased to a small extent ([0]222 = -24,900°) compared to its

helicity in its absence (-27,300°C), the only analogue to exhibit this result. TFE disrupts

tertiary and quaternary structure whilst promoting/maximizing helical structure. Thus, it

is possible that, in the absence o f TFE, there was interaction between the hydrophobic

faces o f two LL9 molecules (i.e., dimerization) which also helped to stabilize LL9 helical

structure in the absence o f a helix-inducing environment. Such helix-helix interaction

would subsequently be disrupted in the presence o f TFE (as well as by the combined

effect o f a rise in temperature and the hydrophobic environment o f RP-HPLC) even while

a-helicity was maintained.

Although LL9 represents the analogue exhibiting the most dramatic effects on 

retention time o f temperature variation, which we speculate as being due to dimerization 

at lower temperatures, the possibility that other analogues may exhibit a degree o f 

oligomerization was investigated by comparing the temperature profiles o f these peptides 

with that of the random coil standard, C l. Thus, the data from Figure V II-6 A were now 

nonnalized relative to the temperature profile o f the random coil standard, the results o f 

which are presented in Figure Vli-10. From Figure V II-10, the positive profile of LL9 

suggests little or no unfolding of this very stable peptide (Tm = 67.6°C), even at higher 

temperatures. Interestingly, the positive profiles o f naL and LK9 (Figure V II-10) also 

indicate some association o f these molecules at lower temperatures. Significantly, naL 

exhibited poor peak shape during RP-HPLC at low temperatures, as well as poor 

solubility in 100% aqueous solution, indicating a tendency to aggregate at low 

temperature and in the absence of organic modifier. Thus, the positive profile for naL 

shown in Figure VII-10A may indeed be indicative o f association (in this case,
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Chapter V I I  Temperature Profiling in RP-HPLC

aggregation) o f naL molecules. Concerning LK9, despite its lesser amphipathicity

compared to LL9 (due to the presence o f the positively charged Lys residue in the center

o f the non-polar face o f the helix), a combination o f the high hydrophobicity o f the

remainder o f the wide non-polar face, still containing six Leu residues (Figure VII-1),

and the good stability o f LK9 (Tni = 30.7°C) may well result in some dimerization at low

temperatures. Indeed, it is perhaps a testament to the sensitivity o f this profiling approach

that such lesser levels o f dimerization may be detected. Finally, the negative profiles of

the least stable AA9 and AK9 analogues (Tm values o f just 17.0°C and 17.2°C,

respectively) in Figure VII-1 OB (derived from the temperature profiles shown in Figure

V II-6A), arising from the faster rates o f change relative to C l in Figure VII-6 , suggest

considerable unfolding of the a-helices with increasing temperature. Thus, at low

temperature, the bound monomeric a-helical AA9 and AK9 are in equilibrium with the

same monomeric folded states free in solution. Their retention times, at a given

temperature, then depend strictly on the hydrophobicity o f the moderately non-polar faces

o f the helices. At high temperature, a considerable amount o f the random, unfolded forms

o f these peptides is now present in solution and the peptides have lost amphipathicity,

i.e., no preferred binding domain o f AA9 or the lesser amphipathic AK9 is now present.

The fast exchange between folded a-helix and random coil affects the retention time, i.e.,

the more random coil, the greater the decrease in retention time.

To summarize the results presented in Figure V II-10, positive profiles relative to 

the random coil Cl represent an indication of association o f peptide molecules, either 

through oligomerization (e.g., dimerization o f LL9 and LK9) or aggregation (e.g., naL); 

conversely, negative profiles relative to C l indicate unfolding o f the peptides as the
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temperature is increased, i.e., a helix to random coil transition for naA, AK9 and AA9. In

addition, the profiles shown in Figure VII-10 (and, indeed, Figure V II-6 A from which the

Figure V II-10 profiles are derived) are representative o f the effect o f increasing

temperature on the fully folded state of the peptides, relative as they are to their retention

times at 5 °C. In contrast, the data shown in Figure V II-6 B are representative o f the effect

o f decreasing temperature on the dissociated state o f the peptides, relative as they are to

their retention times at 80 °C.

Factors which influence the rate o f unfolding o f monomeric a-helical peptides 

were further clarified through comparison o f the temperature profiles o f the L- and D- 

peptide analogue pairs (Figure VII-7). For instance, as described above, the rate of 

change in peptide retention behavior as the temperature is increased from 5 to 80 °C is 

faster (that is, the temperature profiles are steeper) for all L- and D-peptide pairs 

compared to the random coil peptide standard, C l, suggesting a helix -» random coil 

unfolding is occurring in solution during RP-HPLC. The rate o f unfolding is apparently 

slower for D-substituted peptides compared to the corresponding L-diastereomer, likely 

due to the greater folding o f the L-peptides compared to the D-peptides at 5 °C as a result 

o f the a-helix disrupting properties o f D-amino acids in an a-helix made up o f L-amino 

acids (Krause et al., 2000; Rothemund et a l, 1995; Rothemund et a l, 1996). Thus, in the 

presence o f 50% TFE, the maximum molar ellipticities o f L-analogues (excluding P|.) 

were essentially the same (average [0)222 = -27,150), suggesting a fully a-helical structure 

for each peptide analogue (Chen et a l, 2002). For example TL (Figure VII-7) is more 

folded at 5 °C ([0)222 = -27,200) than Tp ([0)222 = -16,150); thus, more a-helix has to 

unfold during the helix -» random coil transition. In contrast, for Td, there is less helix to
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unfold and, therefore, the temperature profile more closely resembles the random coil

(C l) profile than the folded Tl.

There are distinct temperature profile differences between the diastereomeric 

peptide pairs, this difference appearing to depend on the maximum a-helicity o f the 

individual peptides in the helix-inducing 50% trifluoroethanol (TFE). As noted 

previously, TFE is a useful mimic o f hydrophobic stationary phases (Zhou et al., 1990); 

thus, the helicity measured in 50% TFE is likely a good measure o f the helicity o f the 

peptides when bound to the stationary phase. From Figure VII-7 A, there is a substantial 

temperature profile difference between T l and To, reflecting significant molar eilipticity 

(in 50% TFE) differences o f 27,200° and 16,150°, respectively. From Figure VII-7B, 

there is also a substantial (though lesser, relative to the T l/T d pair) profile difference 

between I I  and Id, reflecting molar eilipticity differences o f 26,900 and 22,150, 

respectively. Figure VII-7C illustrates a yet smaller profile difference between P l and Pd, 

reflecting molar eilipticity differences o f 14,900 and 8,150, respectively. Significantly, 

such values indicate that just half o f the Pl peptide and only ~one-third o f the Pd peptide 

were induced into a-helix in the presence o f 50% TFE, reflecting the helix-disrupting 

properties o f Pro. Thus, large proportions o f these peptides are already unstructured prior 

to raising the temperature, which likely explains the temperature profiles, particularly that 

o f Pd, being closer to that o f the random coil C l. Finally, from Figure VII-7D, the 

temperature profiles o f L l and Ld are very similar, reflecting essentially identical molar 

eilipticity values o f 26,800 and 26,900, respectively, i.e., when there is no difference in 

helical content, there is no difference in the temperature profile. It should be noted that 

the P-branch of the D-Ile amino acid is more disruptive to the a-helix than D-Leu (molar
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eilipticity values for Id and LD o f 22,150 and 26,900, respectively) and temperature

profiling is able to detect this disruption. Temperature profiling is sensitive to

conformational change; thus, i f  there is no change in conformation over the temperature

range 5-80 °C, a random-coil peptide and helical peptide w ill behave similarly.

Figure V II-8  compared the effect o f temperature on RP-HPLC of several 

monomeric amphipathic a-helical peptides, all with L-amino acid substitutions at the 

centre o f the non-polar face (Figure VII-1). For peptides L l, II, A l and G, Tm values (i.e., 

the temperature required to unfold 50% of the a-helix) have been measured as 82 °C,

77.5 °C, 62.5 °C and 51.5 °C, respectively, i.e., they show a range o f stabilities in 

solution. However, this stability difference is not reflected in their RP-HPLC temperature 

profiles (Figure V II-8 ), which are all very similar, i.e., the rate o f unfolding of the four 

peptides is similar. This observation may be rationalized by assuming that, in the bound 

state, all four peptides are fully induced and stabilized in an a-helical conformation, no 

matter what their stability in solution.

VII-6 Conclusions

We have compared the effect of temperature on the RP-HPLC elution behavior of 

mixtures o f peptides encompassing amphipathic a-helical structure, amphipathic a- 

helical structure with L- versus D-amino acid substitutions in the centre o f the non-polar 

face, non-amphipathic a-helical structure, or negligible secondary structure. From the 

observation o f the retention behavior of these model peptides over a wide temperature 

range, we have been able to make initial conclusions concerning the potential efficacy of 

“ temperature profiling”  by RP-HPLC to monitor dimerization and/or unfolding o f a-
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helical peptides. It appears that temperature profiling is most appropriate for measuring

the ability o f molecules to oligomerize and dimerization is related to the stability o f the

oligomer in solution. The logical extension to the present study was to examine the

feasibility o f this profiling approach to examine the conformation and stability of

polypeptides exhibiting higher levels of protein structure (i.e., tertiary and quaternary

structure) and this is the subject o f a companion paper (Mant et al., 2003b).
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CHAPTER VIII

Determination of Stereochemistry Stability Coefficients of Amino Acid 
Side-Chains in an Amphipathic a-Helix

A version o f this chapter has been published: Chen, Y., Mant, C. T. and Hodges, R. S. 
(2002) J. Peptide Res. 59, 18-33. Only methods unique to this chapter are described in 
the Experimental section, the remaining general methods are described in Chapter III.

VIII-1 Abstract

We describe here a systematic study to determine the effect on secondary 

structure o f D-amino acid substitutions in the non-polar face o f an amphipathic a-helical 

peptide. The helix-destabilizing ability o f 19 D-amino acid residues in an amphipathic a- 

helical model peptide was evaluated by reversed-phase HPLC and CD spectroscopy. L- 

amino acid and D-amino acid residues show a wide range o f helix-destabilizing effects 

relative to Gly, as evidenced in melting temperatures (ATm) ranging from -8.5 °C to 

30.5°C for the L-amino acids and -9.5 °C to 9.0 °C for the D-amino acids. Helix 

stereochemistry stability coefficients defined as the difference in Tm values for the L- and 

d- amino acid substitutions (ATm’ = Tm[ and Tn,D) ranging from 1 °C to 34.5 °C. HPLC

retention times (AtR(Xi.-X[>)) also had values ranging from -0.52 to 7.31 min at pH 7.0. 

The helix-destabilizing ab ility  o f  a specific D-amino acid is h ighly dependent on its side- 

chain, w ith no clear relationship to the helical propensity o f  its corresponding L- 

enantiomers. In both CD and reversed-phase HPLC studies, D-amino acids w ith P- 

branched side chains destabilize a-helical structure to the greatest extent. A  series o f 

helix stability coefficients was subsequently determined, which should prove valuable
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both for protein structure-activity studies and de novo design o f novel biologically active

peptides.

VIII-2 Introduction

From numerous structure/activity studies on both natural and synthetic a-helical 

and P-sheet cationic antimicrobial peptides (so-called by virtue o f their possession o f a 

net positive charge due to the presence o f excess arginine and/or lysine residues), factors 

believed to be important for antimicrobial activity include the presence o f both 

hydrophobic and basic residues, as well as an amphipathic nature that segregates these 

two classes o f residues to opposite sides of the molecule in lipid or lipid-mimicking 

environments (Blondelle et a l,  1999; Hancock, 1997; Hancock et al., 1998; Houston et 

a l, 1998; Kondejewski et a l,  1996; Kondejewski et a l, 1999; Oh et a l, 1999; Palhak et 

a l, 1995). This amphipathic structural feature is believed to play a key role in the 

antimicrobial mechanism o f action, with the hydrophilic (positively charged) domain of 

the peptide proposed to initiate peptide interaction with the negatively charged bacterial 

surface and the negatively charged headgroups o f bilayer phospholipids. The 

hydrophobic domain o f the amphipathic peptide would then permit the peptide to enter 

the membrane interior (Bechinger, 1997; Blondelle et a l,  1999; Epand et a l, 1999; Wu 

et a l,  1999); bilayer disruption or concomitant channel formation in, for example, the 

bacterial cytoplasmic membrane may subsequently lead to the leakage o f cell contents 

and cell death (Bechinger, 1997; Epand et a l, 1999; Sitaram et a l,  1999; Wu et a l, 

1999). Indeed, antimicrobial a-helical peptides are excellent examples o f biologically
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active peptides for which disruption o f a-helical structure in benign medium and

induction o f structure in hydrophobic medium may play an important role in activity.

We believe that a step-by-step synthetic peptide approach to examining the effect 

o f small incremental changes in hydrophobicity, amphipathicity and stability o f cationic 

antimicrobial peptides w ill enable rapid progress in rational design o f peptide antibiotics. 

Such an approach has already been successfully utilized in our laboratory to dissociate 

antimicrobial and hemolytic activities in cyclic peptide diastereomers, designed on the 

basis o f gramicidin S, by systematic alterations in amphipathicity (Kondejewski et al., 

1999). We now wished to extend this approach to the design o f membrane active a- 

helical cationic antimicrobial peptides with improved efficacy. Our hypothesis is that by 

optimizing the disruption o f a-helical structure in aqueous medium, yet producing an 

optimized inducible a-helical structure as the peptide enters the hydrophobic 

environment o f the biological membrane, this w ill maximize biological activity. 

Specifically, we believe that the helix-destabilizing properties o f D-amino acids (Aguilar 

et al., 1993; Krause et al., 2000; Rothemund et al., 1995; Rothemund et al., 1996) offer a 

systematic approach to the required controlled destabilization o f a-helical structure in 

benign, aqueous medium, whilst retaining the ability to refold into a fully helical 

structure in a more hydrophobic environment.

The present study examines the feasibility o f such a de novo design approach by 

substituting each of the D-amino acids into the center o f the non-polar face o f an 

amphipathic 18-residue a-helical synthetic model peptide. Through characterization by 

reversed-phase high performance liquid chromatography (RP-HPLC) and circular 

dichroism (CD) techniques, we investigated the effects o f D-amino acid substitutions on
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the formation and stability o f a-helical structure. The well designed model peptide

approach allows the determination o f inherent helix stability coefficients in the absence

o f intrachain side-chain-side-chain interactions (hydrophobic, hydrogen bonding and

electrostatic) characteristic o f native sequences which complicate interpretation o f results.

Series o f helix stability coefficients were determined for L- and D-amino acid side-chains

as well as a set o f helix stereochemistry stability coefficients which promise to prove

valuable both for protein structure-function studies as well as for de novo design o f novel

antimicrobial peptides.

VIII-3 Experimental

VIII-3-1 Reversed-phase chromatography (RP-HPLC) o f peptides

Analytical RP-HPLC was carried out on a Zorbax 300 SB-Cs column 

(150x2.1mm I.D.; 5 pm particle size, 300A pore size) or a Zorbax Eclipse XDB-Cg 

narrow bore column (150x2.1mm I.D.; 5 p m particle size, 300A pore size) from Agilent 

Technologies (Brockville, Ontario, Canada) at pH 2.0 and pH 7.0, respectively, on a 

Hewlett-Packard Model 1090 liquid chromatograph. For pH 2.0, mobile phase A was 

0.1% aq. TFA and B was 0.1% TFA in acetonitrile; the linear AB gradient was 0.5% 

acctonitrile/min at a flow rate o f 0.35mi/min. For pH 7.0 runs, buffer A was 50mM aq. 

P04 , in water and buffer B was 50mM PO4, in 50% aq. acetonitrile, both buffers 

containing lOOmM NaC104; the gradient and flow rate conditions were the same as for 

pH 2.0. The retention time o f each peptide analog was determined at 25 °C. The 

difference in retention times between each analog and that o f the Gly analog (AtR(X- 

Gly)) was taken as a measurement o f side-chain hydrophobicity.
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V III-4  Results and Discussion

VI11-4-1 Design o f model peptides

The 18-residue model peptide used in this study was based on the well- 

characterized sequence acetyl-EAEKAAKEAEKAAKEAEK-amide, which exhibits a 

highly amphipathic a-helical structure (Figure V III-1) (Zhou et al., 1994b). In the design 

o f this model peptide, alanine was selected to form the hydrophobic face o f the helix 

because it contains the minimum sidc-chain hydrophobicity needed to create an 

amphipathic a-helix and because o f its high intrinsic helical propensity and stability 

contributions (Chou et al., 1974; Monera et al., 1995; Zhou et al., 1994b). Lysine and 

glutamic acid were also selected to allow a potential for a-helix stabilizing intrachain 

electrostatic attractions at the /->/+3 and /-»/'+4 positions (Scholtz et al., 1993). In order 

to reduce the unfavorable dipole interactions o f a-helical structure, all substituted model 

peptides were synthesized with N-acetylated and C-amidated termini (Shoemaker et al., 

1987). According to the study of Zhou et al. (Zhou et al., 1994b), this amphipathic a- 

helical model exhibits the following important features: (a) the helix is single-stranded 

and non-interacting, enabling the determination o f the effect o f different amino acid 

substitutions in the non-polar face; (b) there is a uniform environment created by alanine 

residues surrounding the substitution site in the center of the non-polar face (position 9 of 

this 18-mcr model peptide); (c) the small size of the alanine side-chain methyl group 

ensures minimal interactions with the “ guest”  amino acid residues; (d) the small size of 

the peptide maximizes the effects of single amino acid substitutions.

Based on the model peptide sequence shown in Figure V III-1, we synthesized two 

series o f peptide analogs, where position 9 in the center o f the non-polar face was
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Ac-E-A-E-K-A-A-K-E-XD-E-K-A-A-K-E-A-E-K-amide
Ac-E-A-E-K-A-A-K-E-XL-E-K-A-A-K-E-A-E-K-amide

BA

A2
E3

K4
A5

A6
K7

E8
X9

E10
K11

A12
A 13

K14

E15
A 16

E17

K18

VO

Figure V III-1  (A) Helical net and (B) helical wheel o f  the “ host”  peptide used in this study. The hydrophobic face is 
indicated between two parallel lines in (A) and as an open arc in (B). The hydrophilic face is shown as a solid arc in (B). 
The substitution (“ guest” ) site is at position 9 (boxed) o f the hydrophobic face. In the peptide sequences, X D and X L 
represent substituted D- and L-amino acid residues, respectively.
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substituted either by each o f the 19 L-amino acids (Xl series) or by the 19 D-amino acids

( X d series); since glycine does not exhibit optical activity, the Gly-substituted analog

represents a useful reference standard for both series of peptides. It should be noted that

the intrinsic hydrophobicity o f the non-polar face o f the amphipathic helix is identical for

each enantiomeric peptide pair.

VIII-4-2 Effect o f D-amino acid substitutions on RP-HPLC retention behavior ofpeptides

Elution times during RP-HPLC have frequently been utilized as a measure o f 

relative hydrophobicity o f peptide analogs (Guo et al., 1986a; Monera et al., 1995; 

Sereda et al., 1994) and, in the present study, RP-HPLC o f peptides was carried out at 

both pH 2.0 and pH 7.0 (representative elution profiles shown in Figure VIII-2). It was 

felt that a more complete evaluation o f the feasibility o f this RP-HPLC approach to 

gauging the effects o f D-amino acid substitution on amphipathic a-helical structure 

required these two very different sets of chromatography conditions; thus, while the pH

7.0 runs reflect similar pH conditions to those used for CD measurements in the present 

study (see Experimental Procedures), the pH 2.0 mobile phase conditions are most 

commonly employed for RP-HPLC o f peptides (Mant et al., 1991).

It is well known that the chromatography conditions characteristic o f RP-HPLC 

(hydrophobic stationary phase, non-polar eluting solvent) induce helical structure in 

potentially helical polypeptides (Blondelle et al., 1995; Purcell et al., 1995c; Steer et al., 

1998; Zhou et al., 1990) in a manner similar to that o f the helix-inducing solvent 

trifluoroethanol (TFE). Polypeptides which are thus induced into an amphipathic a-helix, 

such as our model peptide (Figure V III-1), on interaction with a hydrophobic RP-HPLC 

stationary phase w ill exhibit preferred binding o f their non-polar face with the stationary

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter V II I  Peptide Stereochemistry Stability

GTl

Elution time (min)

Figure VIII-2 Reversed-phase HPLC ofD- and L-amino acid substituted peptides at 
pH 7.0. The Gly peptide was used as an internal standard for all runs. Peptide analogs 
are denoted by the L- and D-amino acid substitution at position 9 (see Figure VI1I-1), 
for example, Ad and Al represent the D-Ala and L-Ala substituted peptides, 
respectively. Column, instrumentation and run conditions are described in the 
Experimental section and the retention data are shown in Table VIII-1.
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phase. Indeed, Zhou el al (Zhou el al., 1990) clearly demonstrated that, due to this

preferred binding domain, amphipathic a-helical peptides are considerably more

retentive than non-amphipathic peptides o f the same amino acid composition. From

Figure V III-1, it can be seen that the substitution site at position 9, in the center o f the

non-polar face o f the helix, ensures intimate interaction o f the substituting side-chain

with the reversed-phase stationary phase; concomitantly, this is designed to maximize

any observed effects on RP-HPLC retention behavior when substituting different residues

at this site.

Table VIII-1 and Table VIII-2 summarize the RP-HPLC retention behavior o f the 

L-substituted and D-substituted analogs at pH 7.0 and pH 2.0, respectively. The order o f 

the analogs in both tables is based on decreasing retention time o f the L-analogs (with the 

exception o f the Gly and Pro analogs). Clearly, there is a wide range o f retention times at 

both pH 7.0 (Table VIII-1; Figure VIII-2) and pH 2.0 (Table VIII-2), as would be 

expected given the differences in side-chain hydrophobicity o f the substituted amino 

acids, ranging as they do from the highly non-polar (e.g., lie, Leu, Phe, Trp) to the polar 

(e.g., Ser, Asn, Gin) (Guo el al., 1986a; Monera et a l, 1995; Sereda et a l, 1994). Also 

clear from both Tables VIII-1 and VIII-2 is that the D-substituted analogs were almost all 

eluted faster than their corresponding diastereomers at both pH 7.0 and pH 2.0, 

respectively. The only exceptions were the Arg, Asp and Lys analogs at pH 7.0 (Table 

VIII-1; Figure VIII-2) and the His analog at pH 2.0 (Table VIII-2). It should also be 

noted from Tables VIII-1 and VIII-2 that the retention times o f all L- and D-substituted 

analogs were significantly longer at pH 2.0 (Table VIII-2) compared to pH 7.0 (Table

VIII-1). This is a result o f protonation at pH 2.0 o f the carboxyl groups o f the Glu side-
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Table VIII-1 RP-HPLC retention data o f model peptide analogs at pH 7.0
/ b
' r A/R(X-G ly)c A/r(Xl-Xd) d

Peptide (min) (min) (min)

X a X,, x D

lie 31.35 24.04 12.05 4.74 7.31 e

Leu 31.26 26.82 11.96 7.52 4.44
Phe 31.00 27.35 11.70 8.05 3.65
Trp 29.50 26.66 10.20 7.36 2.84
Val 28.64 22.32 9.34 3.02 6.32
Met 27.85 24.34 8.55 5.04 3.51
Cys 25.27 22.17 5.97 2.87 3.10
Tyr 23.96 22 .6 6 4.66 3.36 1.30
Ala 23.93 20 .68 4.63 1.38 3.25
Thr 20.78 15.12 1.48 -4.18 5.66
Ser 18.33 14.60 -0.97 -4.70 3.73
His 17.40 16.03 -1.90 -3.27 1.37
Arg 16.45 16.84 -2.46 -2.85 -0.39
Lys 16.14 16.14 -3.16 -3.16 0

Gin 15.89 15.63 -3.41 -3.67 0.26
Asn 13.84 13.61 -5.46 -5.69 0.23
Glu 11.68 11.12 -7.62 -8.18 0.56
Asp 8.65 9.17 -10.65 -10.13 -0.52
Pro 16.37 12.18 -2.93 -7.12 4.19
Gly 19.30 19.30 0 0 0

a. Amino acid substitution at position X o f sequence shown in Figure V III-1.
b. RP-HPLC retention time o f L- and D-amino acid substituted peptides at pH 7.0.
c. Difference in RP-HPLC retention time between L- or D-substituted analogs and the glycine substituted 

peptide.
d. Difference in RP-HPLC retention time between L- and D-substituted peptide analogs.
e. The boxed values are those o f [5-branched side-chains.
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Table VIII-2 RP-HPLC retention data of model peptide analogs at pH 2.0

Peptide
t b ' r

(min)
A/R(X-G ly)c A/r () 

(min) (
<i.-XD) d
min)

X a X L

lie 51.83 42.07 14.13 4.37 9.76C

Leu 51.75 45.83 14.05 8.13 5.92
Phe 50.51 45.96 12.81 8.26 4.55
Trp 48.82 43.92 11.12 6 .22 4.90
Val 48.62 40.10 10.92 2.40 8.52
Met 47.80 43.03 10.10 5.33 4.77
Cys 44.60 40.95 6.90 3.25 3.65
Ala 43.87 38.99 6.17 1.29 4.88
Tyr 43.16 40.04 5.46 2.34 3.12
Thr 39.07 31.15 1.37 -6.55 7.92
Glu 37.63 35.03 -0.07 -2 .66 2.60
Ser 36.41 31.56 -1.29 -6.14 4.85
Gin 35.60 33.00 -2 .10 -4.70 2.60
Asp 33.99 33.26 -3.71 -4.44 0.73
Arg 32.27 30.91 -5.43 -6.79 1.36
Asn 31.84 30.98 -5.86 -6.72 0 .88

Lys 30.49 29.21 -7.21 -8.49 1.28
His 30.14 30.47 -7.56 -7.23 -0.33
Pro 30.89 26.82 -6.81 - 10.88 4.07
Gly 37.70 37.70 0 0 0

f. Amino acid substitution at position X o f sequence shown in Figure VIII-1.
g. RP-HPLC retention time o f L- and D-amino acid substituted peptides at pH 2.0.
h. Difference in RP-HPLC retention time between L- or D-substituted analogs and the glycine substituted 

peptide.
i. Difference in RP-HPLC retention time between L- and D-substituted peptide analogs, 
j. The boxed values are those o f P-branched side-chains.
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chains surrounding the non-polar face (made up o f Ala residues and the substituted

residue in the center o f this face; Figure VIII-1), effectively increasing the size o f this

non-polar face and, hence, the overall hydrophobicity o f the peptide.

The overall decrease in retention times o f the D-analogs compared to the l- 

analogs summarized in Tables VIII-1 and VIII-2 can be generally rationalized as being 

due to disruption o f the hydrophobic face o f the amphipathic a-helix due to the 

introduction o f a D-amino acid. The overall effect would thus be a decrease in the 

apparent hydrophobicity o f the non-polar face o f the amphipathic a-helix when 

substituted with a D-amino acid relative to its L-diastereomer and, hence, a decrease in 

retention time o f the former compared to the latter. From Table VIII-1, when the 

retention time o f the glycine analog (19.30 min) has been subtracted from the retention 

times o f the other 19 L- and D-analogs (AtR(X-Gly)), the resulting numbers represent a 

series o f coefficients expressing side-chain hydrophobicity (or apparent side-chain 

hydrophobicity in the case o f the D-amino acids) (values>0) or side-chain hydrophilicity 

(or apparent side-chain hydrophilicity in the case o f the D-amino acids) (values<0) 

relative to glycine at pH 7.0. Similar coefficients may be generated for pH 2.0 from the 

retention data shown in Table VIII-2. Subtraction o f these apparent side-chain 

hydrophilicity/hydrophobicity values (AtR(Xn-Gly)) from the fully expressed side-chain 

hydrophilicity/hydrophobicity values (AtR(XL-Gly)) now produces an expression which 

represents the effect o f a d- to L-amino acid substitution in the center o f the non-polar 

face o f the amphipathic a-helix (AtR(X[- Xn) in Tables VIII-1 and VIII-2). At both pH

7.0 (Table VIII-1) and pH 2.0 (Table VIII-2), the magnitude o f the effect o f a L- to D- 

amino acid substitution generally increased with increasing hydrophobicity o f the side-
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chain (as expressed by AtR(X[. -Gly) values). A  major exception to this trend is Pro which

has been shown to express similar hydrophobicity to Ala in model random coil peptides

(Guo et al., 1986a); however, in the present study, both the l- and D-Pro peptides were

being eluted at similar times to peptides substituted with hydrophilic residues at pH 7.0

(Table VIII-1; 16.37 min and 12.18 min for l- and D-analogs, respectively) and pH 2.0

(Table VIII-2; 30.89 min and 26.82 min for l- and D-analogs, respectively). Proline is

known to be highly helix-disruptive (the molar e llipticities (deg-cn^-dmol'1) o f  the l- and

D-Pro peptides are -700 and 700, respectively, in benign buffer and only -14,900 and -

8,150, respectively, in the presence o f 50% TFE; Table VIII-4); thus, it is not surprising

that the RP-HPLC retention behavior o f the two Pro analogs is anomalous. It is worth

noting that the D-Pro peptide was eluted faster than the L-Pro peptide, possibly reflecting

the even greater helix-disrupting capability o f  D-Pro compared to L-Pro. Due to these

particular characteristics o f the Pro analogs relative to the other peptides, these analogs

are not included in any further discussion.

An interesting observation from both Tables V III-1 and VIII-2 is that the three 

amino acids with P-branched side-chains (lie, Val, Thr) show the greatest reduction in 

apparent side-chain hydrophobicity due to D-amino acid substitutions. Thus, at pH 7.0 

(Table VIII-1) AIr(X l-Xd) values (boxed in Table) are 7.31 min, 6.32 min and 5.66 min 

for lie, Val and Thr, respectively; at pH 2.0 (Table VIII-2), these values are 9.76 min, 

8.52 min and 7.92 min for He, Val and Thr, respectively. A possible reason for this 

apparently disproportionate effect on apparent side-chain hydrophobicity o f the l- to d- 

substitutions o f P-branched side-chains is that the steric clash of P-branchcd side-chains
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and the preceding turn o f the a-helix increases destabilization o f the helix (Krause et a i,

2000).

From Figure VIII-3, there is a good correlation (R=0.93) o f the At^XL-Xp) values 

between the pH 2.0 and pH 7.0 RP-HPLC systems. This suggests that, though the 

magnitude o f the effect o f the l-  to D-substitution may be different between the two 

mobile phases (the AIr(Xl-Xd) values are higher for each peptide pair in the pH 2.0 

mobile phase (Table V11I-2)), the directional effect on all l- to D-substitutions is similar 

when changing the pH o f the RP-HPLC conditions. Thus, it is the diastereomeric 

variation between specific pairs o f L- and D-amino acids at the mutation site o f the 

amphipathic a-hclical peptide that is the determining factor in determining the 

contribution o f the mutation to the RP-HPLC retention behavior o f the peptide.

VIII-4-3 Relative hydrophobicity o f I.- and D-amino acid side-chains

In order to visualize more easily the variation in hydrophobicity o f the amino acid 

side-chains between the L- and D-isomers when substituted into the center of the non

polar face o f the model amphipathic a-helical peptide, the AtR(X-Gly) values reported in 

Table V III-1 (pH 7.0) and Table VI1I-2 (pH 2.0) were normalized relative to the value for 

maximum side-chain hydrophobicity (denoted 1.00), this value being AtR(lle-Gly) =

12.05 min at pH 7.0 (Table V1I1-1) and AtR(Ile-Gly) = 14.3 min at pH 2.0 (Table V1II-2). 

Table VIII-3 compares the relative hydrophobicity o f the side-chains between the L- and 

D-isomers at both pH 7.0 and pH 2.0. The order o f amino acid side-chains in Table VIiI-3 

is based on decreasing relative hydrophobicity o f the L-isomers at pH 7.0, i.e., from the 

most hydrophobic (l-I1c; relative hydrophobicity value o f 1.00) to the most hydrophilic 

(L-Asp; relative hydrophobicity value o f -0.88). The positioning o f Gly (relative
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For R P-H PLC  conditions, see Experim ental section.
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Chapter V II I  Peptide Stereochemistry Stability

Table VIII-3 Relative hydrophobicity of amino acid side-chains
Relative hydrophobicitya

pH 7.0 pH 2.0
Amino acid 
side-chains X[. XD XL XD

lie 1.00 0.39 1.00 0.31
Leu 0.99 0.62 0.99 0.58
Phe 0.97 0.67 0.91 0.58
Trp 0.85 0.61 0.79
Val 0.78 0.25 0.77 0.17
Met 0.71 0.42 0.71 0.38
Cys 0.50 0.24 0.49 0.23
Tyr 0.39 0.28 0.39 0.17
Ala 0.38 0.11 0.44 0.09
Gly 0.00 0.00

Thr 0.12 -0.35 0.10 -0.46
Ser -0.08 -0.39 -0.09 -0.43
His -0.16 -0.27 -0.54 -0.51
Arg -0.20 -0.24 -0.38 -0.48
Lys -0.26 -0.26 -0.51 -0.60
Gin -0.28 -0.30 -0.15 -0.33
Asn -0.45 -0.47 -0.41 -0.48
Glu -0.63 -0.68 -0.01 -0.19
Asp -0.88 -0.84 -0.26 -0.31

a. R e la tiv e  h y d ro p h o b ic ity  is d e n n e d  as the  ra t io  o f  A rR( X - G ly )  va lu e s  fo r  th e  a m in o  a c id  

s id e -c h a in s  and  the  m a x im u m  h y d ro p h o b ic ity  v a lu e  o b ta in e d  f r o m  R P -H P L C  re te n tio n  

t im e  ( A rR( X - G ly )  fo r  L - l le  = 1 2 .0 5  m in  a t p H  7 .0 , T a b le  V I I I - 1; A fR( X - G Iy )  fo r  He = 1 4 .1 3  

m in  a t p H  2 .0 , T a b le  V II1 -2 ) ,  e.g., fo r  L - L c u  at p H  7 .0  (T a b le  V I I I - 1 ) , re la tiv e  

h y d ro p h o b ic ity  =  A tR(L e u -G ly ) /1 2 .0 5  =  1 1 .9 6 /1 2 .0 5  =  0 ,9 9 .
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Chapter VIII Peptide Stereochemistry Stability 

hydrophobicity value o f 0 .0 0 ) in the middle o f the table reflects the general classification

o f aliphatic (e.g., lie, Met, Ala) and aromatic (Phe, Trp, Tyr) side-chains as non

polar/hydrophobic (i.e., contributing substantially to increasing peptide retention time in 

RP-HPLC) and the remainder o f the side-chains as polar/hydrophilic (i.e., contributing 

little to increasing peptide retention time, e.g., Thr, or contributing to decreasing retention 

time, e.g., Ser, Arg, Gin, etc.). The data from Table VIII-3 are also presented in 

histogram format in Figure VIII-4.

Although not shown here, plots o f relative hydrophobicity o f the D-analogs versus 

the L-analogs at pH 7.0 and pH 2.0 showed good, and similar, correlations of 0.96 and 

0.95, respectively. This result indicates that, although the magnitude of the relative 

hydrophobicity/hydrophilicity values for the side-chains are different for the l -  and d -  

isomers, the directional effect on all side-chains is similar at either pH value. However, a 

closer scrutiny o f the data presented in Table VIII-3 and Figure VIII-4 also indicates 

interesting trends for specific groups of side-chains which, although also apparent from 

Tables V III-1 and VIII-2, now stand out more clearly. Thus, at both pH values (i), the 

relative hydrophobicity values o f the non-polar D-isomer side-chains are generally 

considerably lower than those of their L-isomer counterparts; (ii) the relative 

hydrophobicity values o f the polar D-isomer side-chains are generally quite similar to 

those o f their L-isomcr counterparts; and (iii) the (i-branched side-chains (He, Val, Thr) 

show the greatest difference in relative hydrophobicity between their l -  and D-isomers. 

Such results can be rationalized by considering the effect various L -  to D-substitutions 

may have on the overall hydrophobicity o f the non-polar preferred binding domain o f the 

amphipathic a-helix. Thus, since the non-polar/hydrophobic side-chains contribute most
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Chapter VIII Peptide Stereochemistry Stability 

to RP-HPLC peptide retention times, it is not surprising that an L- to D-side-chain

substitution would disrupt the preferred binding domain substantially enough to reduce 

its hydrophobicity and, hence the retention time o f the peptide. It should be noted that 

this disruption o f the non-polar face o f the amphipathic a-helix does not necessarily 

imply significant disruption of this a-helical structure since, as w ill be discussed later 

(Table VIII-4), both the l- and D-series peptides generally exhibit high helicity in the 

presence of the helix-inducing solvent trifluoroethanol (TFE; (Cooper et a!., 1990; 

Kentsis et al., 1998; Sonnichsen et al., 1992)), a good mimic for the non-polar conditions 

characteristic o f RP-HPLC (Sereda et al., 1994). In contrast to the hydrophobic side- 

chains, even L-isomcr polar/hydrophilic side-chains can be viewed as disrupting the 

preferred binding domain of the helix simply by eliminating the monolithic character of 

the non-polar face, through the presence o f such side-chains at the center o f this face. 

Hence, a hydrophilic l-  to D-isomer substitution at this position would not have as 

profound an effect on the apparent hydrophobicity o f the preferred binding domain as 

was observed for the hydrophobic side-chains. Concerning the relatively disproportionate 

effect o f the L- to D-isomer substitution o f P-branched side-chains (lie, Val, Thr), Krause 

et al. (Krause et al., 2000) noted a similar effect during RP-HPLC o f their amphipathic 

a-helical peptide models containing double D-amino substitutions. These authors 

suggested that a potential stcric clash between the side-chain and the preceding turn of 

the helix might cause increased destabilization o f the a-helix and, presumably, structural 

distortion o f the non-polar face of the amphipathic a-helix. It is thus possible in the 

present study that some structural distortion of the preferred binding domain o f the lie, 

Val and Thr D-substituted analogs is enhancing the overall disruption of the
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hydrophobicity o f the non-polar face o f the helix. Such an observation is supported by

comparing the particularly disproportionate effect o f  the l- to D-Thr substitution (Figure

VIII-4) (relative to the majority o f the polar/hydrophilic residues) and the effect o f such a

substitution on the reduction in ellipticity ([6 )222) in 50% TFE (L-Thr = -27,200 degrees

and D-Thr = -16,150 degrees, i.e., a decrease in ellipticity o f 11,500 degrees; Table VIII-

4).

From Figure V1II-5, excellent correlations were obtained when comparing the 

relative hydrophobicity at pH 2.0 and pH 7.0 o f the D-amino acids (R = 0.993) and L- 

amino acids (R = 0.997) when potentially ionizable groups (Asp, Glu, His, Lys, Arg) 

were excluded from the correlation plot, indicating that the relative hydrophobicities of 

both the non-ionizable (at physiological pH values) D-isomers (panel A) and L-isomers 

(panel B) are essentially unaffected by a change in pH from 2.0 to 7.0. From Figure VIII- 

5, the acidic amino acids, Glu and Asp, deviate from the correlation plot due to their 

being less hydrophilic at pH 2.0 (where the side-chain carboxyl group is protonated, i.e., 

neutral) than at pH 7.0 (where the carboxyl group is dcprotonated, i.e., negatively 

charged). In contrast, the basic amino acid side-chains (His, Lys, Arg) are less 

hydrophilic at pH 7.0 compared to pH 2.0. Lys and Arg are positively charged at both pH

2.0 and pH 7.0; however, their apparent decrease in hydrophilicity at the higher pH value 

can be rationalized by considering the ionic strength o f (he anionic (negatively charged) 

counterions at pH 2.0 versus pH 7.0. Thus, at pH 2.0, a concentration o f 0.1% TFA in the 

mobile phase is equivalent to a concentration o f -10 mM trifluoroacetate ions available 

to interact with positively charged groups in the peptides. In contrast, at pH 7.0, a buffer 

concentration o f 100 mM NaClCL means that 100 mM perchlorate ions are available to
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Figure VIII-5 Plot o f relative hydrophobicity o f D-peptides or L-peptides at pH 2.0 
versus pH 7.0. Least squares fit analysis showed correlations o f R=0.993 for D- 
isomers and R=0.997 for L-isomers. In both (A) and (B), open symbols represent the 
peptides used for correlations; solid symbols represent the potentially charged amino 
acid substituted peptides which were excluded from the comparison. Standard one- 
letter designations are used for the peptides with the corresponding substituted amino 
acid at position 9 o f the peptide sequence.
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Table VIII-4 CD data o f model peptide analogs
l0V A[0] 222 b 10W Al0 ]222d

Peptide in benign buffer in 50%TFE (50%TFE-benign)

X X L XD X,.-XD X L XD x L X D
Arg -18100 -3450 -14650 -27500 -27250 -9400 -23800
Ala -18000 -2450 -15550 -27900 -24150 -9900 -21700
Leu -15800 -1500 -14300 -26850 -26900 -11050 -25400
Lys -15800 -1950 -13850 -27800 -23100 -1 2 0 0 0 -21150
Met -13900 -2450 -11450 -27600 -25850 -13700 -23400
Gin -13450 -2650 -10800 -27650 -24450 -14200 -21800
Phe -13100 -2300 -10800 -31050 -27400 -17950 -25100
lie -12500 -600 -11900 -26900 -22150 -14400 -21550
Ser -11500 -1650 -9850 -29100 -23050 -17600 -21400
Trp -11050 -3200 -7850 -25650 -22650 -14600 -19450
Tyr -10800 -2750 -8050 -26550 -20300 -15750 -17550
His -10600 -3450 -7150 -27300 -26300 -16700 -22850
Cys -10500 -1750 -8750 -27600 -25950 -17100 -24200
Val -10250 -450 -9800 -25650 -20750 -15400 -20300
Glu -9250 -1050 -8200 -26550 -19800 -17300 -18750
Asn -9150 -3350 -5800 -27450 -24050 -18300 -20700
Thr -8900 -1600 -7300 -27200 -16150 -18300 -14550
Asp -6650 -2550 -4100 -24200 -16900 -17550 -14350
Pro -700 700 -1400 -14900 -8150 -14200 -8850
Gly -5350 -5350 0

7-... - t—r -25250
. i-l\ , _____

-25250 -19900 -19900
a. The mean residue molar ellipticities (deg.cm '.dmol'1) at wavelength 222nm were measured at

5 °C in benign buffer (lOOmM KC1, 50mM PO^ pH 7.0).
b. Difference in molar e llip tic ity  values o f D- and L-peptide analogs in benign buffer.
c. The mean residue molar cl I ipticities (deg.cmLdmol'1) at wavelength 222nm were measured at 

5 °C in the above buffer diluted 1:1 (v/v) with TFE.
d. Difference in molar e llip tic ity  values o f D- and L-peptide analogs between the two buffer 

systems, e.g., A[G] 2 2 2  f ° r L-Leu= [0 ]222 in 50% TFE -  [G] 2 2 2 >n benign = -26850 - (-15800) = 
-11050.
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interact with positively charged groups. It is well known that there is a counterion

concentration effect on peptide retention behavior during RP-HPLC (Guo et a l,  1987;

Mant et al., 1991), i.e., the higher the concentration o f anionic counterion, the longer the

elution time o f peptides containing positively charged side-chains and, hence, the lower

the apparent hydrophilicity (or greater the apparent hydrophobicity) o f side-chains such

as Lys and Arg. His is positively charged at pH 2.0 and it is possible that it remains

positively charged at pH 7.0, implying that an explanation for its apparent decrease in

hydrophilicity at pH 7.0 compared to pH 2.0 is the same as that described above for Lys

and Arg. However, the relatively low pKa value for the imidazole side-chain o f His

(-6.0-6.5 in peptides), coupled with the clear demonstration by Sereda et al. (Sereda et

a l, 1993) that the hydrophobic conditions characteristic o f RP-HPLC may lower the pKa

o f His even further, suggests that the decrease in hydrophilicity seen at pH 7.0 is, in fact,

a result o f deprotonation (i.e., loss o f positive charge) o f the His side-chain.

VIII-4-4 CD Spectroscopy Studies

In order to determine the effect o f L -  to D-amino acid substitutions on a-helical 

peptide stability, the CD spectrum of the peptide analogues was measured under 

physiologically relevant, benign buffer conditions (100 mM KC1, 50 mM PO4, pH 7.0) 

and also in 50% TFE for all analogs (Table VIII-4).

From Table VIII-4, the peptide analogs are ordered by increasing molar ellipticity 

values for the L-substituted analogs, with the exception o f the Gly-substituted peptide 

which was considered as a control for the comparison o f the effect o f L -  and D-amino acid 

substitutions. The L-analogs (the Pro-substituted peptide excluded) show about a three- 

fold range in molar ellipticities under benign conditions, from -6,650 to -18,100 deg cm

211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter VIII Peptide Stereochemistry Stability 

dmol' 1 for Asp and Arg, respectively, indicating that each single L-amino acid

substitution has a profound effect on the a-helical structure of these model peptides under

benign conditions (Zhou et al., 1994b). In contrast, in the presence of the a-helix

inducing solvent TFE, the maximum negative molar ellipticities o f  the L-analogs were

essentially the same (average [6)222 = -27,150, excluding the Pro-analog but including the

Gly-analog), suggesting a fully a-helical structure for each peptide analog. In contrast, all

o f the D-substituted peptides exhibited molar ellipticities characteristic o f negligible

secondary structure under benign conditions, underlining the helix-disrupting properties

of single D-amino acids. However, in the presence o f 50% TFE, these D-analogs (except

for Pro) all exhibited considerable increases in molar ellipticity, generally o f the same or

similar magnitude to their L-counterparts. Even in instances where a fu lly  a-helical

structure has not been induced (e.g., D-Thr, D-Asp; [6)222 = -16,150 and -16,900,

respectively), the increase in molar ellipticity over that obtained in benign medium (-

1,600 and -2,550, respectively) is clear.

Figure V III-6  illustrates two examples o f the effect o f L- and D-amino acids on a- 

helical content o f the model peptides. These examples represent the extremes in molar 

ellipticity o f L-analogs under benign conditions, ranging from [6)222 values o f—18,100 for 

Arg (Figure VI1I-6A) and -700 for Pro (Figure V1II-6B) (Table V III-1). From Figure

VI1I-6A, the considerable a-helical nature o f the L-Arg analog compared to its D- 

substituted counterpart is clear, coupled with the essentially identical, fully a-helical 

structure o f both analogs ([6)222 = -27,500 and -27,250, respectively) in the presence of 

50% TFE. In contrast, both the L- and D-Pro analogs exhibited molar ellipticities ([0 ]222 -  

-700 and 700, respectively) characteristic o f negligible secondary structure in benign
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Chapter V III Peptide Stereochemistry Stability

medium. Even in the presence o f 50% TFE, molar ellipticity values o f just -14,900 ( l -

Pro) and -8,150 (D-Pro) were achieved, i.e., with Pro substituted in the center o f the

model peptide, 50% (L-Pro) or 75% (D-Pro) o f the sequence could not be induced into a-

helical structure in the presence o f TFE. For this reason, the Pro analogs were excluded

from further consideration.

From Figure VIII-7, the L-analogs have been arranged in order o f decreasing 

molar ellipticity values in benign medium (Table VIII-4), from the highest (Arg; [0 ]222 = 

-18,100) to the lowest (Asp; [0 ]222=: -6 ,6  5 0), producing a linear plot of gradually 

decreasing a-helical content. In contrast, the molar ellipticity values o f the D-analogs 

were randomly distributed about a horizontal line, i.e., the values for all D-amino acid 

substituted peptides were in the range of [6)222 = -1950 ± 1500, regardless o f the value for 

their respective L-amino acid counterparts. The plots presented in Figure VIII-7 clearly 

indicate that the helix-destabilizing ability o f each D-amino acid is unrelated to the a- 

helix propensity (as expressed by molar ellipticity in benign medium) o f its 

corresponding L-enantionrer.

VI11-4-5 Temperature denaturation studies

In order to assess the stability o f the l- and D-series peptide analogs, the ideal 

method would be to conduct temperature denaturation under benign conditions (Monera 

et al., 1995). However, under such conditions, the starting a-helical contents were very 

different for each peptide and, in most cases, the initial structures were <50% a-helical 

for the L-series peptides and <10% a-helical for the D-series peptides (Table VIII-4, 

Figure VIII-7) compared with maximal a-hclical structure induced by 50% TFE (Table

VIII-4). This made it impossible to obtain temperature denaturation curves for all analogs
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that were comparable to each other and, hence, alternative conditions had to be explored.

Figure V III-8  shows TFE titration curves for representative pairs o f l-  and D-peptide

analogs: a bulky, hydrophobic side-chain (Leu); a small hydrophobic side-chain (Ala);

and basic (Arg) and acidic (Asp) side-chains. The Gly analog was also included as an

internal standard. An additional criterion was the range o f molar ellipticities in benign

medium which the L-analogs represented, from the highest (Arg, Ala, Leu; [6)222 = -

18,100, -18,000, -15,800, respectively) to the lowest (Asp; [0)222 = -6,650) (Table VIII-

4). Figure V III-8  demonstrates that, for all representative peptides, 40% TFE was the

minimal concentration required to obtain maximal helical structure. Therefore,

temperature denaturation studies were conducted in the presence o f 40% TFE.

Temperature denaturation profiles o f selected L- and D-analog pairs are shown in 

Figure VIII-9, representing one of the most stable L-analogs (lie; Tn, = 77.5°C) and the 

least stable L-analog (Asp; Tn, = 43.0 °C) in 40% TFE (Table VIII-5). In addition, the 

peptides represent diastereomeric peptide pairs with the most difference in stability 

(ATn,\  Ile^ -  Hen = 34.5 °C) and the least difference in stability (ATm’, Aspi, -  Aspn =

1.0 °C) (Table V III-6 ). The profiles clearly indicate a gradual unfolding o f the a-helical 

structure for all four analogs and was also observed for the remainder o f the L- and D- 

series analogs as well as the Gly peptide. As shown in Table VIII-5, there were wide 

variations in the melting temperatures o f both series o f analogs, ranging from a 39.0 °C 

difference in Tm values between the most stable (Leu) and the least stable (Asp) L-analog, 

and a somewhat lesser difference of 18.5 °C between the most stable (Phe) and the least 

stable (Asp) D-analog. The variations and well-dispersed distribution of Tm values for
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Figure V II I -8  TFE titration o f representative peptide analogs at 5 °C, pH 7.0. The X- 
axis exhibits the percentage of'FEE added to benign buffer, whereas the T-axis shows 
the difference in molar ellipticity obtained for each peptide in the presence of varying 
levels o f TFE ( [0 ]tm 0  compared with its absence ([0 ]bcmgn)- Solid symbols are used for 
L-peptide analogs and open symbols for D-peptide analogs. Ala peptide are denoted as 
(O), Leu peptides as (□), and the Gly peptide as ( A)  in (A); Arg peptides are denoted 
as (O) and Asp peptides as (A) in (B).
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both sets o f peptide analogs, each differing in sequence by only one amino acid residue,

underlines the excellent suitability o f our peptide model for helix stability studies.

From Table VIII-5, it is clear that, for the L-series analogs, a-helical stability 

generally decreased with decreasing hydrophobicity o f the substituted side-chain (Sereda 

et al., 1994), with bulky, non-polar side-chains (e.g., Leu, lie) contributing most to helix 

stability and polar (e.g., Ser, Asn) and negatively charged (Glu, Asp) side-chains 

contributing the least. This variation in contribution to a-helical stability is particularly 

well illustrated in Figure V III-10, which compares side-chain stability relative to the Gly- 

substituted peptide. Interestingly, L-Arg and L-Lys, both positively charged residues at 

pH 7.0, contributed quite significantly to a-helical stability (Table VIII-5, Figure V III- 

10), in addition to being strong a-helix inducers (Table VIII-4) (Chakrabartty et al., 

1994; Monera et al., 1995; Zhou et a l, 1994b). It is possible that the relative bulkiness of 

the Arg and Lys side-chains, coupled with their pairings with a relatively bulky 

phosphate ion from the pH 7.0 buffer, results in these significant contributions to helix 

propensity and stability. From both Table VIII-5 and Figure VIII-10, the helix- 

destabilizing effect o f D-amino acid substitutions is clear. However, there was no clear 

pattern to the helix-destabilizing tendencies o f the D-enantiomers (Table VIII-5, Figure

VIII-10), although the hydrophobic p-branched side-chains o f lie and Val exhibited a 

disproportionate effect on helix destabilization, with (ATm’Xi. -  Xd values of 34.5 °C and

30.0 °C, respectively, the largest difference for all o f the side-chain enantiomeric pairs 

(Table V III-6 ). Such results for these P-branched amino acids were reflected previously 

for the disproportionate effect on side-chain hydrophobicity when substituting D-Ile and 

D-Val for their respective L-isomers (Table V III-1, Table VIII-2, Figure VIII-4).
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Chapter V III Peptide Stereochemistry Stability

Table VIII-5 Amino acid helix stability coefficients
Peptide Tm (°C)a A7'm(°C)b Peptide Tm (°C)a A r,„(°c )b

XL XL XD XD

Leu 82.0 30.5 Phe 60.5 9.0
lie 77.5 26.0 Trp 58.0 6.5

Met 77.0 25.5 Leu 58.0 6.5
Val 75.0 23.5 Met 55.0 3.5
Phe 74.0 22.5 Thr 55.0 3.5
Ala 72.0 20.5 Asn 53.5 2.0

Tip 69.0 17.5 Tyr 53.0 1.5
Gin 69.0 17.5 Gin 52.0 0.5
Tyr 68.0 16.5 Gly 51.5 0

Arg 68.0 16.5 His 51.0 -0.5
Cys 67.5 16.0 Cys 50.0 -1.5
Lys 67.0 15.5 Arg 49.0 -2.5
Thr 62.5 11.0 Lys 48.5 1 O

Ser 62.5 11.0 Ser 48.5 -3.0
His 62.5 11.0 Ala 47.5 -4.0
Asn 61.0 9.5 Val 45.0 -6.5
Glu 53.5 2 .0 lie 43.0 -8.5
Gly 51.5 0 Glu 42.5 -9.0
Asp 43.0 -8.5 Asp 42.0 -9.5

a. Tm is defined as the temperature when 50% o f a-helical structure is denatured 
compared with the fully folded conformation o f the peptide in 40% TFE at 5°C.

b. D-amino acid helix stability coefficients are defined as the difference in 7’m
values between D-peptide analogs and the Gly peptide, i.e. ATm
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Table V III-6 Helix stereochemistry stability coefficients
Peptide Tm (°C)a A7’m'(°C )b

XL X D XL-XD

lie 77.5 43.0 34.5
Val 75.0 45.0 30.0
Ala 72.0 47.5 24.5
Leu 82.0 58.0 24.0
Met 77.0 55.0 22 .0

Arg 68.0 49.0 19.0
Lys 67.0 48.5 18.5
Cys 67.5 50.0 17.5
Gin 69.0 52.0 17.0
Tyr 68.0 53.0 15.0
Ser 62.5 48.5 14.0
Phe 74.0 60.5 13.5
His 62.5 51.0 11.5
Tip 69.0 58.0 11.0

Glu 53.5 42.5 11.0

Thr 62.5 55.0 7.50
Asn 61.0 53.5 7.50
Asp 43.0 42.0 1.00

Gly 51.5 51.5 0

a. Tm is defined as the temperature when 50% o f a-helical structure is denatured 
compared with the fully folded conformation o f the peptide in 40% TFE at 5“C.

b. Helix stereochemistry stability coefficients are defined as the difference in Tm values
between L- and D- diastereomeric peptide pairs, i.e. ATm'
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Chapter VIII Peptide Stereochemistry Stability

VIII-4-6 Amino acid helix stability and stereochemistry coefficients

Table VIII-5 reports the relative contributions o f the l-  and D-amino acids 

expressed relative to the Tm value for Gly, i.e., ATm = Tm for amino acid minus Tm for 

Gly. These ATm values, or amino acid helix stability coefficients, quantify the ability o f a 

specific l -  or D-amino acid to stabilize or destabilize a-helical structure relative to Gly. 

Thus, a positive value represents a stabilizing influence on a-helical structure relative to 

Gly, whilst a negative coefficient represents a destabilizing conformation. These 

coefficients highlight well the overall positive contribution to helix stability effected by 

almost all L-amino acids (Asp being the only exception), coupled with this positive 

contribution generally decreasing with increasing side-chain polarity. In contrast, most o f 

the D-amino acids destabilize a-helical structure (ranging from -0.5 for His to -9.5 for 

Asp), with the remainder offering relatively negligible positive contributions to stability 

(ranging from 0.5 for Gin to 9.0 for Phe). It is also interesting to note that the l -  and d -  

Asp side-chains both destabilize the a-helix to a similar extent. From Table VI1I-6, the 

peptides have been ordered by decreasing difference in Tm values between each pair o f L -  

and D-amino acid substitutions. These values, ATm’ represent helix stereochemistry 

coefficients, i.e., the destabilizing effects o f l -  to D-enantiomeric substitutions on helix 

stability.

The amino acid helix stability and helix stereochemistry coefficients listed in 

Tables VIII-5 and VI1I-6, respectively, should prove valuable in both structure-activity 

studies of peptide and proteins as well as the de novo design of antimicrobial peptides 

with specifically required structural and stability features. Taking one example, through 

utilization o f the helix stereochemistry stability coefficients, one can destabilize a pre-
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existing a-helical structure to different extents by exchanging one L-amino acid with its

D-enantiomer. Thus, one can disrupt the original helical structure to the greatest extent by

substituting L-Ile with D-Ile (Table V III-6 ; Figure VIII-9 and VIII-10); alternatively,

helical stability is little affected by a L-Asp to D-Asp substitution (Table V III-6 ; Figure

VIII-9 and VIII-10). Such coefficients also complement the observed effect o f D-amino

acid substitutions on maximum helicity achievable in benign versus non-polar medium.

For instance, substitution by D-Arg produced a peptide with negligible helicity under

benign conditions but which exhibited 100% helicity in 50% TFE (Table VIII-4; Figure

V III-6 ), the very requirement we hypothesize to be necessary for optimizing biological

activity o f a-helical antimicrobial peptides, i.e., disruption o f a-helical structure in

benign, aqueous medium followed by optimized inducible a-helical structure as the

peptide enters the hydrophobic environment characteristic o f biological membranes.

We believe the observed effects o f l-  and D-amino acid substitutions 011 apparent 

peptide amphipathicity and hydrophobicity (Table VIII-2) described in the present study, 

as well as the stability coefficients reported in Tables VIII-5 and V III-6 , w ill be of 

universal value in the field of peptide and protein chemistry, derived as they are from two 

criteria deemed absolutely necessary for accurate determination o f the effect o f individual 

amino acid substitutions on helix structure and stability: (i) a well-defined peptide model; 

and (ii) recognition that overall helix stability is dependent both on side-chain 

hydrophobicity and a-helical propensity. Thus, from (1), and as noted previously (see 

Design o f model peptides), the Ala residues provide a uniform non-polar 

microenvironment surrounding the substitution site and can be expected to have minimal 

interactions with the “ guest”  L- or D-amino acid residue, such as, for example,
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electrostatic interactions from charged side-chains and hydrophobic interactions from

non-polar groups. This is in contrast to the 18-residue amphipathic a-helical model o f

Krause et al. (Krause et al., 2000) where identical double substitutions o f D-amino acids

were made at adjacent positions in the non-polar face o f the peptide. The double

substitutions were made in order to enhance the destabilizing effects o f  D-amino acids on

a-helical structure. However, it should be noted that, whereas two L-amino acid

substitutions into a fu lly  L-amino acid helix is like ly  genuinely additive, the chances o f

the same being true o f  two D-amino acid substitutions into a fu lly  L-amino acid helix are

not high. In addition to this questionable linear add itiv ity  rather than synergy o f double D-

ainino acid substitutions, helical net analysis o f this model peptide also revealed a non-

uniform microenvironment surrounding the two substitution sites as well as the potential

for significant non-polar and/or electrostatic /-»/+3 and /'->/+4 interactions with

neighboring side-chains. These deviations from the requirements o f an ideal peptide

model likely explain the significant differences in apparent side-chain hydrophobicities o f

L- and D-amino acids, as detemiined by RP-HPLC peptide retention behavior, observed

between the two model peptide systems. Also, it should be noted that just single amino

acid substitutions in our peptide model produced a good range o f both RP-HPLC

retention times as well as peptide helicity, i.e., no need for potentially misleading effects

of double substitutions. Concerning point (ii) above, since the coefficients reported in

Tables VIII-5 and V III-6  are generated from temperature denaturation data, the combined

contribution o f side-chain hydrophobicity and a-helical propensity to helix stability is

intrinsic to these values.
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VIII-5 Conclusions

We have designed and synthesized a series o f  amphipathic a-helical peptides, 

where the position in the center o f  the hydrophobic face is substituted by L -  or D -  amino 

acids. From circular dichroism studies in benign medium and in the presence o f  50% 

TFE, we have clearly shown the feasibility o f controlled disruption o f  a-helical peptides 

by D-amino acid substitution in benign medium, whilst still allowing fu ll folding in a 

more hydrophobic environment. In addition, comparison o f  the RP-HPLC retention 

behavior o f  the D-analogs with their L-enantiomers suggests that the employment o f  such 

D-analogs also allows modulation o f  the hydrophobicity/amphipathicity o f  the non-polar 

faces once the helix has been induced. From such data, we have also generated a series o f 

helix stability coefficients which should prove valuable both for structure-activity studies 

as well as de novo design o f novel antim icrobial peptides.
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CHAPTER IX

Rational Design of a-Helical Antimicrobial Peptides with Enhanced 
Activities and Specificity/Therapeutic Index

A version o f this chapter has been in press in J. Biol. Client. 2005. Only methods unique 
to this chapter are described in the Experimental section, the remaining general methods 
are described in Chapter III.

IX-1 Abstract

In the present study, the 26-residue peptide sequence Ac-KWKSFLKTFKS- 

AVKTVLHTALKAISS-amide (V6si) was utilized as the framework to study the effects 

o f peptide hydrophobicity/hydrophilicity, amphipathicity and helicity (induced by single 

amino acid substitutions in the center of the polar and nonpolar faces o f the amphipathic 

helix) on biological activities. The peptide analogs were also studied by temperature 

profiling in RP-HPLC, from 5 °C to 80 °C, to evaluate the self-associating ability o f the 

molecules in solution, another important parameter in understanding peptide 

antimicrobial and hemolytic activities. A higher ability to self-associate in solution was 

correlated with weaker antimicrobial activity and stronger hemolytic activity o f the 

peptides. Biological studies showed that strong hemolytic activity o f the peptides 

generally correlated with high hydrophobicity, high amphipathicity and high helicity. In 

most cases, the D-amino acid substituted peptides possessed an enhanced average 

antimicrobial activity compared with L-diastereomers. The therapeutic index o f Vest was 

improved 90-fold and 23-fold against Gram-negative and Gram-positive bacteria, 

respectively. By simply replacing the central hydrophobic or hydrophilic amino acid 

residue on the nonpolar or the polar face o f these amphipathic molecules with a series of
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selected D-/L-amino acids, we demonstrated that this method can be used for the rational

design o f antimicrobial peptides with enhanced activities.

IX-2 Introduction

The extensive clinical use of classical antibiotics has led to the growing 

emergence o f many medically relevant resistant strains o f bacteria (Neu, 1992; Travis, 

1994). Moreover, only three new structural classes o f antibiotics (the oxazolidinone, 

linezolid, the streptogramins and the lipopeptid, edaptomycin (Calza et al., 2004; 

Jacqueline et al., 2004; Wagenlehner et al., 2004)) have been introduced into medical 

practice in the past 40 years. Therefore, the development o f a new class o f antibiotics has 

become critical. The cationic antimicrobial peptides could represent such a new class o f 

antibiotics (Andreu et al., 1998; Hancock, 1997; Sitaram et al., 2002). Although the exact 

mode o f action o f antimicrobial peptides has not been established, all cationic 

amphipathic peptides interact with membranes and it has been proposed that the 

cytoplasmic membrane is the main target o f some peptides, whereby peptide 

accumulation in the membrane causes increased permeability and loss o f barrier function 

(Duclohier et al., 1989; Hancock et al., 1998). The development o f resistance to 

membrane active peptides whose sole target is the cytoplasmic membrane is not expected 

because this would require substantial changes in the lipid composition of cell 

membranes of microorganisms.

Two major classes of the cationic antimicrobial peptides are the a-helical and the 

P-shcet peptides (Andreu et al., 1998; Devine et al., 2002; Hancock, 1997; van't Hof et 

al., 2001). The p-sheet class consists o f cyclic peptides constrained in this conformation
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either by intramolecular disulfide bonds, e.g., defensins (Ganz et al., 1994) and protegrins

(Steinberg et al., 1997), or by an N-terminal to C-terminal covalent bond, e.g., gramicidin

S (Klialed et al., 1978) and tyrocidines (Mootz et al., 1997). Unlike the p-sheet peptides,

a-helical peptides are linear molecules that mainly exist as disordered structures in

aqueous media and become amphipathic helices upon interaction with the hydrophobic

membranes, e.g., cecropins (Christensen et al., 1988), magainins (Zasloff, 1987) and

melittins (Andreu et al., 1992). From numerous structure/activity studies on both natural

and synthetic antimicrobial peptides, a number o f factors believed to be important for

antimicrobial activity have been identified, including the presence o f both hydrophobic

and basic residues, an amphipathic nature that segregates basic and hydrophobic residues,

and an inducible or preformed secondary structure (a-helical or P-sheet).

The major barrier to the use o f antimicrobial peptides as antibiotics is their 

toxicity or ability to lyse eukaryotic cells. This is perhaps not a surprising result i f  the 

target is indeed the cell membrane (Andreu et al., 1998; Hancock, 1997; Hancock et al., 

1998; Sitaram el al., 2002). To be useful as a broad-spectrum antibiotic, it would be 

necessary to dissociate anti-eukaryotic activity from antimicrobial activity, i.e., 

increasing the antimicrobial activity and reducing toxicity to normal cells. Recent studies 

on a number o f a-helical and p-sheet peptides have attempted to delineate features 

responsible for these activities and found that high amphipathicity (Blondelle et al., 

1992b; Dathe et al., 1997; Kondejewski et a l, 1999; Lee et a l, 2003a), high 

hydrophobicity (Dathe et a l, 1997; Kondejewski et a l, 1999; Kondejewski et al., 2002; 

Orcn et al., 1997a), as well as high helicity or P-shcet structure (Kondejewski et al., 

1999; Oren et al., 1997b; Shai et a l, 1996) were correlated with increased toxicity as
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measured by hemolytic activity. In contrast, antimicrobial activity was found to be less

dependent on these factors, compared with hemolytic activity (Blondelle et al., 1992b;

Dathe et al., 1997; Kondejewski et al., 1999; Lee et al., 2003a; Lee et a l,  2004; Oren et

a l, 1997a; Oren et a l, 1997b; Shai et a l, 1996). Therefore, specificity (or therapeutic

index which is defined as the ratio o f hemolytic activity and antimicrobial activity) for

bacteria over erythrocytes could be increased in one o f three ways: increasing

antimicrobial activity, decreasing hemolytic activity while maintaining antimicrobial

activity, or a combination o f both.

We believe that a synthetic peptide approach to examining the effect o f small 

incremental changes in hydrophobicity/hydrophilicity, amphipathicity and helicity of 

cationic antimicrobial peptides will enable rapid progress in rational design o f peptide 

antibiotics. Our previous studies have successfully utilized such an approach to dissociate 

antimicrobial and hemolytic activities o f de novo designed cyclic (3-sheet gramicidin S 

analogs, by systematic alterations in amphipalhicity/hydrophobicity through D-amino 

acid substitutions (Kondejewski et a l, 1999; Lee et a l, 2003a; Lee et al., 2004). In recent 

work, we demonstrated that the helix-destabilizing properties o f D-amino acids offer a 

systematic approach to the controlled alteration o f the hydrophobicity, amphipathicity, 

and helicity o f amphipathic a-helical model peptides (Chen et a l, 2002). By single 

substitutions o f different D-amino acids into the center o f the hydrophobic face of an 

amphipathic a-helical model peptide, we demonstrated that different D-amino acids 

disrupted a-helical structure to different degrees, whilst the destabilized structure could 

still be induced to fold into an a-helix in hydrophobic medium. The advantage of this 

method o f single D- or L-antino acid substitutions at a specific site is that it enables a
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greater understanding o f the mechanism o f action of these peptides. In this study, we

have utilized the structural framework o f an amphipathic a-helical antimicrobial peptide

V68i (Zhang et a l,  1998; Zhang et al., 1999), to systematically change peptide

amphipathicity, hydrophobicity and helicity by single D- or L-amino acid substitutions in

the center of either the polar or nonpolar faces o f the amphipathic helix. Peptide V^si with

excellent antimicrobial activity and strong hemolytic activity (Zhang et al., 1998; Zhang

et a l, 1999), was selected as an ideal candidate for our study. By introducing different D-

or L-amino acid substitutions, we report here that hydrophobicity/amphipathicity and

helicity have dramatic effects on the biophysical and biological activities and, utilizing

this method, a significant improvement in antimicrobial activity and specificity can be

achieved. In addition, it is plausible that high peptide hydrophobicity and amphipathicity

also results in greater peptide self-association in solution. Since we have developed a

novel method to measure self-association of small amphipathic molecules, namely

temperature profiling in reversed-phase chromatography (Lee et al., 2003b; Mant et a l,

2003a), we have applied this technique for the first time to investigate the influence o f

peptide dimerization ability on biological activities o f a-helical antimicrobial peptides.

Thus, our objectives in this study were three-fold: first, to demonstrate the 

importance o f the peptide self-association parameter in the de novo design o f amphipathic 

a-helical antimicrobial peptides; second, to test the hypothesis that disruption o f a- 

helical structure in benign conditions by D-amino acid substitutions or substitutions o f 

hydrophilic/charged L-amino acids on the non-polar face can dramatically alter 

specificity in a similar manner to our previous work on cyclic P-sheet antimicrobial 

peptides (Kondejewski et a l, 1999; Lee et a l, 2004); and third, to observe i f  these
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substitutions w ill enhance antimicrobial activity, decrease toxicity and improve

antimicrobial specificity while maintaining broad spectrum activity for Gram-negative

and Gram-positive bacteria.

IX-3 Experimental

IX-3-1 Analytical RP-HPLC ofpeptides

Peptides were analyzed on an Agilent 1100 series liquid chromatograph (Little 

Falls, DE). Runs were performed on a Zorbax 300 SB-Cs column (150x2.1mm I.D.; 5pm 

particle size, 300A pore size) from Agilent Technologies using linear AB gradient (1% 

acetonitrile/min) and a flow rate o f 0.25 ml/min, where solvent A was 0.05% aqueous 

TFA, pH 2 and solvent B was 0.05% TFA in acetonitrile. Temperature profiling analyses 

were performed in 3 °C increments, from 5 °C to 80 °C.

IX-3-2 CD temperature denaturation study o f peptide V6Si

The native peptide V6si was dissolved in 0.05% aqueous TFA containing 50% 

TFE, pH 2, loaded into a 0.02 cm fused silica cell and peptide ellipticity scanned from 

190 to 250 nm at temperatures o f 5, 15, 25, 35, 45, 55, 65 and 80 °C. The spectra at 

different temperatures were used to mimic the alteration o f peptide conformation during 

temperature profiling analysis in RP-HPLC. The ratio o f the molar ellipticity at a 

particular temperature (t) relative to that at 5 °C ([G]t—[0]u)/([0]5—[0]u) was calculated and 

plotted against temperature in order to obtain the thermal melting profiles, where [0 ] 5 and 

[0 ]u represent the molar ellipticity values for the fully folded and fully unfolded species, 

respectively. [0]u was determined in the presence o f 8M urea with a value o f 1500 

deg-cm^dmof1 to represent a totally random coil state (Monera et al., 1995). The melting
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temperature (Tm) was calculated as the temperature at which the a-helix was 50%

denatured (([©]t~[0]u)/([0]s—[Q]u)=0.5) and the values were taken as a measure o f a-helix

stability.

IX-3-3 Determination o f peptide amphipathicity

Amphipathicity o f peptide analogs was determined by the calculation of 

hydrophobic moment (Eisenberg et al., 1982) using the software package Jemboss 

version 1.2.1 (Carver et al., 2003), modified to include a hydrophobicity scale determined 

in our laboratory. The hydrophobicity scale used in this study is listed as follows: Trp, 

32.31; Phe, 29.11; Leu, 23.42; lie 21.31; Met, 16.13; Tyr, 15.37; Val, 13.81; Pro, 9.38; 

Cys, 8.14; Ala, 3.60; Glu, 3.60; Thr, 2.82; Asp, 2.22; Gin, 0.54; Ser, 0.00; Asn, 0.00; Gly,

0.00; Arg, -5.01; His, -7.03; Lys, -7.03 (Hodges, et al. unpublished data). These 

hydrophobicity coefficients were determined from reversed-phase chromatography at pH 

2 o f a model random coil peptide with single substitution o f all 20  naturally occurring 

amino acids. In this case, the amphipathicity is valid for neutral and acidic pH since Vosi 

and analogs do not have Asp and Glu residues in their sequences. We propose that this 

HPLC-derived scale reflects the relative differences in hydrophilicity/hydrophobicity o f 

the 20 amino acid side-chains more accurately than previously determined scales.

IX-3-4 Measurement o f antibacterial activity

Minimal inhibitory concentrations (MICs) were determined using a standard 

microtiter dilution method in LB (Luria-Bertani) no-salt medium (10 g of tryptone and 

5 g of yeast extract per liter). Briefly, cells were grown overnight at 37 °C in LB and 

diluted in the same medium. Serial dilutions of the peptides were added to the microtiter 

plates in a volume of 100 pi followed by 10 pi o f bacteria to give a final inoculum of
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5xl05 colony-forming units/ml. Plates were incubated at 37 °C for 24 hours and MICs

determined as the lowest peptide concentration that inhibited growth.

IX-3-5 Measurement o f hemolytic activity

Peptide samples were added to 1% human erythrocytes in phosphate buffered

saline (0.08M NaCl; 0.043M Na2P0 4 ', 0.011M KH2PO4) and reactions were incubated at

37°C for 12 hours in microtiter plates. Peptide samples were diluted 2 fold in order to

determine the concentration that produced no hemolysis. This determination was made by

withdrawing aliquots from the hemolysis assays, removing unlysed erythrocytes by

centrifugation (800g) and determining which concentration o f peptide failed to cause the

release o f hemoglobin. Hemoglobin release was determined spectrophotometrically at

562nnr. The hemolytic titer was the highest 2-fold dilution o f the peptide that still caused

release o f hemoglobin from erythrocytes. The control for no release o f hemoglobin was a

sample o f 1% erythrocytes without any peptide added.

IX-4 Results and Discussion

IX-4-1 Peptide design

Peptide V&81, a 26-residue amphipathic antimicrobial peptide with a polar and 

non-polar face (Zhang et al., 1999), was selected as the native parent peptide in this study 

(Figure IX -1). Its polar face consists o f 14 residues: six lysine residues, one histidine, 

four serines and three threonines. In contrast, the non-polar face consists o f 12 residues: 

three alanines, two valines, three leucines, two phenylalanines, one isoleucine and one 

tryptophan residue. In this study, we chose D-/L-amino acid substitution sites at the 

center o f the hydrophobic face (position 13) and at the center o f the hydrophilic face
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(position 11) o f the helix, such that these substitution sites were also located in the center

o f the overall peptide sequence. This was based on our previous model peptide studies

(Chen et al., 2002; Monera et al., 1995; Zhou et al., 1994b) that demonstrated that these

central location substitutions had the greatest effect on peptide secondary structure. To

study the effects o f varying hydrophobicity/hydrophilicity on peptide biological

activities, in the design o f V68i analogs, five L-amino acids (Leu, Val, Ala, Ser, Lys) and

Gly were selected out o f the 20 natural amino acids as the substituting residues,

representing a wide range o f hydrophobicity. The hydrophobicity o f these six amino acid

residues decreases in the order Leu>Val>Ala>Gly>Ser>Lys (Chen et al., 2002). Based

on the relative hydrophobicity o f amino acid side-chains (Chen et al., 2002), leucine was

used to replace the native valine on the non-polar face to increase peptide hydrophobicity

and amphipathicity; alanine was selected to reduce peptide hydrophobicity/

amphipathicity while maintaining high helicity; a hydrophilic amino acid, serine, was

selected to decrease the hydrophobicity/amphipathicity o f V 68i in the non-polar face;

positively-charged lysine was used to decrease further peptide hydrophobicity and

amphipathicity. In contrast, the same amino acid substitutions on the polar face would

have different effects on the alteration o f hydrophobicity/hydrophilicity and

amphipathicity, since the native amino acid residue is serine on the polar face o f V6gi. As

a result, on the polar face, leucine, valine and alanine were used to increase peptide

hydrophobicity as well as decrease the amphipathicity o f V68i, while lysine was selected

to increase peptide hydrophilicity and amphipathicity. In previous studies, Kondejewski

et al. (Kondejewski et al., 1999; Mclnnes et al., 2000) and Lee et al. (Lee et al., 2004)

successfully utilized D-amino acid substitutions to dissociate the antimicrobial activity
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and hemolytic activity o f gramicidin S analogs. In the present study, D-enantiomers o f

the five L-amino acid residues were also incorporated at the same positions on the non

polar/polar face o f Vesi to change not only peptide hydrophobicity/hydrophilicity and 

amphipathicity but, more importantly, disrupt peptide helical structure. Since glycine 

does not exhibit optical activity and has no side-chain, the Gly-substituted analog was 

used as a reference for diastereomeric peptide pairs.

Since all peptide analogs were made based on a single amino acid substitution in 

either the polar or nonpolar faces o f V ^ i, peptides were divided into two categories, N- 

peptides (nonpolar face substitutions) and P-peptides (polar face substitutions). Each 

peptide was named after the substituting amino acid residue, e.g., the peptide analog with 

L-leucine substitution on the nonpolar face o f V68i is called N L l . It is important to note 

that since the L-valine o f the non-polar face and L-serine o f the polar face are the original 

amino acid residues in the V68i sequence (Figure IX -1), peptide analogs N V l and PSl are 

the same peptide as V ^ i.

A control peptide (peptide C) designed to exhibit negligible secondary structure,

i.e., a random coil, was employed as a standard peptide for temperature profiling during 

RP-HPLC to monitor peptide dimerization. As shown in the previous study (Mant et al., 

2003a), this 18-residue peptide, with the sequence of Ac-ELEKGGLEGEKGGKELEK- 

amide, clearly exhibited negligible secondary structure, even in the presence o f the strong 

a-helix inducing properties o f 50% trifluoroethanol (TFE) and at the low temperature o f 

5°C([0 ] 222 = -3,95O).
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IX-4-2 Structure o f  peptide diastereomers

To determine the secondary structure o f peptides in different environments, 

circular dichroism (CD) spectra o f the peptide analogs were measured under 

physiologically related pH and ionic strength (100 mM KC1, 50 mM aq. PO4, pH 7 

referred to as benign conditions) and also in 50% TFE to mimic the hydrophobic 

environment o f the membrane. The native peptide, V 6g], exhibited low a-helical content 

in benign conditions, i.e., [8)222 o f -12,900 compared to -27,300 in 50% TFE, an increase 

in a-helical content from 45% to 94%, respectively (Table IX-1). From Table IX -1, in 

benign conditions, D-amino acid substituted peptides generally exhibited considerably 

less a-helical structure compared to their L-diastereomers. The negligible secondary 

structure characteristics o f the D-peptides underlines the helix-disrupting properties o f a 

single D-amino acid substitution, as demonstrated in our previous model a-helical 

peptide study (Chen et al., 2002). On the non-polar face, the native L-Val residue was 

critical in maintaining a-helical structure. Substitution o f L-Val with less hydrophobic 

amino acids (L-Ala, Gly, L-Ser and L-Lys) dramatically decreased the a-helical structure 

(NVl, [8)222 o f -12,900 to values ranging from -1,300 to -3,450 for NSl, NK l, NG and 

NAl ) (Table IX-1). Even the substitution with L-Ala, which is known to have the highest 

a-helical propensity o f all 20 amino acids (Zhou et al., 1994b), could not stabilize the a- 

helical structure. This shows the importance o f hydrophobicity on the non-polar face in 

maintaining the a-helical structure. In contrast, substitution with a more hydrophobic 

amino acid (L-Leu for L-Val) on the non-polar face significantly increased a-helical 

structure ([8)222 for peptide N L l o f -20,608 compared to peptide N V l o f -12,900). It is 

noteworthy that, on the non-polar face, the magnitude o f the helical content o f L-peptides
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in benign buffer was related to the hydrophobicity o f the substituting amino acids, i.e.,

NLl>NVl>NAl>NSl, NKl, again showing the importance o f hydrophobicity on the non

polar face in maintaining the a-helical structure. Due to their helix-disruptive ability, on 

the non-polar face, the D-amino acid substitutions D-Val and D-Leu dramatically 

decreased a-helical structure in benign medium compared to their L-counterparts. 

However, whether L- or D-substitutions were made on the non-polar face, high helical 

structure could be induced by the hydrophobic environment o f 50% TFE, a mimic of the 

membrane’s hydrophobicity and a-helix inducing ability (Table IX -1). From Table IX-1, 

it is clear that, although D-amino acid substituted peptides were strongly induced into 

helical structure in 50% TFE, they were still generally less helical than the L- 

diastereomers, indicating that D-substitutions were still destabilizing o f a-helical 

structure compared to their L-diastereomers in a hydrophobic environment.

In this study, the L-substitutions on the polar face in benign medium had 

dramatically different effects on a-helical structure than the same substitutions on the 

non-polar face. For example, N L l ([0]222 o f -20,600) differed from PLl ([0]:22 -10,850), 

indicating that Leu stabilized a-helical structure on the non-polar face and destabilized a- 

helical structure on the polar face. Similarly, Val destabilized to a-helical structure on the 

polar face; on the other hand, Ala and Ser destabilized helical structure on the non-polar 

face, whilst, Ala and Ser stabilized a-helical structure when substituted in the polar face, 

compared to the other amino acid substitutions. Taken together, even though Ala had the 

highest a-helical propensity o f all amino acids (Zhou et al., 1994b), its a-helical 

propensity could not overcome the need for hydrophobicity on the non-polar face ([6)222 

for peptides NA l, -3,450 and N Ll, -20,600); whereas, on the polar face, peptide PAl
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exhibited high helical structure in benign ([9]222 -13,600) in contrast to peptide PLl

([0)222 -10,850) (Table IX-1). It is noteworthy that Val and Leu substitutions on the polar 

face decreased the amphipathicity o f the helix as well as increased the hydrophobicity; 

however, the lower helical content compared with the native PSl indicated that there 

should be a balance o f amphipathicity and hydrophobicity to enhance the helical content. 

Similar to the substitutions on the non-polar face, all D-amino acid substitutions on the 

polar face were destabilizing to a-helical structure in benign medium; however, high 

helical structure could be induced by adding 50% TFE. As shown in Table IX-1, non

polar face substitutions exhibited a greater range o f molar ellipticity values in benign 

conditions than polar face analogs, demonstrating that the amino acid residues on the 

non-polar face o f the helix played a more important role in peptide secondaty structure 

than those on the polar face. As expected, Gly was destabilizing to a-lielical structure 

whether on the non-polar or polar face due to its low a-heiical propensity (Zhou et al., 

1994b).

Figure IX-2 shows the CD spectra o f the most and the least hydrophobic 

substitutions on the non-polar face. In benign conditions, peptide NLd showed much less 

helical structure than NL|. due to the helix-destabilizing ability o f the D-amino acid; 

whilst, in 50% TFE, both peptides could be induced to a fully helical structure (Figure 

IX-2, Panel A). In contrast, in benign condition, peptides NK[, and NKd were random 

coils, due to the combined effects o f decreasing hydrophobicity and amphipathicity by 

replacing the native L-Val to D-/L-Lys on the non-polar face; again, in 50% TFE, both of 

them were induced into highly helical structures, albeit that peptide NKl demonstrated 

slightly more helical content than peptide NKd.
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Figure IX-2 Circular dichroism (CD) spectra o f peptides NLd and N L l (panel 
A) and peptides NKd and N K l (panel B) at pH 7 and 25°C, in 50mM aq. PO4 

containing lOOmM KCl. In both Panel A and Panel B, solid symbols represent 
the CD spectra of peptide analogs in benign buffer without TFE, whilst open 
symbols represent CD spectra obtained in the presence o f 50%TFE. The symbols 
used are: in Panel A, circle for NLd and square for NL|.; in Panel B, diamond for 
NKd and triangle for NKl-
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Table IX-1 Circular dichroism data o f  V68i peptide analogs_____________________________
P eptid esa Benignb 50% TFEd

v  C V C V P V C
A l  A d  A l  A d

%  h e l ix  c l»l222 %  h e l ix  c [01222 %  h e l ix  c [01222 %  h e l ix

N L - 2 0 ,6 0 0 71 - 7 ,3 5 0 25 - 2 8 ,2 5 0 98 - 2 5 ,7 5 0 89
N V f - 1 2 ,9 0 0 45 - 2 ,8 0 0 10 - 2 7 ,3 0 0 94 - 2 6 ,0 0 0 9 0
N A - 3 ,4 5 0 12 - 2 ,8 5 0 10 - 2 8 ,9 5 0 100 - 2 4 ,6 5 0 85
N S -1 ,3 0 0 4 - 1 ,7 0 0 6 - 2 7 ,5 5 0 95 - 2 2 ,2 0 0 7 7
N K - 1 ,4 5 0 5 - 2 ,0 0 0 7 - 2 6 ,2 5 0 91 - 2 3 ,6 0 0 82

N G - 2 ,2 5 0 8 - 2 4 ,3 5 0 84

PL - 1 0 ,8 5 0 37 - 2 ,9 5 0 10 - 2 8 ,5 5 0 99 - 2 6 ,1 0 0 90
P A -1 3 ,6 0 0 4 7 - 3 ,0 5 0 11 - 2 7 ,6 0 0 95 - 2 7 ,3 0 0 94
P S f -1 2 ,9 0 0 4 5 - 2 ,8 0 0 10 - 2 7 ,3 0 0 94 - 2 6 ,0 0 0 90
P V - 7 ,5 5 0 2 6 - 2 ,4 0 0 8 - 2 3 ,0 5 0 80 - 2 0 ,8 0 0 72
P K - 5 ,9 5 0 21 - 2 ,5 0 0 9 - 2 7 ,3 5 0 94 - 2 7 ,8 0 0 96

PG - 4 ,5 5 0 16 - 2 5 ,9 5 0 90

Peptides are ordered by relati ve hydrophobicity to the native analog V 68, at 5 °C. N denotes non-polar face; P denotes polar face
(Figure IX -1 )

b. The mean residue molar e llip tic ities, [0 ]222 (deg.cin2.dm orl ) at wavelength 222nm were measured at 25 °C in benign buffer 
(lOOmM KCI, 50mM P 04 pH 7.0).

c. The helical content (in percentage) o f a peptide relative to the molar e llip tic ity  value o f the peptide N A L in 50% trifluoroethanol
(TFE).

d. The mean residue molar e llip tic ities (deg.cnP.dm ol1) at wavelength 222nm were measured at 25 °C in the benign buffer diluted
1:1 (v /v) w ith trifluoroethanol (TFE).

^  e. X L and X D denote the L - and D-substitutions, respectively.
^  f. N V l and PSl are the same peptide, which is the native peptide V68|.
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IX-4-3 Helix stability o f peptide V̂ si in a hydrophobic environment

We wanted to use temperature profiling during RP-HPLC to determine the self

association ability of the various analogs o f V68i which would occur through interaction 

of the non-polar faces o f these amphipathic a-helices. Using model amphipathic a- 

helical peptides with all 20  amino acid substitutions in the center o f the non-polar face, 

we showed previously that the model amphipathic peptides were maximally induced into 

an a-helical structure in 40% TFE and that the stability o f the a-helix during temperature 

denaturation was dependent on the substitution (Chen et al., 2002). In order to investigate 

the stability o f V ^ i in a hydrophobic environment, we carried out a temperature 

denaturation study in solution, as monitored by circular dichroism spectroscopy. We used 

50% aqueous TFE in 0.05% TFA to mimic the hydrophobic conditions in the reversed- 

phase column since the hydrophobic environment o f a reversed-phase column 

(hydrophobic stationary phase and the hydrophobic organic solvent in the mobile phase) 

could induce a-helical structure in a similar manner to TFE. Figure IX-3, panel A shows 

the change o f V6gi helical conformation over the temperature range from 5 °C to 80 °C in 

the hydrophobic medium. At 5 °C, 50% TFE induced full a-helical structure o f V6si- 

During the temperature denaturation the helical content o f V68] decreased with increasing 

temperature and even at 80 °C V6gi remained significantly a-helical. Figure IX-3, panel 

B shows the stability profile o f V()8| with a transition temperature Tm o f 79.3 °C, where 

Tm is defined as the temperature when 50% o f a-helical structure is denatured compared 

with the fully folded conformation o f the peptide in 50% TFE at 5 °C. These data support 

the view, that during temperature profiling in RP-HPLC, the peptides are fully helical at 

low temperatures such as 5 °C and can remain at least partially a-helical at 80 °C in
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Figure IX-3 CD Temperature denaturation of peptide V ŝi- Panel A: the experiment 
was carried out in 0.05% aq. TFA (pH 2) in the presence of 50% TFE. CD spectra at 
different temperatures are shown as different lines in the figure; Panel B: stability plot 
of peptide V68i during CD temperature denaturation.
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solution during partitioning in RP-HPLC. In addition, due to their hydrophobic preferred

binding domains, the peptides w ill remain a-helical when bound to the hydrophobic

matrix. Overall, these results suggest that Vf,8i is a very stable a-helical peptide in a

hydrophobic environment, whether it is in solution (such as 50% TFE), under the

conditions of RP-HPLC or in the hydrophobic environment o f the membrane.

IX-4-4 Effect o f L-/D-amino acid substitutions on RP-HPLC retention behavior o f

peptides

It is well documented that the formation of a hydrophobic binding domain due to 

peptide secondary structure can affect peptide interactions with reversed-phase matrices, 

this effect having been observed especially for amphipathic a-helical peptides (Chen et 

al., 2002; Mant et al., 1993; Mant et al., 2002b; Mant et al., 2002c; Zhou et al., 1990). 

Indeed, Zhou et al. (Zhou et al., 1990) clearly demonstrated that, because o f this 

preferred binding domain, amphipathic a-helical peptides are considerably more 

retentive than non-amphipathic peptides o f the same amino acid composition. In addition, 

the chromatography conditions characteristic o f RP-HPLC (hydrophobic stationary 

phase, nonpolar eluting solvent) are able to induce and stabilize helical structure in 

potentially helical polypeptides (Blondelle et al., 1995; Purcell et al., 1995c; Zhou et al., 

1990) in a manner similar to that o f the helix-inducing solvent TFE. From Figure IX-1, it 

can be seen that the substitution site at position 13, in the center o f the nonpolar face of 

the helix, ensures a maximal effect on the intimate interaction o f the substituting side- 

chain with the reversed-phase stationary phase; thus, any differences in effective 

hydrophobicity via amino acid substitutions in the preferred binding domain can be 

readily monitored through consequent differences in RP-HPLC retention time. The
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retention time data for the peptides is shown in Table IX-2 which records retention times

at 5 °C, the maximal retention times and retention times at 80 °C during the temperature

profiling. Temperatures o f 5 °C and 80 °C were the lower and upper temperature limits o f

temperature profiling in RP-HPLC, representing dimerization o f the peptides at 5 °C and

the monomerization o f peptides at 80 °C due to dissociation o f the dimers. The maximal

retention times represent the threshold points at which peptides transform from dimeric to

monomeric fonn. The retention profiles from 5-80 °C are shown in Figure IX-4. Among

the non-polar face substituted peptides, peptides with more hydrophobic substitutions

(whether L- or D-amino acid substitutions) were more retained during RP-HPLC, i.e.,

peptides were eluted in the order o f Lys, Gly, Ser, Ala, Val and Leu (Table IX-2). In

addition, on the non-polar face, the L-analogs were always more retained than the D-

diastereomers (Table IX-2, Figure IX-4). Since the aforementioned preferred binding

domain o f amphipathic helices is actually the non-polar face o f the helix, D-peptides had

a smaller preferred binding domain compared with L-diastereomers, due to the helix

disruptive ability o f D-amino acids, resulting in lower retention times during RP-HPLC.

In contrast, on the polar face, the elution order o f peptides was not correlated with the

order o f amino acid side-chain hydrophobicity, e.g., PAi, and PSl were more retained

than PVl (Table IX-2); PSd was the most retained peptide among the D-amino acid

substituted analogs on the polar face (Table IX-2). Indeed, on the polar face, peptides PLl

and PAl, with the replacement o f L-Ser by L-Leu or L-Ala, had increased overall

hydrophobicity as revealed by higher retention times compared with V 68i. Although

amino acid L-Val is much more hydrophobic than L-Ser, the observation that peptide

PVl was less retained than the native peptide Vgsi (with L-Ser at position 11 of the polar
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Table IX-2 Relative hydrophobicity and association ability o f  peptide 
analogs during RP-HPLC temperature profiling___________________________

Peptidesa /R (m in )b A / r  (X-NVl ) (m in )c Pa (m in )d

Non-polare 5 °C Max 80 °C 5°C 80 °C

NLl 48.16 50.45 47.02 0.06 1.19 4.22
NVL f 48.10 49.99 45.83 0 0 3.63
NAl 43.94 44.88 41.38 -4.16 -4.45 2.59
n s l 40.72 41.08 37.62 -7.38 -8.21 1.82
NKl 36.85 36.91 33.22 -11.25 -12.61 1.10

NG 39.96 40.22 36.74 -8.14 -9.09 1.64

NLd 45.10 46.37 43.03 -3.00 -2.80 3.02
NVd 42.55 43.43 40.15 -5.55 -5.68 2.63
NAd 40.49 41.01 38.00 -7.61 -7.83 2.19
NSd 37.02 37.12 34.08 -11.08 -11.75 1.46
NKd 34.05 34.05 30.96 -14.05 -14.87 1.10

Polarc a / r (X-PSl) (m in )c

PLl 48.78 51.23 47.51 0 .68 1.68 4.33
PAl 48.25 50.57 46.63 0.15 0.80 4.15
PSLf 48.10 49.99 45.83 0 0 3.63
PVL 47.83 49.93 46.18 -0.27 0.35 3.91
PKl 46.38 47.90 43.89 -1.72 -1.94 3.17

PG 45.86 47.09 43.07 -2.24 -2.76 2.82

PSD 45.47 46.60 42.59 -2.63 -3.24 2.73
PAd 45.19 46.36 42.57 -2.91 -3.26 2.82
PLd 44.73 45.85 42.14 -3.37 -3.69 2.82
PVd 42.96 43.83 40.51 -5.14 -5.32 2.54
PKd 42.20 42.87 39.29 -5.90 -6.54 2.23

C 8 22.74 _ 18.64 _ - -

a. Peptides are ordered by relative hydrophobicity to the native L-Val substituted analog on the non-polar face and L-Ser 
substituted analog on the polar face.

b. denotes the retention times at 5 °C, the maximal retention times and the retention times at 80 °C during the 
temperature profiling.

c. denotes the difference of retention time relative to that of the native peptide V6g! (NVL for the non-polar face 
substitutions and PSL for the polar face substitutions), representing the relative hydrophobicity of the peptide analogs.

d. PA denotes the association parameter of each peptide during the RP-HPLC temperature profiling, which is the 
maximal retention time difference of (Or'-Ir5 for peptide analogs) - (tR'-tR5 for control peptide C)) within the 
temperature range, and (tR'-tR5) is the retention time difference of a peptide at a specific temperature (t) compared with 
that at 5 °C,

c. denotes the amino acid substituted on cither the non-polar face (N) or the polar face (P) of the amphipathic native 
peptide V68, (see Figure IX-1).

f. NVl and PSl are the same peptide, which is the native peptide V6g,.
g. Peptide C is a random coil control used to calculate PA values, sec footnote d.

247

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter IX  Rational Design o f  Antim icrobial Peptides

face) could be attributed to the helix-disrupting characteristics o f the p-branched Val

residue (also see Table IX-1). In contrast, at 80 °C, PVl became better retained than PSl-

Due to the unfolding o f the helical structure at high temperature, the side-chain

hydrophobicity o f the substituting amino acid in the peptide plays a more important role

in the overall hydrophobicity. In a similar manner to the non-polar face substituted

peptides, peptides with D-amino acids substituted into the polar face were dramatically

less retained than their L-diastereomers. Due to the effect o f the preferred binding

domain, peptides with substitutions on the non-polar face had a greater retention time

range than those with polar face substitutions, e.g., 11.31 min for the L-peptides with

non-polar face substitutions versus 2.40 min for the L-peptides with polar face

substitutions at 5 °C, and 11.05 min versus 3.27 min for the D-peptides with non-polar or

polar face substitutions, respectively, at 5 °C (Table IX-2).

IX-4-5 Relative hydrophobicity

Elution times during RP-HPLC have frequently been utilized as a measure o f

relative hydrophobicity o f peptide analogs (Chen et al., 2002; Monera et al., 1995). In the

current study, peptide analogs differed only by a single amino acid substitution on either

the non-polar face or the polar face o f Vosi; thus, the retention time data in Table IX-2

can be considered to reflect the hydrophobicity difference between peptide analogs. In

order to more easily visualize the variation in hydrophobicity o f the peptide analogs, the

retention time data in Table IX-2 were normalized relative to that o f the native peptide

Vggi at 5 °C and 80 °C, respectively. Hydrophobicity relative to the native peptide V68]

indicates an increase or decrease o f the apparent peptide hydrophobicity with the

different amino acid substitutions on the polar or non-polar face. Again, from Table IX-2
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Figure IX-4 RP-HPLC temperature profiles o f peptide V6gi and its analogs. Conditions: RP-HPLC, narrow-bore SB-Cs column 
(150x2.1 mm ID; 5 pm particle size, 300A pore size), linear A -B  gradient (1%  acetonitrile/min) at a flow-rate o f 0.25 ml/min, 
where eluent A  is 0.05% aqueous TFA  and eluent B is 0.05% TFA  in acetonitrile. Retention data has been collected in 3 °C  
increments within the temperature range from 5 °C to 80 °C. Open symbols represent the temperature profiles o f L-amino acid 
substituted peptides on either the non-polar or polar face o f V^g) (panels A  and C); whereas solid symbols represent the temperature 
profiles o f D-amino acid substituted peptides on either the non-polar or polar face o f V 68i (panels B and D). In all panels, the 
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and Figure IX-4, for non-polar face substituted peptides, there was a wide range of

peptide hydrophobicity in the order L-Leu>L-Val>L-Ala>L-Ser>Gly>L-Lys at both 5 °C

and 80 °C. On both the non-polar and polar faces, the relative hydrophobicities of the D-

peptides was always less than their L-diastereoiners, indicating the helix-disrupting

characteristic o f D-amino acids also leads to disruption o f the preferred binding domain

o f the helices. On both non-polar and polar faces, peptides exhibited a greater retention

time range at 80 °C than at 5 °C, also indicating that, due to the unfolding o f the helical

structures at 80°C, the side-chain hydrophobicity o f the substituted amino acids played a

more essential role in determining the overall hydrophobicity o f the peptide analogs.

The hydrophobicity/hydrophilicity effects o f substitutions on the non-polar face 

relative to the native peptide Vgsi were large. For example, N V l to NAl, to NSl, and to 

N K l resulted in decreases in hydrophobicity o f -4.45, -8.21 and -12.61 min at 80 °C, 

respectively (Table IX-2 ). In fact, the same substitutions, i.e., PVl to PAl, to PSl, and to 

PKl, resulted in overall hydrophobicity changes o f the peptide by +0.45, -0.35 and -2.29 

min at 80 °C, respectively. This indicates that the polar face substitutions affected overall 

hydrophobicity o f the peptide in a minor way relative to substitutions on the non-polar 

face. In fact, the effect was of 10 times less for Ala, >20 times less for Ser and >5 times 

less for Lys.

IX-4-6 Determination o f peptide self-association parameter by RP-HPLC temperature 

profiling

Since its introduction, the technique o f RP-HPLC temperature profiling has been 

applied on several types o f molecules, including cyclic P-sheet peptides (Lee et al., 

2003b), monomeric a-helices and a-helices that dimerize (Mant et al., 2003a), as well as

250

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter IX  Rational Design o f  Antim icrobia l Peptides

a-helices that dimerize to form coiled-coils (Mant et al,, 2003b). Although peptides are

eluted from a reversed-phase column mainly by an adsorption/desorption mechanism

(Mant et al,, 1991), even a peptide strongly bound to a hydrophobic stationary phase w ill

partition between the matrix and the mobile phase when the acetonitrile content becomes

high enough during gradient elution. The proposed mechanism o f action for temperature

profiling o f a-helical peptides in RP-HPLC has been explained in detail by Mant, et al.

(Mant et al., 2003a). In summary, the mechanism is based on four assumptions: (i) at low

temperature, just as an amphipathic a-helical peptide is able to dimerize in aqueous

solution (through its hydrophobic, nonpolar face), it will dimerize in solution during

partitioning in reversed-phase chromatography; (ii) at higher temperatures, the monomer-

dimer equilibrium favors the monomer as the dimer is disrupted; (iii) at sufficiently high

temperatures, only monomer is present in solution; and (iv) peptide is always bound in its

monomeric helical form to the hydrophobic stationary phase, i.e., the dimer can only be

present in solution and disruption o f the dimer is required for rebinding to the RP-HPLC

matrix.

It is well accepted that the amphipathicity o f antimicrobial peptides is necessary 

for their mechanism of action, since the positively-charged polar face w ill help the 

molecules reach the biomembrane through electrostatic interaction with the negatively- 

charged head groups of phospholipids, and then the nonpolar face o f the peptides w ill 

allow insertion into the membrane through hydrophobic interactions, causing increased 

permeability and loss o f barrier function of target cells (Duclohier et al., 1989; Hancock 

et al., 1998). Thus, we believe that peptide self-association (i.e., the ability to dimerize) 

in aqueous solution is a very important parameter to understand antimicrobial activity. I f
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the self-association ability o f a peptide in aqueous media is too strong (forming dimers

and burying the non-polar face), it could decrease the ability o f the peptide to dissociate

and penetrate into the biomembrane and to k ill target cells.

Figure IX-4 shows the temperature profiling o f all L-/D-amino acid substituted 

peptide analogs during RP-HPLC from 5 °C and 80 °C. As mentioned above, the 

dimerization is temperature-dependent. At low temperatures, peptides exist in a dimer- 

monomer equilibrium during RP-HPLC partitioning, with the dimeric unbound state 

favored and dissociation required for rebinding; thus, the retention times are relatively 

low. With the increase o f temperature, equilibrium is shifted toward the monomeric form 

in solution due to the disruption o f the dimer. The higher solution concentration o f 

monomer during partitioning increases the on-rate for the bound state, and the retention 

time therefore increases. It should be noted that the increased temperature also introduces 

other general effects on retention time because o f lower mobile phase viscosity and a 

significant increase in mass transfer between the stationary phase and mobile phase. 

These effects decrease retention time with increasing temperature in a linear fashion, as 

shown for the random coil control peptide C (Figure IX-4). Conversely, for the dimerized 

peptides, at a given temperature dimers are disrupted and converted to monomers and the 

retention time reaches the maximal value. Above this critical temperature, one w ill 

observe a decrease in retention time with increasing temperature because o f the low 

mobile phase viscosity and increase in mass transfer. In addition, the above described 

temperature-induced conformational changes, as monitored by CD, may also have an 

impact by decreasing the retention time with increasing temperature, largely due to the 

destabilization o f peptide a-helical structure and loss o f preferred binding domain at high
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temperatures. To eliminate these general effects during RP-HPLC, the data from Figure

IX-4 were normalized relative to the temperature profile o f the random coil peptide

standard C, and normalized to the retention time at 5 °C, the latter o f which is presented

as a dotted line in Figure IX-5.

It was observed that the peptide analogs in this study showed dramatic varying 

dimerization ability in solution (Figure IX-5). The maximal values o f the change o f 

retention times (( /r- /r5 for peptide)-(/R-/R5 for C)) in Figure IX-5 were defined as the 

peptide association parameter (PA) to quantify the association ability o f peptide analogs 

in solution (Table IX-2). As seen from the data in Table IX-2, peptides with higher 

relative hydrophobicity generally showed stronger self-association ability in solution. The 

PA values o f the peptide with non-polar face substitutions were o f the same order as their 

relative hydrophobicity, indicating that the hydrophobicity on the hydrophobic face o f the 

amphipathic helix was essential during dimerization, since the dimers are formed by the 

binding together o f the non-polar faces o f two amphipathic molecules. In contrast, the 

different relationship between PA and the relative hydrophobicity o f the peptides with 

polar face substitutions demonstrated that the hydrophobicity on the polar face o f the 

helices plays a less important role in peptide association. Generally speaking, the PA 

values o f L-peptides were significantly greater than those o f their D-diastereomers, 

indicating the importance o f helical structure during dimerization (Table IX-2). In Table 

IX-2, in most cases, the peptides with polar face substitutions had greater PA values than 

the corresponding peptide analogs with the same amino acid substitutions on the non

polar face. This is exactly what one would expect since polar face substitutions have little
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Figure IX -5  Normalized RP-HPLC temperature profiles o f peptide V 68i and its analogs. Temperature profiles normalized to 
retention behavior o f random coil peptide C l. Column and conditions: see Fig. 3. The retention behavior o f the peptides was 
normalized to that o f the random coil peptide C l through the expression ( / r ' - I r 5 for peptides) minus ( / r - / r 5 for C l) ,  where ( r  are 
the retention times at a specific temperature o f an antimicrobial peptide or the random coil peptide, and ^r5 are the retention times at 
5 °C. Open symbols represent the temperature profiling o f L-amino acid substituted peptides on either the non-polar or polar face 
o f Vftgi (panels A  and C); whereas solid symbols represent D-amino acid substituted peptides on either the non-polar or polar face 
of V68i (panels B and D). In all panels, amino acids used for substitution in either the non-polar or polar face o f Vesi are Val 
(circle), Leu (square), A la (diamond), Ser (triangle), Lys (inverted triangle) and Gly (X ).
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effect on the preferred dimerization domain, whereas non-polar face substitutions would

dramatically affect the hydrophobicity and dimerization ability o f the peptide.

IX-4-7 Amphipathicity

Amphipathicity o f the L-amino acid substituted peptides was determined by the

calculation o f hydrophobic moment (Eisenberg et al., 1982) using the software package

Jemboss version 1.2.1 (Carver et a l, 2003), modified to include the hydrophobicity scale

determined in our laboratory (see Materials and Methods for details) (Table IX-3).

Peptide amphipathicity, for the non-polar face substitutions, was directly correlated with

side-chain hydrophobicity o f the substituted amino acid residue, i.e., the more

hydrophobic the residue the higher the amphipathicity (values o f 6.70 and 5.60 for NLl

and NKl, respectively); in contrast, on the polar face, peptide amphipathicity was

inversely correlated with side-chain hydrophobicity o f the substituted amino acid residue,

i.e., the more hydrophobic the residue, the lower the amphipathicity (compare PKl and

PLl with amphipathicity values of 6.62 and 5.45, respectively, Table IX-3).

The native sequence, V68) was very amphipathic with a value of 6.35. To place

this value in perspective, the sequence o f V(,gi can be shuffled to obtain an amphipathic

value o f 0.96 (KHAV1KWSIKSSVKFKISTAFKATTI) or a maximum value o f 8.10 for

the sequence o f H WSKLLKSFTKALKKFAKA1TSVVST.

The range o f amphipathicity values achieved by single substitutions on the polar

and non-polar faces varied from a low o f 5.45 for PLl to a high o f 6.70 for NLl (Table

IX-3). Even though single substitutions changed the amphipathicity, all the analogs

remained very amphipathic, e.g., even with a lysine substitution on the non-polar face,

NKl has a value o f 5.60.
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Table IX-3 Amphipathicity o f peptide analogs
P eptide A m p h ip a th ic i ty a Peptide A m p h ip a th ic i ty *

N L l 6.70 P L l 5.45

N V Lb 6.35 P V l 5.82

N A l 5.98 P A l 6.21
N G 5.85 PG 6.35

NSi. 5.85 PSLb 6.35

N K l 5.60 P K l 6.62
a. Amphipathicity was determined by the calculation of hydrophobic moment using hydrophobicity 

coefficients determined by reversed -phase chromatography (see Experimental for details).
b.Peptides NVL and PSL are the same peptide as V68|.
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IX-4-8 Relationships between peptide self-association and hydrophobicity,

amphipathicity and helicity

From Table IX-2 and Table IX-3, peptides with higher relative hydrophobicity on 

their non-polar face created higher amphipathicity and generally showed stronger self

associating ability in solution; in contrast, for peptides with polar face substitutions, 

increasing hydrophobicity lowers amphipathicity yet the peptides still strongly self

associate, which indicates that peptide amphipathicity plays a less important role in 

peptide self-association when changes in amphipathicity are created on the polar face. In 

addition, self-associating ability is correlated with the secondary structure o f peptides, 

i.e., in this study, disrupting the peptide helical structure by replacing the L-amino acid 

with its D-amino acid counterpart decreases the PA values (Table IX -1 and Table IX-2). 

IX-4-9 Hemolytic activity

The hemolytic activity o f the peptides against human erythrocytes was determined 

as a major measure o f peptide toxicity toward higher eukaryotic cells (Table IX-4). As 

mentioned before, the native peptide V 68i (also named as N V l or PSl) had strong 

hemolytic activity, with a minimal hemolytic concentration (MHC value) o f 15.6 pg/ml 

(Table IX-4). In this study, due to the alteration o f hydrophobicity, amphipathicity and 

stability, the hemolytic activity o f the best variants o f peptide V 68i was significantly 

decreased to no detectable activity, a >32 fold decrease for N K l (Table IX-6 ). Front 

Table IX-4, it is clear that, fo r the non-polar face substituted peptides, hemolytic activity 

was correlated with the side-chain hydrophobicity o f the substituting amino acid residue, 

i.e., the more hydrophobic the substituting amino acid, the more hemolytic the peptide, 

consistent with our previous study on the P-sheet antimicrobial peptide gramicidin S
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T able IX-4 A ntim icrobial (M IC) and hem olytic (M H C ) activities o f  peptide analogs against 
gram -negative bacteria and hum an red blood cells_________________________________________
Peptides M IC  1 (pg/m l) M H C c (p.g/ml) T h erap eu tic

Index d

E. co li 
UB1005 

w t'

E. co li 
DC2 
abs'

S. typhimurium  
' C587 

w t'

S. typhimurium  
C610 
abs'

P. aeruginosa 
HI 87 
w t'

P. aeruginosa 
11188 
abs'

G M h hRBC

NLl 6.4 5.0 32.0 10.1 12.7 32.0 12.7 7.8 0.6
N V Lf 7.1 4.5 20.2 5.7 6.4 20.2 8.8 15.6 1.8
N A l 2.5 2.5 6.4 2.5 5.0 6.4 3.8 31.2 8.1
NG 2.5 2.5 5.0 2.5 6.4 10.1 4.1 125.0 30.2
N Sl 2.5 2.5 6.4 2.0 6.4 10.1 4.2 125.0 30.1

1 MK,« 2.5 1.6 4.0 1.3 8.0 5.0 3.1 >250.0 163.0 I
n l d 3.2 2.5 16.0 3.2 6.4 10.1 5.5 7.8 1.4
n v d 2.5 1.6 5.0 2.0 4.0 8.0 3.3 62.5 19.0

1 NAn“ 1.6 2.0 5.0 2.0 4.0 10.1 3.3 250.0 7 5 .7 |
n s d 3.2 2.0 12.7 2.0 18.3 20.2 6.3 >250.0 79.9
n k d 3.2 2.5 32.0 1.0 32.0 25.4 7.7 >250.0 65.0

PLl 16.0 5.0 32.0 12.7 20.2 32.0 16.6 4.0 0.2
PV l 6.4 4.0 32.0 5.0 10.1 20.2 9.7 7.8 0.8
p a l 6.4 4.0 20.2 4.0 10.1 16.0 8.3 15.6 1.9
PG 5.0 2.5 12.7 3.2 4.0 10.1 5.2 7.8 1.5
PSLf 7.1 4.5 20.2 5.7 6.4 20.2 8.8 15.6 1.8
p k l 10.1 4.0 25.4 8.0 25.4 32.0 13.7 4.0 0.3

p l d 5.0 2.5 10.1 3.2 4.0 10.1 5.0 31.2 6.2
p v d 5.0 2.5 10.1 4.0 6.4 16.0 6.1 125.0 20.5

p a d 4.0 2.5 8.0 2.0 5.0 8.0 4.3 15.6 3.6
PSD 2.5 1.6 5.0 1.6 2.0 10.1 2.9 15.6 5.3
PKn 3.2 1.6 3.2 1.6 2.0 6.4 2.6 31.2 11.8

a. Antim icrobial activity (minimal inhibitory concentration) is given as the geometric mean o f three sets o f  determinations.
b. G M  denotes the geometric mean o f  MIC values from all 6 microbial strains in this table.
c. Hemolytic activity (minimal hemolytic concentration) was determined on human red blood cells (hRBC). W hen  no  d e tec tab le  h em o ly tic  ac tiv ity  w as

o b se rv e d  a t 2 5 0  |ig /m l, a  v a lu e  o f  500 pg/ml was used for calculation o f  the therapeutic index.
d. Therapeutic index = MHC (pg/m l)/ geometric mean o f  MIC (pg/m l). Larger values indicate greater antimicrobial specificity.
e. wt denotes the wild type strain and abs denotes the antibiotics sensitive strain.
f. N V l and PSL are the same peptide, which is the native peptide V68l.
g. The boxed results show the two best peptides with broad spectrum activity in terms o f  the therapeutic index against both Gram-negative and G ram -positive 

bacteria.
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(Kondejewski et a l., 2002). For example, the MHC o f peptide N L l was 7.8 pg/ml; in

contrast, the MHC was decreased, parallel with the reduction o f hydrophobicity, to an

undetectable level for peptide NKl. Peptide hydrophobicity and amphipathicity on the

non-polar face were also correlated with peptide self-associating ability, thus peptides

with less self-association in benign conditions also exhibited less hemolytic activity

against eukaryotic cells. In contrast, for polar face substituted peptides, the relationships

between self-association, hydrophobicity/amphipathicity and hemolytic activity were less

clear. O f course, the hydrophobic non-polar face remained very similar when L-

substitutions were made on the polar face; thus, dimerization and hydrophobicity o f the

non-polar face would be less affected and hemolytic activity would remain relatively

strong.

In addition to hydrophobicity/amphipathicity, peptide helicity seemed to have an 

additional effect on hemolytic activity. In general, on both the non-polar and polar faces, 

D-amino acid substituted peptides were less hemolytic than their L-diastereomers. For 

example, N A l had a MHC value o f 31.2 pg/ml compared to NAd with a value o f 250 

pg/ml, an 8 -fold decrease in hemolytic activity (Table IX-4). This phenomenon generally 

correlated with peptide self-associating ability, since D-diastereomeric analogs exhibited 

weaker self-associating ability than L-analogs (Table IX-2). Additionally, D-substitutions 

disrupt helicity which, in turn, disrupts hydrophobicity o f the non-polar face. This result 

was also consistent with the data o f Shai and coworkers (Oren et al., 1997b; Shai et al., 

1996), who demonstrated that, through multiple D-amino acid substitutions, the helicity 

o f peptides is substantially reduced leading to decreased hemolytic activity. Thus, peptide
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structure is important in the cytotoxicity towards mammalian cells although these

disturbed helices can still maintain antibacterial activity.

In the present study, peptide analogs with non-polar face substitutions exhibited a 

greater range o f hemolytic activity (7.8 pg/ml to not detectable) than the polar face 

substitutions (4 to 125 fig/nil), again indicating that the non-polar face o f the helix may 

play a more essential role during the interaction with the biomembrane o f normal cells 

(Table IX-4). As expected, the peptides with the polar face substitutions showed stronger 

hemolytic activity than the peptides with the same amino acid substitutions on the non

polar face, which may be attributed to the different magnitude of the hydrophobicity 

change by the same amino acid substitutions on different sides of the amphipathic helix. 

Interestingly, in this study, all polar face substituted peptides except P L d , PVd and P K d 

showed stronger hemolysis o f erythrocytes than V6bi; in contrast, on the non-polar face, 

only peptides NLd and N L l were more hemolytic than Vcsi (Table IX-4).

IX-4-10 Antimicrobial activity against gram-negative microorganisms

The antimicrobial activity o f the peptides with either non-polar face or polar face 

amino acid substitutions against a range o f Gram-negative microorganisms is shown in 

Table IX-4. The geometric mean MIC values from 6 microbial strains in this table were 

calculated to provide an overall evaluation of antimicrobial activity against Gram- 

negative bacteria. It is apparent that many peptide analogs showed considerable 

improvement in antimicrobial activity against Gram-negative bacteria over the native 

peptide V68i, as much as 3.4-fold (Table IX-6 ).

For Gram-negative bacteria, disruption o f peptide helicity seemed to outweigh 

other factors in the improvement o f antimicrobial activity; i.e., in most cases, the peptides
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with D-amino acid substitutions showed better antimicrobial activity than L-

diastereomers. The exceptions were peptides N S d  and N K d . The reason for the weaker

activity o f peptides N S d and N K d compared to N S l and N K l , respectively was possibly

the combined effects o f the destabilization o f the helix, the decrease o f hydrophobicity on

the non-polar face and the disruption o f amphipathicity, highlighting the importance of

maintaining a certain magnitude o f hydrophobicity and amphipathicity on the non-polar

face o f the helix for biological activity, i.e., perhaps there is a combined threshold of

helicity and hydrophobicity/amphipathicity required for biological activity o f a-helical

antimicrobial peptides. In this study, peptide self-associating ability (relative

hydrophobicity) seemed to have no general relationship to MIC; however, interestingly,

for peptides with L-hydrophobic amino acid substitutions (Leu, Val and Ala) in the polar

and non-polar faces, the less hydrophobic the substituting amino acid, the more active the

peptide against Gram-negative bacteria (Table IX-4).

IX-4-11 Antimicrobial activity against gram-positive microorganisms

Table IX-5 shows the antimicrobial activity o f the peptides against Gram-positive

microorganisms. By introducing D-/L-amino acid substitutions, we improved the

antimicrobial activity o f peptide Vgsi against Gram-positive bacteria by as much as 2.7-

fold (mean MIC values for Vggi were 6.3 pg/ml compared to 2.3 pg/ml for PSd, Table

IX-6 ). Compared with peptide V68i, most o f the peptide analogs with increased

antimicrobial activity against Gram-positive microorganisms were D-amino acid

substituted peptides (7 D-peptides versus 1 L-peptide, Table IX-5). It was surprising to

observe that peptides with polar face substitutions showed an overall greater

improvement in MIC than those with non-polar face substitutions. Generally speaking,
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T a b le  IX -5  A n tim icrob ia l (M IC ) and  hem o ly tic  (M H C ) ac tiv ities o f  p ep tid e  analogs
ag a in s t g ram -p o sitiv e  b ac teria  and  h u m an  red  b lood  cells
Peptides M IC * (pg/m i) M H C  c (pg/m l) T h erap eu tic  

Index d

S. aureus 
25923 wt*

S. aureus 
SAP0017 m ethR '

S. epidermidis 
C621 wt*

B. subtilis  
C971 wt*

E. faecalis  
C625 wt*

C. xerosis 
C875 w t'

G .\fb hRBC

N L l 32.0 25.4 8.0 3.2 32.0 2.5 10.9 7.8 0.7
NV f 16.0 9.0 5.0 2.2 16.0 2.5 6.3 15.6 2.5
n a l 8.0 5.0 3.2 2.0 16.0 2.0 4.5 31.2 6.9
NG 25.4 10.1 3.2 2.0 50.8 2.0 7.4 125.0 16.8
n s l 16.0 12.7 4.0 2.5 50.8 1.6 7.4 125.0 16.9

1 N K ,8 64.0 64.0 5.0 1.6 64.0 1.3 11.8 >250.0 42.3 1
n l d 5.0 4.0 2.5 2.5 6.4 1.6 3.3 7.8 2.4
n v d 4.0 3.2 1.6 1.3 12.7 1.3 2.8 62.5 22.7

1 NAn8 8.0 5.0 2.0 1.6 32.0 1.6 4.3 250.0 57.8 1
n s d 64.0 64.0 12.7 2.5 64.0 2.0 16.0 >250.0 31.3
n k d 64.0 64.0 25.4 3.2 64.0 2.0 18.7 >250.0 26.8

PLl 32.0 32.0 16.0 5.0 50.8 2.5 14.8 4.0 0.3
p v l 16.0 12.7 8.0 2.5 20.2 1.3 6.9 7.8 1.1
PA l 16.0 12.7 4.0 2.5 20.2 2.0 6.6 15.6 2.4
PG 8.0 5.0 4.0 2.0 12.7 2.0 4.5 7.8 1.7
PSLf 16.0 9.0 5.0 2.2 16.0 2.5 6.3 15.6 2.5
PKl 32.0 16.0 6.4 3.2 32.0 4.0 10.5 4.0 0.4
p l d 8.0 5.0 4.0 2.0 16.0 2.0 4.7 31.2 6.7
p v d 16.0 8.0 4.0 2.5 32.0 2.0 6.6 125.0 19.0
P A q 6.4 5.0 2.5 2.0 12.7 1.6 3.8 15.6 4.1
PSd 4.0 2.5 2.0 1.3 6.4 1.0 2.3 15.6 6.7
PKn 4.0 2.5 2.0 2.0 12.7 1.0 2.8 31.2 11.0

a. Antim icrobial activity (minimal inhibitory concentration) is given as the geometric mean o f three sets o f determinations.
b. G M  denotes the geometric mean o f  MIC values from all 6 microbial strains in this table.
c. Hemolytic activity (minimal hemolytic concentration) was determined on human red blood cells (hRBC). When no detectable hemolytic activ ity was

observed at 250 pg/ml, a value o f 500 gg/ml was used for calculation o f the therapeutic index.
d. Therapeutic index = MHC (gg/m l)/geom etric mean MIC (gg/m l). Larger values indicate greater antimicrobial specificity.
e. wt denotes the wild type strain and methR denotes the m ethicillin-resistent strain,
e. N V l and PSL are the same peptide, which is the native peptide V6S,.

to  g. The boxed results show the two best peptides with broad spectrum activity in terms o f  the therapeutic index against both Gram-negative and Gram-positive 
So bacteria.
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T able IX -6  Effect o f  amino acid substitutions on the biological activity o f  V 68ia

Peptide _____________ G ram -negative________________   G ram -positive

M IC  b Fold ' T herapeu tic Fold e M H C  d Fold ' M IC  b Fold ' Therapeutic Fold
(Pg/m l) in d e x c (pg /m l) (pg/m l) in d e x c

V6SI 8.8 1.0 1.8 1.0 15.6 1.0 6.3 1.0 2.5 1.0
n a l 3.8 2.3 8.1 4.5 31.2 2.0 4.5 1.4 6.9 2.8
NG 4.1 2.1 30.2 16.8 125.0 8.0 7.4 0.9 16.8 6.7
NS, 4.2 2.1 30.1 16.7 125.0 8.0 7.4 0.9 16.9 6.8
N K j 3.1 2.8 163.0 90.6 >250.0 32.1 11.8 0.5 42.3 16.9
N V n 3.3 2.7 19.0 10.6 62.5 4.0 2.8 2.3 22.7 9.1
N A d‘ 3.3 2.7 75.7 42.1 250.0 16.0 4.3 1.5 57.8 23.1
n s d 6.3 1.4 79.9 44.4 >250.0 32.1 16.0 0.4 31.3 12.5
N K d 7.7 1.1 65.0 36.1 >250.0 32.1 18.7 0.3 26.8 10.7
PLd 5.0 1.8 6.2 3.4 31.2 2.0 4.7 1.3 6.7 2.7
PVd 6.1 1.4 20.5 11.4 125.0 8.0 6.6 1.0 19.0 7.6
PAd 4.3 2.0 3.6 2.0 15.6 1.0 3.8 1.7 4.1 1.6
PSd 2.9 3.0 5.3 2.9 15.6 1.0 2.3 2.7 6.7 2.7
p k d 2.6 3.4 11.8 6.6 31.2 2.0 2.8 2.3 11.0 4.4

a. O nly the peptide analogs w ith  a therapeutic index greater than V 65, are included in this table.
b. A ntim icrobial activity (m inim al inhibitory concentration) was given as the geom etric m ean data o f  Tables IX-4 & IX-5.
c. Therapeutic index = MHC (in pg/m l )/M IC (in pg/m l ). Larger values indicate greater antim icrobial specificity.
d. H em olytic activity (m inim al hem olytic concentration) w as determ ined on hum an red blood cells (hRBC). W hen no detectable hem olytic activity' 

was observed at 250 pg/m l, a value o f  500 pg/m l w as used for calculation o f  the therapeutic index and fold increased.
e. denotes the fold im provem ent in activity com pared with the corresponding data o f  the native peptide V681.
f. The boxed results show  the two best peptides w ith broad spectrum  activity in term s o f  the therapeutic index against both G ram -negative and G ram - 

positive bacteria.
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Chapter IX  Rational Design o f Antimicrobial Peptides 

increasing the hydrophobicity o f the native peptide V6gi by amino acid substitutions at

either the polar or the non-polar face weakened the antimicrobial activity against Gram- 

positive bacteria, e.g., peptides N L l and PLl (Table IX-5). Amino acid substitutions of 

D-Ser and D-Lys on the non-polar face significantly weakened the activity, in a similar 

manner to the anti-Gram-negative activity, indicating again the importance of 

maintaining a certain magnitude o f helicity, hydrophobicity/amphipathicity on the non

polar face of the helix for peptide Gram-positive antimicrobial activity.

1X-4-12 Therapeutic index

Therapeutic index is a widely employed parameter to represent the specificity of 

antimicrobial reagents. It is calculated by the ratio o f MHC (hemolytic activity) and MIC 

(antimicrobial activity); thus, larger values in therapeutic index indicate greater 

antimicrobial specificity. As mentioned above, the native peptide V6gl is a peptide with 

good antimicrobial activity coupled with strong hemolytic activity; hence, its therapeutic 

index is low ( 1.8 and 2.5 for Gram-negative and Gram-positive bacteria, respectively, 

Table 1X-6) and comparable to general toxins like melittin. In this study, by altering 

peptide hydrophobicity/hydrophilicity, amphipathicity and helicity, we significantly 

increased the therapeutic index o f peptide V68i against Gram-negative bacteria by 90-fold 

(Table IX-6 ) and Grain-positive bacteria by 23-fold (Table 1X-6). As indicated in Tables 

IX-4 and IX-5, there was a greater range o f therapeutic indices for peptides with the non

polar face substitutions compared with the polar face substitutions, which was consistent 

with peptide self-association studies, indicating that the non-polar face of the helix may 

play a more important role in the mechanism o f action.
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Table IX-6 summarizes the data for these peptide analogs with improved

therapeutic index values relative to the native peptide Vesi- From Table IX-1 and Table

IX-6 , it is clear that all peptides with improved therapeutic indices are those showing less

stable helical structure in benign medium (either the D-amino acid substituted peptides or

the hydrophilic amino acid substituted peptides on the non-polar face). The two peptides

with the best therapeutic indices among all the analogs were NKl with a 90-fold and 17-

fold improvement and NAD with a 42-fold and 23-fold improvement compared with V 68i

against all the tested Gram-negative and Gram-positive microorganisms, respectively. It

is noteworthy that the hemolytic activity o f these two peptides was extremely weak; in

addition, peptides NKl exhibited improved antimicrobial activity compared to peptide

V6gi against Gram-negative bacteria and NAD exhibited improved antimicrobial activity

against Gram-negative and Gram-positive bacteria (Table IX-6 ).

IX-4-13 Proposed mechanism o f action o f antimicrobial peptides in biomembranes

The exact mechanism of action o f cationic amphipathic antimicrobial peptides is

not well understood (Blondelle et al., 1999; Hancock et al., 2002; Matsuzaki, 1999; Shai,

1999; Sitaram et al., 1999; Zhang et al., 2001), since their lethal action could be from

membrane disruption solely or from translocation through the membrane to target

receptors inside the cell. We believe that the main target for the peptides with the desired

biological activities in this study is the cytoplasmic membrane. Many models have been

proposed on how these peptides interact with the membrane. For example, the peptide

may form transmembrane channels/pores by bundles o f amphipathic a-hclices, as their

hydrophobic surfaces interact with the lipid core o f the membrane and the hydrophilic

surfaces point inward, producing an aqueous pore (“ barrel-stave” mechanism)
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(Ehrenstein et al., 1977); or the peptides lie at the interface parallel with the membrane

allowing their hydrophobic surface to interact with the hydrophobic component o f the

lipid and the positive charge residues can still interact with the negatively-charged

headgroups o f the phospholipid (“carpet”  mechanism) (Pouny et al., 1992). In support of

interface model is the NMR study o f the amphipathic cyclic (I-sheet antimicrobial peptide

of gramicidin S (Salgado et al., 2001). In the latter model the peptides are not in the

hydrophobic core o f the membrane, and neither do they assemble the aqueous pore with

their hydrophilic faces. Neither o f these mechanisms alone can fully explain the data in

this study. For example, the hemolytic activity is correlated to the peptide hydrophobicity

and amphipathicity on the non-polar face, which may be consistent with the “ barrel-

stave”  mechanism, i.e., peptides interact with the hydrophobic core o f the membrane by

their non-polar face to form pores/channels. In contrast, the antimicrobial activity is not

correlated with peptide hydrophobicity/amphipathicity, showing that the “ barrel-stave”

mechanism may not be suitable to explain the mechanism o f antimicrobial action. Indeed,

the “ carpet”  mechanism may best explain the interaction between the peptides and the

bacterial membrane. Based on the above observations, we propose that both mechanisms

are in operation for the peptides used in this study, i.e., the mechanism depends upon the

difference in membrane composition between prokaryotic and eukaryotic cells. I f  the

peptides form pores/channels in the hydrophobic core o f the eukaryotic bilayer, they

would cause the hemolysis o f human red blood cells; in contrast, for prokaryotic cells, the

peptides lyse cells in a detergent-like mechanism as described in the “ carpet”  mechanism.

Indeed, it is known that the extent o f interaction between peptide and 

biomembrane is dependent on the composition o f lipid bilayer. For example, Liu, et al.
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(Liu et a l., 2002a; Liu et a l., 2004a; Liu et a l., 2004b) utilized a polyleucine-based a-

helical transmembrane peptide to demonstrate that the peptide reduced the phase

transition temperature to a greater extent in phosphatidylethanolamine (PE) bilayers than

in phosphatidylcholine (PC) or phosphatidylglycerol (PG) bilayers, indicating a greater

disruption o f PE organization. The zwitterionic PE is the major lipid component in

prokaryotic cell membranes and PC is the major lipid component in eukaryotic cell

membranes (Daum, 1985; Devaux et al., 1985). In addition, although PE also exists in

eukaryotic membranes, due to the asymmetry in lipid distribution, PE is mainly found in

the inner leaflet o f the bilayer while PC is mainly found in the outer leaflet o f the

eukaryotic bilayer. We draw the conclusion that, in a similar fashion to the results o f

transmembrane a-helical peptides, the antimicrobial specificity o f the antimicrobial a-

helical peptides is a result o f the composition differences o f the lipid bilayer between

eukaryotic and bacterial cells.

In support o f this proposal, we have selected two examples front our study. The 

results for peptide NK[., the peptide with the highest therapeutic index against Gram- 

negative bacteria, can be explained using our combined model. For example, i f  hemolysis 

o f eukaryotic cells requires insertion o f the peptide into the hydrophobic core of the 

membrane, which depends on the composition o f the bilayer, and interaction o f the non

polar face o f the amphipathic a-helix with the hydrophobic lipid core o f the bilayers, it 

seems reasonable to assume that disruption of the hydrophobic surface with the Lys 

substitution (NKG would both disrupt dimerization o f the peptide in aqueous solution 

allowing the peptide to more easily enter the interface region and prevent penetration into 

the hydrophobic core of the membrane. Thus, the peptide is unable to cause hemolysis.
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On the other hand, i f  the mechanism for prokaryotic cells allows the interaction of

monomeric peptides with the phospholipid headgroups in the interface region, then no

insertion into the hydrophobic core o f the membrane is required for antimicrobial

activity.

In contrast, the observation that the antimicrobial activity o f peptide NLl (with 

Leu at the substitution site) was worse than that of NKl, while its hemolytic activity was 

stronger (MIC values o f 12.7 pg/ml for NLl versus 3.1 pg/ml for NKl against Gram- 

negative bacteria; hemolytic activity o f 7.8 pg/ml for NLl versus no detectable hemolytic 

activity for NKl) can also be explained by our combined model. Thus, peptide NLl has a 

fully accessible non-polar face required for insertion into the bilaycr and for interaction 

with the hydrophobic core o f the membrane to form pores/channels (“ barrel-stave” 

mechanism), while the hemolytic activity of peptide NLl is dramatically stronger than 

peptide NKl. On the other hand, due to the stronger tendency o f peptide NLl to be 

inserted into the hydrophobic core o f the membrane than peptide NKl, peptide NLl 

actually interacts less with the water/lipid interface of the bacterial membrane; hence, the 

antimicrobial activity is 4-fold weaker than the peptide NKl against Gram-negative 

bacteria. This supports the view that the “ carpet”  mechanism is essential for strong 

antimicrobial activity and i f  there is a preference by the peptide for penetration into the 

hydrophobic core o f the bilaycr, the antimicrobial activity will actually decrease.

IX-5 Conclusions

Utilizing a structure-based rational approach to antimicrobial peptide design with 

single D-/L-amino acid substitutions in the center o f peptide nonpolar/polar face, we
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were able to develop antimicrobial peptides with improved activity and specificity and

clinical potential as broad spectrum antibiotics. Systematically altering peptide

hydrophobicity/ hydrophilicity, amphipathicity and helicity, we were able to optimize the

specificity o f the native peptide V68i with significantly increased therapeutic indices of

90-fold against Gram-negative bacteria and 23-fold against Gram-positive

microorganisms, respectively. Hemolytic activity o f the peptides has been demonstrated

to have close relationships with peptide hydrophobicity, amphipathicity and helicity.

High peptide hydrophobicity, amphipathicity and helicity usually result in strong

hemolytic activity. The controlled disruption of the a-helical structure (disruption under

benign conditions and inducible in hydrophobic conditions) seems to be also related with

the strong antimicrobial activity over a variety o f Gram-negative and Gram-positive

bacterial strains. Furthermore, the technique of temperature profiling in RP-HPLC

appears to be a valuable tool to determine the self-association ability o f molecules in

solution, which, we believe, is an important property influencing the peptide biological

activity.
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CHAPTER X

Comparison of Reversed-Phase Chromatography and Hydrophilic 
Interaction/Cation-Exchange Chromatography for the Separation of 

Amphipathic a-Helical Peptides with L- And D-Amino Acid 
Substitutions in the Hydrophilic Face

A version o f this chapter has been published: Hartmann, E., Chen, Y., Mant, C. T. 
Jungbauer, A. and Hodges, R. S. (2003) J. Chromatogr. A 1009, 61-71. Only methods 
unique to this chapter are described in the Experimental section, the remaining general 
methods are described in Chapter III.

X -l Abstract

Mixed-mode hydrophilic interaction/cation-exchange chromatography 

(HILIC/CEX) is a novel high-performance technique which has excellent potential for 

peptide separations. Separations by HILIX-CEX are carried out by subjecting peptides to 

linear increasing salt gradients in the presence o f high levels o f acetonitrile, which 

promotes hydrophilic interactions overlaid on ionic interactions with the cation-exchange 

matrix. In the present study, HILIC/CEX has been compared to reversed-phase 

chromatography (RP-HPLC) for separation o f mixtures o f diastereomeric amphipathic ci- 

helical peptide analogues, where L- and d - amino acid substitutions were made in the 

centre o f the hydrophilic face o f the amphipathic a-helix. Unlike RP-HPLC, temperature 

had a substantial effect on HILIC/CEX o f the peptides, with a rise in temperature from 

25°C to 65°C increasing the retention times of the peptides as well as improving 

resolution. Our results again highlight the potential o f H1LIC-CEX as a peptide 

separation mode in its own right as well as an excellent complement to RP-HPLC.

270

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter X  Comparison o f  RP-HPLC and H ILIC /CEX

X-2 Introduction

Although reversed-phase chromatography (RP-HPLC) is generally the method o f 

choice for separation o f peptide mixtures (Mant et al., 1991; Mant et al., 2002a), this 

laboratory has previously shown mixed-mode hydrophilic interaction/cation-exchange 

chromatography (HILIC/CEX) to be an excellent complement to RP-HPLC (Litowski et 

al., 1999; Mant et al., 1996; Mant et al., 1997; Mant et al., 1998a; Mant et al., 1998b; 

Mant et al., 2000; Zhu et al., 1991; Zhu et al., 1992). Indeed, HILIC/CEX, which 

combines the most advantageous aspects o f two widely different separation mechanisms, 

i.e., a separation based on hydrophilicity/hydrophobicity differences between peptides 

overlaid on a separation based on net charge, has rivalled or even exceeded RP-HPLC for 

specific peptide mixtures (Litowski et al., 1999; Mant et al., 1997; Zhu et al., 1992). For 

example, for the separation o f two synthetic peptides and their deletion impurities (serine 

and cysteine), HILIC/CEX was clearly superior to RP-HPLC (Mant et a l,  1997). In 

another study (Litowski et al., 1999), a two-step protocol consisting o f HILIC/CEX 

followed by RP-HPLC was required for the successful purification o f a 21-residue 

synthetic amphipathic a-helical peptide from serine side-chain acetylated impurities, with 

HILIC/CEX proving to be highly sensitive to subtle differences in hydrophilicities 

between the acetylated peptides and the desired product. Mixed-mode HILIC/CEX has 

also been used for the separation o f HI histones (Lindner et al., 1996; Lindner et al., 

1997), proteins notoriously difficult to separate by traditional high-performance liquid 

chromatography (HPLC) techniques.

In an earlier study (Mant et al., 1998b), we examined the potential o f both RP- 

HPLC and HILIC/CEX for the separation of amphipathic a-helical peptides. Such
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peptides were represented by model a-helical peptides varying in amphipathicity and the

nature o f the side-chain substituted in the centre o f the hydrophilic or hydrophobic face o f

the helix. Aside from clarifying the relative values o f HILIC/CEX and RP-HPLC for

specific model peptide separations, our results had wider implications for resolving

complex peptide mixtures such as those characteristic o f protein digests, where the

occurrence o f peptides with amphipathic a-helices is commonplace. In the present study,

we now wished to examine further the relative effectiveness o f RP-HPLC and

HILIC/CEX in separating amphipathic a-helical peptides. Specifically, we looked to

ascertain the ability o f these techniques to separate mixtures of diastereomeric peptide

analogues o f a biologically active amphipathic a-helix denoted native (V(,si) (Zhang et

a l, 1998; Zhang et al., 1999). Thus, diastereomeric peptide pairs were prepared with

either an L-amino acid or its D-amino acid enantiomer in the centre o f  the polar face o f

the amphipathic a-helix. Thus, each diastereomeric peptide pair has the same inherent

hydrophilicity/hydrophobicity but potentially different amphipathicity due to the helix-

disrupting properties o f  D-amino acids when substituted into an a-helix made up entirely

o f L-amino acids (Aguilar et al., 1993; Chen et al., 2002; Krause et a l, 2000; Rothcmund

et a l, 1995; Rothemund et a l, 1996), providing a potent test for the resolving power o f

RP-HPLC and HILIC/CEX.

X-3 Experimental 

X-3-1 Columns

Analytical RP-HPLC runs were carried out on a Zorbax SB-300-Cg column (150 

x 2.1 mm I.D., 5-pm particle size; 300-A pore size) from Agilent Technologies (Little
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Falls, DE, USA). Mixed-mode HILIC/CEX runs were carried out on a poly(2-sulfoethyl

aspartamide)-silica (PolySulfoethyl A) strong cation-exchange column (200 x 2.1 mm 

I.D., 5 pm, 300 A) from PolyLC (Columbia, MD, USA).

X-4 Results and discussion

X-4-1 RP-HPLC versus HILIC/CEX: general principles

Although the general principles o f HILIC/CEX have been described in detail 

previously (Mant et al., 1998b; Mant et al., 2000), a brief overview o f this mixed-mode 

technique is useful for the present study. Thus, the term hydrophilic interaction 

chromatography was originally introduced to describe separations based on solute 

hydrophilicity (Alpert, 1990). Separation by HILIC, therefore, in a manner similar to 

normal-phase chromatography (to which it is related), depends on hydrophilic 

interactions between the solutes and a hydrophilic stationary phase, i.e., solutes are eluted 

in order o f increasing hydrophilicity (decreasing hydrophobicity). This is, o f course, in 

direct contrast to RP-HPLC, where solutes are eluted from a hydrophobic stationary 

phase in order o f increasing hydrophobicity (decreasing hydrophilicity).

Characteristic o f HILIC separations is the presence of a high organic modifier 

concentration to promote hydrophilic interactions between the solute and the hydrophilic 

stationary phase. Taking this concept a step further, this laboratory (Zhu et al., 1991; Zhu 

et al., 1992) demonstrated how to take advantage o f the inherent hydrophilic character o f 

ion-exchange, specifically strong cation-exchange (CEX) columns, by subjecting peptide 

mixtures to linear salt gradients in the presence of high levels o f organic modifier. 

Separations based on hydrophilicity are thus superimposed on separations based on
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charge, i.e., the overall separation is effected by a mixture o f chromatographic modes,

namely mixed-mode HILIC/CEX. Such an approach takes simultaneous advantage o f

both the charged character o f peptides as well as any hydrophilic/ hydrophobic properties

they possess.

X-4-2 Synthetic model peptides used in this study

Figure X -l shows the sequences o f the synthetic model peptides, based on the 

native V681 (denoted S l), with L-Ser at position 11 o f the sequence, i.e., in the 

hydrophilic face o f the amphipathic a-helix. This position (denoted as X I 1 in Figure X- 

1) was chosen for the substitution site since it was in the very centre o f the hydrophilic 

face o f the amphipathic a-helix and is, therefore, surrounded by a very hydrophilic 

environment comprised o f Thr and Ser residues (classified as containing uncharged, polar 

side-chains) and Lys and His residues (classified as basic, potentially positively charged 

side-chains). In contrast, the hydrophobic face is comprised solely o f non-polar residues: 

Ala (containing a small, slightly hydrophobic side-chain), Val (containing a larger, 

moderately hydrophobic side-chain), Leu and lie (both containing bulky, strongly 

hydrophobic side-chains), and Phe and Trp (both containing aromatic, hydrophobic side- 

chains). Overall, the sizes o f the hydrophilic and hydrophobic faces o f the helix are 

essentially identical, enabling a good comparison o f the relative efficacies of RP-HPLC 

and HILIC/CEX to separate different peptide analogues. It should be noted that the non

polar face o f the amphipathic a-helix represents a preferred binding domain for RP- 

HPLC, i.e., this face w ill bind preferentially to a reversed-phase hydrophobic stationary 

phase (Steiner et al., 1998; Zhou et al., 1990); conversely, the hydrophilic face should 

represent a preferred binding domain for a hydrophilic stationary phase such as the strong
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cation-exchange matrix employed for HILIC/CEX in the present study. Evidence for such

hydrophilic preferred binding domains has been described previously by our laboratory

for both amphipathic a-helical peptides (Mant el al., 1998b) as well as cyclic

amphipathic P-sheet peptides (Mant et al., 1998a).

For the present study, the l -  and D-amino acids chosen for substitution at position 

11 o f the peptide sequence represented a range o f side-chain properties. Thus, the three 

non-polar residues, Leu, Val and Ala, contain side-chains o f increasing size and 

hydrophobicity: Ai.,An < V l ,Vd < Ll,L[>; Ser (S l,Sd) contains a small, polar (i.e., 

hydrophilic) side-chain; finally, Lys (K l,K r) contains a positively charged side-chain. 

The peptide analogue substituted with Gly at position 11 (G) represents the situation 

where no side-chain is present at the centre o f the hydrophilic face o f the helix.

The native sequence, V^si, is known to have a high potential to form an a-helix 

(Zhang et al., 1998; Zhang et al., 1999), as determined by circular dichroism 

spectroscopy. In addition, it has been shown that, even where helix-disrupting D-amino 

acids are substituted into a-helical peptides, high helicity may still be attained (generally 

comparable to their L-amino acid substituted analogues) in the presence of helix-inducing 

solvents such as trifluoroethanol (TFE) (Chen et al., 2002). Such was also the case in the 

present study, with high helicities for all l -  and D-peptide analogues being obtained in 

50% (v/v) TFE (data not reported). The run conditions characteristic o f RP-HPLC 

(hydrophobic stationary phase, increasingly non-polar mobile phase) are well known to 

induce helical structure in potentially helical molecules (Blondelle et al., 1995; Purcell et 

al., 1995c; Steer et al., 1998; Zhou et al., 1990). Thus, the peptides used in the present 

study w ill be eluted as single-stranded amphipathic a-helices during RP-HPLC,
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interacting with the stationary phase through preferential binding with their hydrophobic

faces. Further, it has also been previously shown that high concentrations o f organic

modifiers such as acetonitrile can induce helix formation in a potentially helical peptide

(Lau et a i, 1984b; Zhou et al., 1990). Thus, under characteristic conditions of

HILIC/CEX (high acetonitrile concentration in the mobile phase; 70% (v/v) in the present

study), the peptide analogues would also be expected to be a-helical, allowing interaction

of the hydrophilic face with the ion-exchange matrix (Mant et al., 1998b).

X-4-3 RP-HPLC o f amphipathic a-helical diastereomericpeptides

Figure X-2 shows the elution reversed-phase elution profiles o f two mixtures of

diastereomeric peptide pairs at 25°C (top panels) and 65°C (bottom panels). From Figure

X-2, the D-substituted analogues were consistently eluted faster than their corresponding

diastereomers. This decrease in retention time o f  the D-analogues compared to the L-

analogues can be rationalized as being due to disruption o f the amphipathic a-helix due

to the introduction o f the D-amino acid (Aguilar et a i, 1993; Chen et al., 2002; Krause et

al., 2000; Rothemund et al., 1995; Rothemund et al., 1996), this disruption affecting both

the hydrophobic face o f  the helix as well as the hydrophilic face where the substitution

has been made. The overall effect on the non-polar face would be a decrease in the

apparent hydrophobicity o f  this face when the helix is substituted w ith a D-amino acid

relative to its L-diastereomer and, hence, a decrease in retention time o f the former

compared to the latter. Also from Figure X-2, the elution order o f the analogues is

generally in order o f  increasing hydrophobicity o f  the substituted residues w ith in  the L-

analogues, i.e., K l < A l < L l (Figure X-2, left panels) and Si. < V l (Figure X-2, right

panels). However, this is not necessarily true with the D-substituted analogues. Thus, AD
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Chapter X  Comparison o f  RP-HPLC and HILIC/CEX 

and Ld are almost co-eluted at 25°C (Figure X-2, top left panel), with LD being eluted

just prior to A d at 25°C (top left panel); from Figure X-2, right panels, Vd, with a

hydrophobic side-chain is eluted prior to Sd, which contains a polar, hydrophilic side-

chain. This observation is likely due to the varying magnitude o f disruption o f the

preferred non-polar binding domain o f the peptide helix when different D-amino acids are

substituted into the sequence, i.e., different D-amino acids disrupt the non-polar face to

differing extents, resulting in the RP-HPLC elution orders shown for the D-analogues.

Considering the elution o f VD significantly prior to Sd, for instance, reflects the

observation by Chen et al. (Chen et al., 2002) that amino acids, such as Val, with P-

branched side-chains showed the greatest reduction in apparent side-chain

hydrophobicity due to D-amino acid substitutions into the centre o f the non-polar face o f

an amphipathic a-helix.

The elution behavior o f K l (Figure X-2, left panels) relative to analogue G is of 

note, since it has been clearly shown in model random coil peptides (Guo et a i, 1986a; 

Guo et al., 1986b) that substitution o f a Gly residue by a positively charged Lys residue 

leads to a significant decrease in peptide retention time during RP-HPLC at pH 2.0. In 

contrast, from Figure X-2 (left panels) K l is eluted after the G analogue. This observation 

is likely due to the L-Lys amino acid being in the centre o f the hydrophilic face o f the 

amphipathic a-helix, i.e., on the opposite side o f the hydrophobic face which binds 

preferentially to the reversed-phase matrix. Clearly, the overall hydrophilicity o f the Lys 

side-chain still has an effect on peptide retention behavior (witness its elution prior to the 

A l and L l analogues containing non-polar groups at the substitution site); however, this 

effect is likely diminished compared to the situation where L-Lys was substituted into the

27 9
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centre o f the non-polar face o f the helix and was therefore able to interact to a greater

extent with the hydrophobic stationary phase. In other words, substitutions, whether

hydrophobic or hydrophilic, when made in the hydrophilic face o f an amphipathic a-

helix, are not part o f the preferred binding domain interacting with the hydrophobic

matrix and have consequently lesser effects than i f  located in the centre of the

hydrophobic face.

Concerning the effect of temperature on the RP-HPLC elution behavior o f the 

peptides, all peptides showed a decrease in retention time at 65 °C (bottom panels) 

compared to 25 °C (top panels), with no significant effect on resolution. Indeed, the 

major effect o f temperature on resolution was a further deterioration o f the poor 

separation o f Ld and A d seen at 25 °C (Figure X-2, top left panel) when the temperature 

was raised to 65 °C (Figure X-2, bottom left panel), where the two peptides are now co

eluted.

X-4-4 HILIC/CEX o f amphipathic a-helical diastereomeric peptides

Figure X-3 shows the HILIC/CEX elution profiles o f the two mixtures of 

diastereomeric peptides at 25 °C (top panels) and 65 °C (bottom panels). In a similar 

manner to their RP-HPLC retention behavior (Figure X-2), the D-substituted analogues 

were again consistently eluted faster than their corresponding diastereomers (Figure X-3). 

As noted above for the RP-HPLC resolution o f diastereomeric peptide pairs (Figure X-2), 

this separation by HILIC/CEX (Figure X-3) is probably a result o f disruption o f the 

preferred binding domain (in this case the hydrophilic preferred binding domain 

represented by the polar face of the amphipathic a-helix) by a D-amino acid substitution 

into the centre o f the hydrophilic face o f the helix. Interestingly, the observation that the
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oo sequences o f  the peptides are show n in Figure X - l .
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D-analogues are eluted prior to their respective L-analogues suggests that the apparent

hydrophilic ity o f  the preferred binding domain is reduced by an l- to D-amino acid

substitution in the centre o f the polar face o f the a-helix. Also from Figure X-3, the

elution order o f the analogues is in order o f increasing hydrophilicity o f the substituted

residues within both the l - and D-analogues, i.e., L < A < K (Figure X-3, left panels) and

V < S (Figure X-3, right panels).

The effect o f temperature on the HILIC/CEX elution behavior o f the peptides 

(Figure X-3) is quite distinct to that o f its effect during RP-HPLC (Figure X-2), with the 

retention times o f the peptides all increasing on raising the temperature from 25°C (top 

panels) to 65 °C (bottom panels). In addition, resolution o f the peptides is greatly 

improved at the higher temperature. Thus, A l and G are co-eluted at 25 °C (Figure X-3, 

top left) but mainly resolved at 65 °C (Figure X-3, bottom left); the Li7Ld, AJAu  and 

K l/Kd peptide pairs are also better separated at 65 °C (bottom left) compared to 25 °C 

(top left). From Figure X-3 (right panels), the improvement in separation o f Vd and V l at 

65 °C (bottom right) compared to 25 °C (top right) is quite clear, as is the improvement 

in resolution o f S d , G and Sl -

X-4-5 Comparison of RP-HPLC and HILIC/CEX o f amphipathic a-helical 
diastereomeric peptides at 25 °C and 65 °C

Table X -l summarizes retention time data for the L- and D-peptide analogues 

during RP-HPLC (Figure X-2) and HILIC/CEX (Figure X-3) at temperatures o f 25 °C 

and 65 °C. From Table X -l, the effect o f raising the temperature of the separation from 

25 °C to 65 °C has now been quantified by the expression AtR(65 °C -  25 °C), denoting 

the retention time change for each peptide with the temperature rise. As illustrated by the
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Table X -l Effect o f  temperature on peptide retention behavior in RP-HPLC and HILIC/CEX

Peptide3

R P-H PL C  b H IL IC /C EX  c

/r25°C /r65°C
A/r

(65°C-25°C) /r25°C rR65°C
AfRd

(65°C -25°C )

M ix 1
L l 50.3 47.6 -2.7 26.4 34.2 +7.8
L d 45.1 42.4 -2.7 25.4 32.3 +6.9
A l 49.5 46.6 -2.9 29.2 37.3 +8.1
A d 45.3 42.4 -2.9 28.4 36.0 +7.6
G 46.1 43.0 -3.1 29.2 37.9 +8.7
k l 47.1 43.9 -3.2 37.4 49.0 +11.6
K d 41.9 39.0 -2.9 36.5 46.5 + 10.0

M ix 2
V L 49.0 46.4 -2.6 26.8 35.1 +8.3
V d 42.9 40.4 -2.5 26.1 33.0 +6.9
S l 48.1 45.4 -2.7 29.9 39.2 +9.3
S d 44.9 42.1 -2.8 29.0 37.3 +8.3
G 46.2 43.2 -3.0 29.3 37.7 +8.4

a. Sequence and denotion o f  peptides show n in Figure X -l.
b. R P-H PLC  conditions show n in F igure X-2. C olum n, reversed-phase Z orbax SB -300-C8.
c. H ILIC /C EX  conditions show n in F igure X-3. C olum n, strong cation-exchange (PolySulfoethyl A).
d. A/r refers to the retention tim e o f  a peptide at 65°C (/R65°C) m inus its retention tim e at 25°C  (tR 25°C).

t oooCO

Chapter X 
Com

parison 
of 

RP-HPLC 
and 

H
ILIC

/C
E

X



Chapter X Comparison o f  RP-HPLC and H ILIC /CEX  

elution profiles shown in Figure X-2, all peptides show a decrease in RP-HPLC retention

time (i.e., a negative ATr value) as the temperature is increased. In addition, this negative

value is very similar for all peptides shown in Table X - l : an average of AtR = -2.8 ± 0.4

min. In contrast, and as illustrated in Figure X-3, all peptides show a quite significant

increase in retention time with the temperature change from 25 °C to 65 °C. Points to

note include the observation that the effect o f the temperature rise is consistently greater

for the L-substituted analogues compared to the D-substituted peptides. The AtR values for

the L-analogues and D-analogues show an average o f  +8.4 min and +7.4 min,

respectively, excluding G, K l and Kp. Interestingly, the effect o f the rise in temperature

from 25 °C to 65 °C appeared to have a greater effect on K l and K d (AtR values o f 11.6

min and 10.0 min, respectively) than the other peptide analogues, suggesting that the

presence of an extra positive charge (which is concomitantly a significant increase in

hydrophilicity of the polar face o f the helix) enhances the effect o f temperature during

HILIC/CEX. Indeed, although subtle, the greater AtR values o f Sl (+9.3 min) and So

(+8.3 min) relative to the peptides substituted with non-polar Ala, Leu and Val residues

(AtR ranges o f +7.8 min to +8.3 min for the L-analogues and +6.9 min to +7.6 min for the

D-analogues) support the conclusion that the effect o f  temperature during HILIC/CEX is

related to the overall hydrophilicity of the polar face o f the a-helix, i.e., the more

hydrophilic (less hydrophobic) the preferred binding domain, the greater the increase in

retention time w ith increasing temperature.

This observation is illustrated graphically in Figure X-4 which plots the effect o f 

raising the temperature from 25 °C to 65 °C on the retention times o f Ll (representing an 

amphipathic helix with a bulky, hydrophobic side-chain substituted into the centre o f the
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hydrophilic face), S l (substituted with a polar, uncharged side-chain), and K l (substituted

with a positively charged side-chain). Also included is the effect o f temperature on a 10-

residue random coil peptide standard, S5. From Figure X-4 (top), the small, and similar,

effect o f temperature on RP-HPLC o f the three a-helical peptides is quite clear, with

essentially parallel decreasing profiles as the temperature is raised from 25 °C to 65 °C.

Indeed, the profiles o f these three peptides were also similar to that o f the random coil

peptide standard, S5, albeit the latter had a slightly less steep profile. In contrast, the

profiles for the three helical peptides during HILIC/CEX (Figure X-4, bottom) were

somewhat more distinct from each other, as well as from the random coil S5, as the

temperature was raised from 25 °C to 65 °C. Thus, the positive slopes of the three helical

peptides increased in the order L l < Sl < K l, i.e., in order o f increasing hydrophilicity of

the substituted side-chain at the centre o f the hydrophilic face of the helix, as noted

previously. Interestingly, the positive slope o f S5 was considerably shallower than those

of the three helical peptides, i.e., the retention time o f this peptide with negligible

secondary structure increased little with a rise in temperature compared to the

amphipathic a-helical peptides. It is also interesting to note that despite the reversal in

retention time order between the two HPLC modes (K l < S l < L l for RP-HPLC (Figure

X-4, top) and Ll < Sl < Kl for HILIC/CEX (Figure X-4, bottom)), the random coil

peptide S5 was eluted first in both modes. This again suggests a link between the

retention behavior o f peptides with a defined conformation (in this case a-helical

peptides with defined hydrophilic and hydrophobic faces) during RP-HPLC and

HILIC/CEX compared to a peptide with negligible secondary structure.
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Figure X-4 Effect o f temperature on retention behavior o f diastereomeric amphipathic 
a-helical peptides in RP-HPLC (top) and HILIC/CEX (bottom). Columns: (top) 
reversed-phase Zorbax SB300-C8 (150x2.1 mm I.D., 5 pm particle size, 300 A pore 
size) and (bottom) strong cation-exchange PolySulfoethyl A (200X2.1 mm I.D., 5 pm 
particle size, 300 A pore size). Conditions for RP-HPLC and HILIC/CEX as in 
Figures X-2 and X-3, respectively. The sequences of the peptides arc shown in Figure
X -l. The sequence o f the random coil peptide standard, S5, is Ac-RGVVGLGLGK- 
amide.
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Also from Figure X-4, it is important to note that, under the conditions employed

for RP-HPLC and HILIC/CEX in this study, the three L-analogues were considerably 

better separated by HILIC/CEX (Figure X-4, bottom) compared to RP-HPLC (Figure X- 

4, top). These results reflect previous results from this laboratory (Mant et al., 1998b) that 

amphipathic a-helical peptides with substitutions made in the hydrophilic face o f the 

helix are likely to be better separated by HILIC/CEX compared to RP-HPLC. A more 

thorough investigation o f this phenomenon for the present peptide analogues (where L -  

and D-amino acids are substituted into the hydrophilic and hydrophobic faces o f the 

amphipathic a-helices) is the subject o f a separate study (Hodges et a i, 2004).

Table X-2 now examines the effect o f temperature on the separation of 

diastereomeric peptide pairs. From Table X-2, there is no clear link between the inherent 

hydrophobicity/hydrophilicity o f a particular side-chain and the decrease in retention time 

in both HPLC modes (AtR25 °C, AtR65 °C) when the L-amino acid is substituted by its D -  

enantiomer. However, it can be seen that there is a smaller difference in AtR values 

between L -  and D-peptide pairs during HILIC/CEX compared to RP-HPLC at both 25 °C 

and 65 °C. In contrast, the separation between such peptide pairs is enhanced during 

HILIC/CEX when raising the temperature (AAtR values ranging from +0.5 min to +1.6 

min) compared to the negligible effect during RP-HPLC (AAtR values ranging from -0.3 

min to +0.1 min, the negative values for ViyVD and K i/K d actually indicating a 

deterioration in the separation.
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T ab le  X -2  Effect o f  tem perature on separation o f diastereomeric peptide pairs by RP- 
HPLC and HILIC/CEX

Peptide Pair3

R P-H PLC  b H IL IC /C EX  c

A/r 25°C  d A/r 65°C  d AA/r c AfR250C d A/r 65°C  d AAfRe

L l/L d 5.2 5.2 0 1.0 1.9 0.9
V l/V d 6.1 6.0 -0.1 0.7 2.1 1.4
A l/A d 4.2 4.2 0 0.8 1.3 0.5
S l/S d 3.2 3.3 0.1 0.9 1.9 1.0
k l/ k d 5.2 4.9 -0.3 0.9 2.5 1.6

a. Sequence and denotion o f  peptides show n in Figure X -l
b. RP-H PLC conditions are show n in Figure X -2. Colum n, reversed-phase Zorbax SB -300-C 8.
c. H ILIC/CEX  conditions are show n in Fig X -3. Colum n, strong cation-exchange (PolySulfoethyl A).
d. AfR refers to the retention tim e o f  the first peptide (L-analogue) shown in each pair o f  peptides m inus the 

retention tim e o f  the second (D -analogue) peptide
e. AAfR is the ArR65°C value m inus the A/R25°C  value
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F ig u re  X -5 Com parison o f  selectiv ity  changes in the separation o f  diastereom eric am phipathic a -h e lica l peptides by  RP-H PLC  
(top) and H ILIC /C EX  (bottom ) at 25 °C (left panels) and 65 °C (right panels). Colum ns: (top) reversed-phase Zorbax SB300-Cg 
(150x2.1 m m  I.D., 5 pm  particle size, 300 A pore size) and (bottom ) strong cation-exchange PolySulfoethyl A (200X 2.1 m m  I.D., 
5 pm  particle size, 300 A pore size). C onditions for R P-H PLC  and H IL IC /C EX  as in F igures X-2 and X -3, respectively. The 
sequences o f  the peptides are show n in Figure X - l .
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X-4-6 Comparison o f selectivity o f RP-HPLC and HILIC/CEX separation o f amphipathic

a-helical diastereomeric peptides

Figure X-5 compares the selectivity o f RP-HPLC (top panels) and HILIC/CEX 

(bottom panels) for the separation o f a mixture o f seven amphipathic a-helical 

diastereomeric peptides at 25 °C (left panels) and 65 °C (right panels). As the arrows 

highlight for the 25 °C runs (Figure X-5, left panels), there is a considerable switch in 

elution order o f the peptides between the two HPLC modes, underlining the useful 

complementary nature o f RP-HPLC and HILIC/CEX. O f note here also is the clear 

illustration o f the greater time required to elute the seven peptides during RP-HPLC (a 

range o f 41.9 min for Ko to 50.2 min for Lift compared to HILIC/CEX (25.4 min for Lo 

to 37.4 min for K[.) under the conditions employed for the two HPLC modes. However, 

this difference is strikingly diminished when the temperature is raised to 65 °C. Thus, 

from Figure X-5 (right panels), due to the small reduction in RP-HPLC retention times 

with the rise in temperature concomitant with the significant increase in HILIC/CEX 

retention times, the retention time range between the two modes is now more similar, 

allowing perhaps a more valid comparison o f the complementary selectivity differences 

between RP-HPLC and HILIC/CEX o f these peptides. In addition, the superior resolution 

o f the peptides in this particular peptide mixture by HILIC/CEX at 65 °C compared to 

RP-HPLC at this temperature (and, indeed, to RP-HPLC at 25 °C) is well illustrated.

X-5 Conclusions

We have compared the ability  o f  RP-HPLC and HILIC/CEX to separate mixtures 

o f  amphipathic a-helical diastereomeric peptides, w ith L- and D-amino acid substitutions
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made in the centre o f the hydrophilic face o f the a-helix. While both methods proved to

be effective for separating such peptides, they did so often with greatly different

selectivities, underlining the useful complementary nature o f the two HPLC methods.

Interestingly, temperature had a substantial effect on HILIC/CEX o f the peptides, more

so than RP-HPLC, with a rise in temperature from 25 °C to 65 °C both increasing the

retention times o f the peptides, as well as improving peptide separation. These results

again stress the potential o f HILIC/CEX, both as a peptide separation mode in its own

right as well as an excellent complement to RP-HPLC.
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CHAPTER XI

Monitoring the Hydrophilicity/Hydrophobicity of Amino Acid Side- 
Chains in the Non-Polar and Polar Faces of Amphipathic a-Helices by 

Reversed-Phase and Hydrophilic Interaction/Cation-Exchange
Chromatography

A version o f this chapter has been published: Hodges, R. S., Chen, Y., Kopecky, E. and 
Mant, C. T. (2004) J. Chromatogr. A. 1053, 161-172 Only methods unique to this chapter 
are described in the Experimental section, the remaining general methods are described 
in Chapter III.

XI-1 Abstract

The ability to monitor precisely the hydrophobicity/hydrophilicity effects of 

amino acid substitutions in both the non-polar and polar faces o f amphipathic a-helical 

peptides is critical in such areas as the rational de novo design o f more effective 

antimicrobial peptides. The present study reports our initial results o f employing the 

complementary separation modes o f reversed-phase high-performance chromatography 

(RP-HPLC) and hydrophilic intcraction/cation-exchange chromatography (HILIC/CEX) 

to monitor the effect on apparent peptide hydrophilicity/hydrophobicity and 

amphipathicity o f substituting single L- or D-amino acids into the centre o f the non-polar 

or polar faces o f a 26-residue biologically active amphipathic a-helical peptide, Vfisi- 

Our results clearly show that RP-HPLC and HILIC/CEX are best suited for resolving 

amphipathic peptides where substitutions are made in the non-polar and polar faces 

respectively. Further, RP-HPLC and HILIC/CEX were demonstrated to be excellent 

monitors o f hydrophilicity/-hydrophobicity variations where amino acid substitutions 

were made in these respective faces. We believe these complementary high-performance
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modes offer excellent potential for rational design o f novel amphipathic a-helical

biologically active peptides.

XI-2 Introduction

The ever-increasing development o f bacterial resistance to traditional antibiotics 

has precipitated an urgent requirement for new antibiotics possessing novel modes of 

action as well as different cellular targets compared to existing antibiotics in order to 

decrease the likelihood of development o f resistance. Antimicrobial peptides may 

represent such a new class o f antibiotics and their design and structure-activity 

relationships have become an area o f active research in recent years (Hancock, 1997; 

Hancock et al., 1998). From numerous studies on both natural and synthetic a-helical and 

(3-sheet cationic antimicrobial peptides (so-called due to their possession o f a net positive 

charge resulting from the presence of excess arginine and/or lysine residues), factors 

believed to be important for antimicrobial activity have been identified: the presence of 

both hydrophobic and basic residues, as well as a defined secondary structure (a-helix or 

P-sheet), either preformed or inducible, and an amphipathic nature which segregates 

basic and hydrophobic residues to opposite sides of the molecule in lipid or lipid- 

mimicking environments (Blondelle et al., 1999; Hancock, 1997; Hancock et al., 1998; 

Houston et al., 1998; Kondejewski et al., 1996; Kondejewski et al., 1999; Lee et al., 

2003a; Lee et al., 2004; Oh et al., 1999; Pathak et al., 1995). This amphipathic structural 

feature is believed to play a critical role in the antimicrobial mechanism o f action, with 

the hydrophilic (positively charged) domain o f the peptide proposed to initiate peptide 

interaction with the negatively charged bacterial surface and the negatively charged head
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groups o f bilayer phospholipids. The hydrophobic domain o f the amphipathic peptide

would then pennit the peptide to enter the interior o f the membrane (Bechinger, 1997;

Blondelle et a l, 1999; Epand et al., 1999; Wu et al., 1999). Subsequent bilayer disruption

or concomitant channel formation in, for example, the bacterial cytoplasmic membrane

may lead to the leakage o f cell contents and cell death (Bechinger, 1997; Epand et al.,

1999; Sitaram et al., 1999; Wu et al., 1999).

For amphipathic a-helical peptides specifically, antimicrobial potency depends 

upon peptide amphipathicity, hydrophobicity and helicity, such features only coming into 

play when the helical structure is induced in a hydrophobic environment such as a 

bacterial cell membrane (Liu et a l, 1998) or, conversely, disrupted in an aqueous 

environment (Chen et al., 2002). Clearly, the ability to monitor the 

hydrophilicity/hydrophobicity effects o f amino acid substitutions in both the non-polar 

and polar faces o f potentially useful antimicrobial amphipathic a-helical peptides is 

critical in the design process for such molecules. Reversed-phase high-performance 

liquid chromatography (RP-HPLC) has, in addition to being an effective separation tool 

for peptide separations, also proven to be a useful physicochemical probe of peptide and 

protein structure (Blondelle et a l, 1995; Blondelle et a l, 1996; Hodges et a l, 1994; 

Lazoura et a l, 1997; Mant et a l, 1993; Purcell et a l, 1995c; Sereda et al., 1994; Steiner 

et a l, 1991; Zhou et a l, 1990). The latter use includes the monitoring by RP-HPLC of 

the hydrophilicity/hydrophobicity o f the non-polar face o f amphipathic a-helical 

molecules, due to the interaction o f this non-polar face (the preferred binding domain) 

with the hydrophobic stationary phase. In an analogous manner, we propose that mixed

mode hydrophilic interaction/cation-exchange chromatography (HILIC/CEX) may
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provide the required tool to monitor hydrophilicity/hydrophobicity o f the polar face o f

amphipathic a-helical molecules, due to the interaction o f this polar face with the

hydrophilic/charged cation-exchange matrix. Although this novel high-performance

mode was originally developed in the authors’ laboratory strictly as a novel separation

approach for peptide separations (Hartmann et al., 2003; Litowski et al., 1999; Mant et

al., 1998a; Mant et al., 1998b; Mant et al., 2000; Zhu et al., 1991; Zhu et al., 1992),

subsequently adapted by other researchers for protein separations (Lindner et al., 1996;

Lindner et al., 1997; Lindner et al., 1998; Lindner et al., 1999; Mizzen et al., 2000), we

believe that HILIC/CEX can transcend its original development as simply a

complementary separation technique to RP-HPLC and aid in the rational design of

potentially valuable amphipathic a-helical antibiotics.

Thus, the present study represents the first report describing the employment of

these complementary separation modes to monitor the effect on apparent peptide

hydrophilicity/hydrophobicity and amphipathicity of substituting single L- or D-amino

acids into the centre o f the non-polar or polar faces o f a 26-residue biologically active

amphipathic a-helical peptide denoted V^si (Zhang et al., 1998; Zhang et al., 1999).

XI-3 Experimental

XI-3-1 Analytical HPLC columns and instrumentation

RP-HPLC runs were carried out on a Zorbax SB300-C8 column (150 x 2.1 mm 

I.D., 5-pm particle size; 300-A pore size) from Agilent Technologies (Little Falls, DE, 

USA). Mixed-mode HILIC/CEX runs were carried out on a poly (2-sulfoethyl
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aspartamide)-silica (PolySulfoethyl A) strong cation-exchange column (200 x 2.1 mm

I.D., 5pm, 300 A) from PolyLC (Columbia, MD, USA).

XI-3-2 HPLC run conditions

RP-HPLC: linear AB gradient elution (1% B/min) at a flow-rate o f 0.3 ml/min,

where eluent A is 0.05% aq. TFA, pH 2.0, and eluent B is 0.05% TFA in acetonitrile;

temperature, 25°C.

HILIC/CEX: linear AB gradient elution o f 5 mM NaC104 to 250 mM NaC104 in 

60 min at a flow-rate o f 0.3 ml/min, where buffer A is 5 mM triethylammonium 

phosphate (TEAP), pH 4.5, containing 5mM NaC104 and buffer B is 5 mM aq. TEAP, pH 

4.5, containing 250 mM NaC104, both buffers containing 70% (v/v) acetonitrile at 

temperatures o f 25°C or 65°C.

Samples injected onto the columns contained 5-10 nmol o f each peptide. The 

gradient delay time for the HPLC system was 1.2 min. Samples were dissolved in the 

starting eluents for both HPLC modes. Peptide elution order was definitively established 

by spiking with individual peptides and individual injections. The reproducibility o f the 

peptide separations in both HPLC modes was confirmed via duplicate (RP-HPLC) and 

triplicate (HILIC/CEX) runs.

XI-4 Results and discussion

XI-4-1 RP-HPLC versus HILIC/CEX o f amphipathic a-helical peptides

RP-HPLC has proven to be an ideal system for measuring hydrophobicity, 

amphipathicity and association o f a-helical and (3-sheet peptides (Benedek, 1993; Chen 

et al., 2002; Hodges et a i, 1994; Kondejewski et al., 1999; Lee et al., 2003b; Mant et al.,
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1989; Mant et a l, 1998a; Mant et al., 1998b; Mant et a l,  2002b; Mant et al., 2002c; 

Mant et a l, 2003a; Mant et al., 2003b; Richards et a l,  1994; Rosenfeld et a l, 1993; 

Sereda et a l, 1994; Tripet et a l, 2000; Yu et al., 2000). The non-polar face of, for 

example, an amphipathic a-helix represents a preferred binding domain for RP-HPLC, 

i.e., this face w ill bind preferentially to a reversed-phase hydrophobic stationary phase 

(Steiner et a l, 1991; Zhou et a l, 1990). Indeed, Zhou et al (Zhou et a l, 1990) clearly 

demonstrated that, because o f this preferred binding domain, amphipathic a-helical 

peptides are considerably more retentive than non-amphipathic peptides o f the same 

amino acid composition. Thus, this preferential binding o f the non-polar face of the 

amphipathic peptides to a reversed-phase matrix potentially makes RP-HPLC an effective 

monitor o f the relative hydrophilicity/hydrophobicity o f the non-polar face of such 

peptides. It should be noted that the potential for any non-specific, electrostatic 

interactions between negatively charged silanol groups on the hydrophobic stationary 

phase and positively charged lysine residues in the peptides should be negligible at the 

RP-HPLC run conditions used in this study (pH 2.0), where any such silanols will be 

protonated, i.e., neutral (Mant et a l, 1987b; Regnier, 1983). Indeed, application of 

peptide standards designed specifically to detect/monitor such non-ideal behaviour 

confirmed the column exhibited only ideal hydrophobic interaction behaviour under the 

run conditions employed (Mant et al., 1987b).

The term hydrophilic interaction chromatography (HILIC) was originally 

introduced to describe separations based on solute hydrophilicity (Alpert, 1990), with 

solutes being eluted from the HILIC column in order of increasing hydrophilicity, i.e., the 

opposite o f RP-HPLC elution behaviour. Our laboratory subsequently took this concept a
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step further by taking advantage o f the inherent hydrophilic character o f ion-exchange,

specifically strong cation-exchange (CEX), columns by subjecting peptide mixtures to

linear salt gradients in the presence o f high levels o f organic modifier, specifically

acetonitrile (Hartmann et al., 2003; Litowski et al., 1999; Mant et al., 1998a; Mant et al.,

1998b; Mant et al., 2000; Zhu et a l,  1991; Zhu et al., 1992). The presence o f high levels

o f organic modifier not only suppresses any undesirable hydrophobic interactions

between the peptides and the cation-exchange matrix (Burke et a l,  1989), but also

promotes desired hydrophilic interactions between the peptides and packing. Separations

based on hydrophilicity are thus superimposed on top o f those based on charge, resulting

in mixed-mode HILIC/CEX, i.e., such an approach takes simultaneous advantage o f both

the charged character o f peptides as well as any hydrophilic/hydrophobic properties they

possess. Note that, in an analogous manner to the non-polar face o f an amphipathic a-

helix representing a preferred binding domain for RP-HPLC, the hydrophilic face o f the

a-helix would represent a preferred binding domain for a hydrophilic stationary phase

such as the strong cation-exchange matrix employed for HILIC/CEX in the present study.

Evidence for such hydrophilic preferred binding domains has been reported previously by

our laboratory for both amphipathic a-helical peptides (Mant et a l, 1998b) and cyclic

amphipathic P-shcet peptides (Mant et al., 1998a). Hence, we believe that HILIC/CEX

has excellent potential for monitoring the relative hydrophilicity/hydrophobicity o f the

polar face o f such peptides.

We believe it is important to distinguish the difference in using ion-exchange 

stationary phases in a non-HILIC versus a true HILIC mode, such a distinction depending 

on the level o f organic modifier in the run solvents. Thus, in (1), a non-HILIC separation,
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the presence o f organic modifier may be simply required to eliminate non-specific

hydrophobic interactions with the matrix, improve solubility o f solutes being separated or

perhaps enhance ionic interactions and hydrophilic effects to improve separation of some

of the individual components o f a solute mixture. Reports o f non-HILIC mode

separations in the presence o f varying levels o f organic solvent have been reported for

various solutes including amino acids (Hodges et a i, 1975), peptides (Crimmins et a i,

1989; Doris, 1984), proteins (Bietz, 2002; McGregor et al., 1985), and carbohydrates

(Tiihonen et al., 2002). However, our definition of, (2), a separation carried out on an

ion-exchanger in HILIC mode is the point at which the minimum organic modifier

concentration required to reverse the solute elution order of a particular solute mixture

relative to RP-HPLC is reached. This minimum concentration w ill depend on the nature

and hydrophilicity/hydrophobicity o f the solute components under consideration. Below

this minimum concentration, hydrophilic effects may be present that affect resolution of

just some o f the mixture components. However, above this minimum concentration, the

resolution of all sample components is affected, with higher concentrations potentially

able to improve the separation still further. In fact, at very high concentrations o f organic

modifier, the HILIC mode is so dominant over the ion-exchange mode that a peptide with

a greater net positive charge can be eluted prior to a lesser charged peptide (Mant et a i,

2000; Zhu etal ,  1992).

XI-4-2 Synthetic peptide analogues based on V6si

V68i is a biologically active amphipathic a-helix with potent antimicrobial, as 

well as hemolytic, properties (Zhang et al., 1998; Zhang et al., 1999). Such a peptide 

represents an excellent model to investigate the effect o f introducing D-amino acids into
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the centre o f its non-polar or polar face in an effort to modulate the

hydrophilicity/hydrophobicity o f the polar and non-polar faces o f the peptide. The helix-

disrupting properties o f D-amino acids when substituted into an a-helix made up entirely

o f L-amino acids is well known (Aguilar et al., 1993; Chen et al., 2002; Krause et al.,

2000; Rothemund et a l, 1995; Rothemund et a l, 1996). Indeed, our laboratory

determined a set o f stereochemistry stability coefficients based on substitution D-amino

acids into an 18-residue amphipathic a-helix otherwise made up entirely of L-amino

acids (Chen et a l,  2002).

Figure X I-1 shows the sequences o f the synthetic peptides, based on the native 

Vf,8i, with substitution positions at position 11 (denoted S11X peptides, where Serll is 

being substituted) in the hydrophilic face o f the amphipathic a-helix or position 13 

(denoted V13X peptides, where Vail 3 is being substituted) in the hydrophobic face o f the 

amphipathic a-helix. For the Sl IX  peptides, the substitution position (denoted as X I1 in 

the helical net and helical wheel presentations o f Figure X I-1) was chosen as being as 

central as possible in the hydrophilic face o f the amphipathic a-helix, this face being 

comprised solely o f polar residues, i.e., Thr and Ser residues (containing uncharged, polar 

side-chains) and Lys and His residues (containing basic, potentially positively charged 

side-chains). For the V13X peptides, the substitution position (denoted as X I3 in the 

helical net and helical wheel presentations in Figure X I-1) was chosen as being as central 

as possible in the hydrophobic face o f the amphipathic a-helix, this face being comprised 

solely o f non-polar residues, i.e., Ala (containing a small, slightly hydrophobic side- 

chain), Val (containing a larger, moderately hydrophobic side-chain), Leu and lie (both 

containing bulky, strongly hydrophobic side-chains), and Phe and Trp (both containing
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*681
S11X
V13X

1 11 13 26
Ac-K-W-K-S-F-L-K-T-F-K-S-A-V-K-T-V-L-H-T-A-L-K-A-l-S-S-amide 
Ac-K-W-K-S-F-L-K-T-F-K-X-A-V-K-T-V-L-H-T-A-L-K-A-l-S-S-amide 
Ac-K-W-K-S-F-L-K-T-F-K-S-A-X-K-T-V-L-H-T-A-L-K-A-l-S-S-amide

S11X V13X
K1

W 2
K3

F5S4

T8K7
F9

K10
A12

S11

T 1 5K14
V16

H 18 T 19
A 20

K22L21
A23

124
S25 S26

OJ
o

F ig u r e  X I-1  S y n th e tic  am p h ip a th ic  a -h e l ic a l  p e p tid e s . T op : seq u en ce  o f  “n a tiv e ” p ep tid e , d en o ted  V 681, an d  se q u e n c e  o f  p e p tid e  an a lo g s , w h ere  X  
a t p o s itio n  11 ( S l  IX  se r ie s) o r  X  a t p o s itio n  13 (V 1 3 X  se r ie s )  is su b s titu ted  b y  L -L eu  (a n a lo g  d en o ted  L l , etc. fo r o th e r  L -an a lo g s), D -L e u  (an a lo g  
d en o te d  L D, etc. fo r o th e r  an a lo g s), L -V a l, D -V a l, L -A la , D -A la , L -S er, D -S er, L -L ys, D -L y s  o r  G ly  (d e n o te d  G ). B o tto m  le f t an d  m idd le : h e lic a l 
n e t re p re se n ta tio n s  o f  the  p e p tid e  seq u en ces , sh o w in g  the h y d ro p h ilic  face  o f  th e  am p h ip a th ic  a -h e l ix  o f  the  S l  IX  se r ie s  an d  th e  h y d ro p h o b ic  face  
o f  th e  am p h ip a th ic  a -h e l ix  o f  the V 1 3 X  se rie s ; the  su b s titu te d  s ite  a t p o s itio n  11 ( S l  IX  se r ie s )  an d  p o s itio n  13 (V 1 3 X  se rie s) is h ig h lig h ted  b y  
tr ian g les . B o tto m  rig h t: h e lic a l w h ee l re p re se n ta tio n  o f  th e  m o d e l p e p tid e  seq u en ces ; the  su b s titu ted  site  a t p o s itio n  11 ( S l  IX  se rie s) a n d  p o s itio n  
13 (V 1 3 X  se rie s) is h ig h lig h te d  b y  tr ian g les ; re s id u e s  in  th e  h y d ro p h ilic  face  a re  sh ad ed . T h e  c lo sed  a rc  d e n o te s  th e  h y d ro p h ilic  face ; the  o p e n  arc  
d en o te s  the  h y d ro p h o b ic  face .
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aromatic, hydrophobic side-chains). Overall, the sizes o f the polar and non-polar faces o f

the helix are essentially identical, enabling a good comparison o f the effectiveness o f

HILIC/CEX and RP-HPLC, respectively, to monitor the hydrophilicity/hydrophobicity o f

these faces. In addition, these peptide analogues offer a concomitant opportunity to

gauge the relative effectiveness o f HILIC/CEX and RP-HPLC to separate amphipathic a-

helical peptide analogues with substitutions made in the polar or non-polar faces o f the

amphipathic a-helix.

For the present initial study, L- and D-amino acids chosen for substitution at 

position 11 (polar face) or position 13 (non-polar face) o f the peptide sequence (Figure 

X I-1) represented a range o f side-chain properties: the three non-polar residues, Ala, Val 

and Leu contain side-chains of increasing size and hydrophobicity ( A l , A d  <  V l , V d  <  

L l, Ld); Ser (Sl, Sd) contains a small, polar (i.e., hydrophilic) side-chain; and Lys (KL, 

Kd) contains a positively charged side-chain. Finally, the Vesi analogues substituted with 

Gly at positions 11 or 13 (denoted G) represent the situations where no side-chain is 

present at the centre o f the hydrophilic (position 11) or hydrophobic (position 13) faces o f 

the helix.

Clearly, in order for both RP-HPLC and HILIC/CEX to be effective as monitors 

o f hydrophilicity/hydrophobicity o f the two faces o f amphipathic a-helices, it is 

important that (1) the peptides under consideration must have a high potential to form a- 

helices; (2) this secondary structure must be present under the HPLC run conditions 

employed; and (3) the peptides must be eluted as single-stranded monomeric a-helices. 

Vgg! is known to have a high potential to form an a-helix (Zhang et al., 1998; Zhang et 

al., 1999), as determined by circular dichroism spectroscopy. The a-helix-inducing
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properties o f trifluoroethanol (TFE) are well documented (Cooper et a l, 1990; Nelson et

al., 1989). Indeed, Monera et al (Monera et a l, 1995), when carrying out temperature

denaturation o f a-helices in the presence o f just 30% TFE, demonstrated that TFE not

only induces a-helical structure but also stabilizes it. Chen et al (Chen et a l, 2002)

demonstrated that, even where helix disrupting D-amino acids are substituted into a-

helical peptides, high helicity (generally comparable to their L-amino acid substituted

analogues) may still be attained in the presence o f 50% TFE. This was also the case in

the present study, with high helicities for all L- and D-peptide analogues being obtained

in 50% (v/v) TFE (data not shown).

Since all the peptides with L- or D- substitutions are maximally induced into their 

a-helical conformation (with the exception of Pro) in the presence o f a hydrophobic 

environment, CD spectroscopy cannot be used to measure the a-helix disrupting 

properties o f the substitutions based on a-helical structure.

It is also well documented that non-polar solvents and hydrophobic matrices 

characteristic o f RP-HPLC both induce and stabilize a-helical structure (Blondelle et a l, 

1995; Blondelle et a l, 1996; Purcell et al., 1995c; Steer et al., 1998; Zhou et al., 1990). 

For instance, a classic example reported by Blondelle et al (Blondelle et a l, 1995; 

Blondelle et al., 1996) demonstrated an excellent correlation between the CD ellipticities 

o f peptides bound to a set o f Cig-coated quartz plates and their RP-HPLC retention times. 

Indeed there is no evidence that the hydrophobic matrix characteristic o f RP-HPLC 

destabilizes a-helical structure, quite the opposite, in fact. In addition, the ability o f 

acetonitrile, the organic modifier traditionally employed for the majority o f peptide
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separations by RP-HPLC (Mant et al., 2002a), to induce a-helical structure in potentially

helical molecules has also been demonstrated (Lau et al., 1984a; Lau et al., 1984b).

Excellent examples o f the disruption o f any tertiary/quaternary structure of 

amphipathic a-helical peptides by organic modifiers has been clearly demonstrated by 

size-exclusion chromatography o f model amphipathic a-helical coiled-coil peptides by 

Lau et al (Lau et al., 1984a) and Mant et al (Mant et al., 1997). Coupled with similar 

disruption o f such higher levels o f peptide structure, or, indeed, any potential for peptide 

aggregation, by hydrophobic stationary phases (Lau et al., 1984b; Mant et al., 1989), the 

peptides used in the present study can be confidently expected to be eluted as single

stranded amphipathic a-helices during RP-HPLC.

In a similar manner to RP-HPLC, under characteristic conditions o f HILIC/CEX 

[high acetonitrile concentration in the mobile phase; 70% (v/v) in the present study], the 

peptide analogues would also be expected to be a-helical, allowing interaction of the 

hydrophilic face with the ion-exchange matrix (Mant et al., 1998b). Finally, it should be 

noted that the substitution sites at position 11 (hydrophilic face) and position 13 

(hydrophobic face) o f the peptides (Figure X I-1) ensures intimate interaction of the 

substituting side-chain with the ion-exchange or revcrsed-phase stationary phase, 

respectively; concomitantly, this is designed to maximize any observed effects on 

HILIC/CEX or RP-HPLC retention behaviour, respectively, when substituting different 

residues at these sites.

XI-4-3 RP-HPLC o f amphipathic a-helical peptide analogues ofV6st

Figure XI-2 shows the reverscd-phase elution profiles o f mixtures o f the L-amino 

acid substituted analogues (Figure XI-2A and XI-2C) and D-amino acid substituted
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Figure Xl-2 RP-HPLC of amphipathic a-helical peptides. Column: reversed-phase 
Zorbax SB 300-Cg (150mm x 2.1 mm I.D.). Conditions: linear AB gradient (1% 
B/min) at a flow rate o f 0.3 ml/min, where eluent A is 0.05% aq. TFA, pH 2.0, and 
eluent B is 0.05% TFA in acetonitrile; temperature, 25 °C. Bars denote elution ranges 
for the five L- or D-amino acid substituted peptides. The sequences o f the peptides are 
shown in Figure X I-1.
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analogues (Figure XI-2B and XI-2D) when substitutions were made in the non-polar face

(Figure XI-2A and XI-2B) or polar face (Figure XI-2C and XI-2D) of the amphipathic a- 

helix. Clearly, for both the L- and D-anhno acid substituted peptides, the peptide 

mixtures are better separated when substitutions are made in the non-polar face (the 

preferred binding domain for RP-HPLC; 2A and 2B, respectively) compared to the polar 

face (2C and 2D, respectively). Thus, for L-substitutions in the non-polar (2A) and polar 

(2C) faces, the elution ranges for the first and last eluted L- or D-peptides (i.e., K l to L l) 

were 14.3 min and 3.8 min, respectively; for D-substitutions in the non-polar (2B) and 

polar (2D) faces, these values (i.e., Kd to Ld) were 12.7 min and 3.4 min, respectively. In 

addition, the D-substituted analogues were consistently eluted faster than their L-amino 

acid counterparts when substituted into either the polar (Table XI-1; Figure XI-2) or non

polar (Table XI-2; Figure XI-2) faces of the a-helix, despite the fact that each L-/D- 

substituted peptide pair has the same inherent hydrophilicity/hydrophobicity. This 

observation can be rationalized as being due to disruption o f the amphipathic a-helix 

following introduction o f the D-amino acid (Aguilar et al., 1993; Chen et al., 2002; 

Krause et al., 2000; Rothemund et al., 1995; Rothemund et al., 1996). The overall effect 

on the non-polar face would be a decrease in the apparent hydrophobicity o f this face 

when the helix is substituted (on either face) with a D-amino acid compared to its L- 

diastereomer and, hence, a decrease in retention time of the former compared to the latter. 

From Tables XI-1 and XI-2, subtraction of the RP-HPLC retention time o f the D-amino 

acid substituted analogues from their L-amino acid substituted counterparts produces a 

retention time difference (At|<) representing cither the disruption o f the polar face (Table
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Table XI-1 RP-HPLC and HILIC/CEX Retention Data
Amino acid substitution in polar peptide face a

Amino acid b RP-HPLC (fp .m in )c A/r (D -L ) d H IL IC /C E X  (rR, m in )c A/r (D -L ) d
substitution S I I X l S11XD (min) S11XL S11XD (min)

L 48.8 43.4 -5.4 39.4 36.8 -2.6
V 47.8 41.1 -6.7 40.4 37.4 -3.0
A 47.3 43.4 -3.9 43.1 41.3 -1.8
S 46.3C 42.9 -3.4 45.4e 42.9 -2.5
K 45.0 40.0 -5.0 58.6 54.7 -3.9

a. D e n o te s  th a t  a m in o  a c id  s u b s t i t u t io n s  a re  m a d e  in  th e  p o la r  fa c e  ( S I  I X  s e r ie s )  o f  a m p h ip a th ic  a - h e l ic a l  p e p t id e s  s h o w n  

in  F ig u r e  X I - 1 ; X L a n d  X D d e n o te  L -  o r  D - a m in o  a c id s  a re  s u b s t itu te d  a t p o s i t io n  X  o f  th is  p e p t id e  s e r ie s .

b . D e n o te s  s u b s t i t u t io n  o f  L - S e r  w i t h  L - L e u ,  D - L e u ,  L - V a l ,  D - V a l ,  L - A la ,  D - A la ,  L - S e r ,  D - S e r ,  L - L y s  o r  D - L y s .

c . R e te n t io n  t im e s  o f  R P - H P L C  a n d  H I L I C / C E X  ru n s  ta k e n  f r o m  F ig u re s  X I - 2  a n d  X I - 3 ,  r e s p e c t iv e ly .

d . A t R =  r R, L - s u b s t i t u t e d  a n a lo g u e  m in u s  t R, D - s u b s t i tu te d  a n a lo g u e s .

e. t R v a lu e s  f o r  n a t iv e  p e p t id e  w h ic h  h a s  th re e  d e n o t io n s :  V 681 =  S I  I S l  =  V 1 3 V L
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Table XI-2 RP-HPLC and HILIC/CEX Retention Data
Amino acid substitution in non-polar peptide face a

Amino acid b RP-HPLC (/». m in )c A/r (D -L ) d H IL IC /C E X  (/r, m in )c A/r (D -L ) d
substitution V 1 3 X l V 1 3 X d (min) V 1 3 X l V 1 3 X d (min)

L 48.1 43.9 -4.2 45.5 42.0 -3.5
V l46.3c 40.2 -6.1 45.41 40.2 -5.3
A 42.4 38.5 -3.9 44.3 41.5 -2.8
S 38.3 34.3 -4.0 44.3 42.0 -2.3
K 33.8 31.2 -2.6 49.5 49.0 -0.5

a. Denotes that am ino acid substitutions are m ade in the non-polar face (V 13X  series) o f  am phipathic a-helical peptides 
show n in Figure XI-1; X L and X D denote L- or D -am ino acids are substituted at position X o f  this peptide series.

b. Denotes substitution o f  L-Val w ith L-Leu, D-Leu, L-V al, D -Val, L-Ala, D-Ala, L-Ser, D-Ser, L-Lys or D-Lys.
c. Retention tim es o f  R P-H PLC  and HILIC/CEX  runs taken from  Figures XI-2 and X I-3, respectively.
d. ArR = rR, L-substituted analogue minus rR, D -substituted analogues.
e. fR values for native peptide w hich has three denotions: V 681 = S U S L = V 13V L
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XI-1; SI IX  series) or non-polar face (Table XI-2; V13X series) by substitution o f D-

amino acids into these respective faces o f the amphipathic a-helix.

From Figure XI-2, peptides were eluted in order o f increasing hydrophobicity o f 

the substituted side-chain (K<S<A<V<L (Guo et al., 1986a)) in the non-polar face for 

both the L- and D-analogues, i.e., the elution order for the two peptide mixtures was the 

same, except for the relative position o f the Gly-analogue (eluted between K l and Sl in 

Figure XI-2A and between Sn and Ad in Figure XI-2B). Also from Figure XI-2C, the 

elution order o f the L-analogues is again in order o f increasing hydrophobicity o f the 

side-chain substituted into the polar face o f the a-helix (K l<S l<A l<V l<L l), with G now 

eluted prior to K l. However, this elution order was not observed for the analogues with 

D-amino acids substituted into the polar face of the amphipathic a-helix (Figure X1-2D), 

where Ad and Ld are co-eluted and V D, with a hydrophobic side-chain, is eluted prior to 

Sd, which contains a polar, hydrophilic side-chain. Such an observation is likely due to 

the varying magnitude o f disruption o f the preferred non-polar binding domain o f the 

peptide helix when different D-amino acids are substituted into the sequence, i.e., 

different D-amino acids disrupt the non-polar face to different extents, resulting in the 

RP-HPLC elution order shown in Figure XI-2D. It is interesting to note that the elution 

of VD significantly prior to So reflects the observation by Chen et al (Chen et al., 2002) 

that amino acids, such as Val, with P-branched side-chains showed the greatest reduction 

in apparent side-chain hydrophobicity due to D-amino acid substitutions into the centre o f 

the non-polar face o f an amphipathic a-helix. Similarly, when substituted into the centre 

of the non-polar face o f V()g| in the present study, the presence o f D-Val was the most 

disruptive o f the hydrophobic preferred binding domain o f the a-helix as measured by
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RP-HPLC (A tR , V r  -  V L = -6.1 min) relative to other D-substituted analogues (Table XI-

2). Interestingly, when D-Val is substituted in the center o f the polar face o f V68i, it

remains the most disruptive D-amino acid with a AtR value even larger than that on the

non-polar face (A tR , VD -  V l = -6.7 min) (Table XI-1). This suggests that D-Val can

disrupt the a-helix better on the polar face than on the non-polar face. This was also

observed for D-Leu (AtR o f -5.4 min on the polar face versus -4.2 min on the non-polar

face) and D-Lys (AtR o f -5.0 min on the polar face versus -2.6 min on the non-polar face)

(Table XI-1). D-Ser was the only example where the a-helix disruption was better on the

non-polar face (AtR o f -4.0 min on the non-polar face versus -3.4 min on the polar face).

Non-polar face substitutions are replacing L-Val at position 13. Since L-Ala, L- 

Ser and L-Lys are all more hydrophilic than L-Val, it would be expected that such 

substitutions would decrease peptide retention time as observed (L-Val, tR = 46.3 min; L- 

Ala, 42.4 min; L-Ser, 38.3 min; and L-Lys, 33.8 min). Similarly, L-Leu is more 

hydrophobic than L-Val and retention time increases to 48.1 min. For all polar face 

substitutions, the non-polar face remains the same, i.e., with Val at position 13 (Figure 

XI-1) and polar face substitutions are replacing L-Ser at position 11. Since L-Ala, L-Val 

and L-Leu are more hydrophobic than L-Ser, it would be expected that such substitutions 

would increase peptide retention time (as, indeed, was observed in the elution order o f 

Figure XI-2C), even though they do not involve the preferred binding domain for RP- 

HPLC. Note that an L-Val to L-Leu substitution on the polar face increases retention 

time and hydrophobicity by 1.0 min (Table XI-1), whereas the same substitution on the 

non-polar face increases retention time and hydrophobicity by 1.8 min (Table XI-2). This 

almost doubling o f the effect o f the addition o f a single CH2 group shows that
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hydrophobicity is more easily affected by substitution in the non-polar face, i.e., the

preferred binding domain for RP-HPLC. Further, when you increase hydrophobicity on

the polar face from L-Ser to L-Ala, L-Val and L-Leu, the overall hydrophobicity o f the

peptide, as measured by RP-HPLC, is 46.3 min, 47.3 min, 47.8 min and 48.8 min,

respectively, i.e., L-Leu increases overall hydrophobicity by 2.5 min relative to L-Ser

(Table XI-1). By comparison, the same change on the non-polar face accounts for a

significantly greater effect where L-Leu increases overall hydrophobicity by 9.8 min

relative to L-Ser (Table XI-2).

It is also worth noting the elution behaviour o f K l relative to analogue G when L- 

Lys is substituted into the non-polar face o f the a-helix (Figure XI-2A) compared to the 

polar face (Figure XI-2C). It has been clearly shown in model random coil peptides (Guo 

et al., 1986a) that substitution o f a Gly residue by a positively charged Lys residue leads 

to a significant decrease in peptide retention time during RP-HPLC at pH 2.0, exactly as 

observed in Figure XI-2A for the amphipathic peptides of the present study. However, 

from Figure XI-2C, K l is eluted after the G analogue when L-Lys is substituted into the 

polar face of the a-helix. Such an observation is likely due to the L-Lys being in the 

centre o f the hydrophilic face o f the amphipathic a-helix, i.e., on the opposite side o f the 

hydrophobic preferred binding domain for RP-HPLC. Although the positively charged 

Lys side-chain still affects peptide retention behaviour (note its elution in Figure XI-2C 

prior to A l, V l and L l containing non-polar groups at the substitution site), this effect is 

likely diminished compared to the situation where L-Lys is substituted into the centre of 

the non-polar face o f the helix and is, therefore, able to interact to a greater extent with 

the hydrophobic stationary phase. Indeed, the RP-HPLC retention behaviour o f all o f the
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polar face-substituted analogues (with identical non-polar faces) relative to their non

polar face counterparts, in terms of the much narrower elution range o f the former, as 

well as the severely diminished contribution to apparent peptide hydrophobicity o f even 

hydrophobic side-chains such as Leu and Val when substituted in the polar face o f the 

helix, clearly underlines the presence o f a preferred binding domain for RP-HPLC and 

represented by the non-polar face of the amphipathic a-helix. A similar overall trend can 

also be seen for the D-substituted analogues, albeit interpretation is complicated 

somewhat by the helix-disrupting properties o f D-amino acids (note, for example, the 

slight reduction in retention time for Ld when D-Leu is substituted in the polar face 

(Figure XI-2D; Table XI-1) compared to the non-polar face (Figure XI-2B; Table XI-2). 

XI-4-4 HILIC/CEX o f amphipathic a-helical peptide analogues of V6$i

Figure XI-3 shows the HILIC/CEX profiles o f mixtures o f the L-amino acid 

substituted analogues (Figure XI-3A and XI-3C) and D-amino acid substituted analogues 

(Figure XI-3B and XI-3D) when substitutions were made in the polar face (Figure X1-3A 

and XI-3B) or non-polar face (Figure XI-3C and XI-3D) o f the amphipathic a-helix. 

From Figure XI-3, for both the L- and D-amino acid substituted peptides, the peptide 

mixtures are better separated when substitutions are made in the polar face o f the a-helix 

(the preferred binding domain for HILIC/CEX) compared to the non-polar face. Thus, for 

L-substitutions in the polar (Figure XI-3A; Table Xl-1) and noil-polar (Figure XI-3C; 

Table XI-2) faces, the elution range for the first eluted and last eluted L-substituted 

peptides were 19.2 min (L l  to KL) and 5.2 min (Sp to Kl), respectively; for D- 

substitutions in the polar (Figure XI-3B; Table XI-1) and non-polar (Figure XI-3D; Table 

XI-2) faces, these values were 17.9 min ( L d to K d) and 8.8 min (VD to K D), respectively.
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Figure XI-3 HILIC/CEX of amphipathic a-helical peptides. Column: strong cation- 
exchange Poly-Sulfoethyl A (200 mm x 2.1 mm I.D.). Conditions: linear AB gradient 
(5 mM NaClCL to 250 mM NaGCL in 60 min) at a flow rate of 0.3 ml/min, where 
buffer A is 5 mM NaClOa and buffer B is 5 mM aq. TEAP, pH 4.5, containing 250 
mM NaClCL, both buffers also containing 70% (v/v) acetonitrile; temperature, 65 °C. 
Bars denote elution ranges for the five L- or D-amino acid substituted peptides. The 
sequences o f the peptides are shown in Figure XI-1.
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Figure XI-3 HILIC/CEX of amphipathic a-helical peptides. Column: strong cation- 
exchange Poly-Sulfoelhyl A (200 mm x 2.1 mm I.D.). Conditions: linear AB gradient 
(5 mM NaClCL to 250 mM NaC10.i in 60 min) at a flow rate o f 0.3 ml/min, where 
buffer A is 5 mM NaClCL and buffer B is 5 mM aq. TEAP, pH 4.5, containing 250 
mM NaClCL, both buffers also containing 70% (v/v) acetonitrile; temperature, 65 °C. 
Bars denote elution ranges for the five L- or D-amino acid substituted peptides. The 
sequences o f the peptides are shown in Figure XI-1.
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The Lys analogues, due to their extra positive charge, are clearly well separated from the

remainder o f the peptides in the mixtures. However, even i f  one were to exclude these

analogues from the elution range comparison, i.e., only compare peptides o f identical net

positive charge, the superior separation o f the analogues with substitutions in the polar

face o f the a-helix is still clear: for L-substitutions in the polar (Figure XI-3 A; Table XI-

1) and non-polar (Figure XI-3C; Table XI-2) faces, the elution ranges were 6 min (Ll to

S l) and 1.2 min (L l to Sl), respectively; for D-substitutions in the polar (Figure XI-3B;

Table XI-1) and non-polar (Figure XI-3D; Table XI-2) faces, these values were 6.1 min

(Ld to Sd) and 1.8 min (Ld to VD), respectively. Concomitant with this larger elution

range for peptide analogues substituted in their polar faces (Figures XI-3A and XI-3B) is

improved peptide resolution compared to the analogues with substitutions made in their

non-polar faces (Figures XI-3C and XI-3D). Thus, for both L- (Figure XI-3A) and D-

(Figure XI-3B) amino acid substitutions in the polar face, all six peptides were

satisfactorily separated. In contrast, for L-substitutions in the non-polar face (Figure XI-

3C), Sl and A l were coeluted as were Ll and Vi.; similarly, for D-substitutions in the

non-polar face (Figure XI-3D), Sd and Ld were coeluted, these coeluted peptides also

being only poorly resolved from A d and G.

From Figure XI-3 and Tables XI-1 and XI-2, in a similar manner to the RP-HPLC 

results (Figure XI-2, Tables XI-1 and XI-2), the D-substituted analogues were again 

consistently eluted faster than their corresponding diastereomers in HILIC/CEX. As 

noted previously for the RP-HPLC results, this pattern o f earlier elution for the D- 

substituted analogues is likely due to disruption o f the preferred binding domain (in this 

case, the hydrophilic preferred binding domain represented by the polar face o f the
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amphipathic a-helix) by a D-amino acid substitution into the centre o f either the polar or

non-polar face o f the helix. From Tables XI-1 and XI-2, in a similar manner to the RP-

HPLC results, subtraction o f the HILIC/CEX retention time o f the D-amino acid

substituted analogues from their L-amino acid substituted counterparts again produces

AtR values representing either the disruption o f the polar face (S11X series; Table XI-1)

or non-polar face (V13X scries; Table XI-2) by substitution o f D-amino acids into these

respective faces o f the amphipathic a-helix. The D-amino acid that was most disruptive

to the hydrophilic preferred binding domain o f the a-helix as measured by HILIC/CEX

was D-Val substituted on the non-polar face (A tR, VL -  VD = -5.3 min; Table XI-2) and

D-Lys substituted on the polar face (AtR, KL -  KD = -3.9 min; Table XI-1). This contrasts

with the RP-HPLC results where D-Val was most disruptive o f the non-polar preferred

binding domain whether the substitution was on the polar or non-polar face. HILIC/CEX

could be more sensitive to the D-Lys substitution on the polar face because o f the mixed

mode effects. The lysine residue introduces an additional charge which affects both ion-

exchange and hydrophilic interactions. Interestingly, D-Val was the second best

substitution for disruption of the polar preferred binding domain when made on the polar

face (Table XI-1).

Also from Figure XI-3, peptides are eluted in order o f increasing hydrophilicity of 

the substituted amino acid side-chain in the polar face for both the L- (3A) and D- (3B) 

analogues, i.e., L < V < A < S < K .  There is no clear pattern to the elution order o f the 

peptides when substitutions are made in the non-polar face (3C and 3D). In particular, 

the elution order o f the D-substituted analogues is likely influenced by the degree of 

disruption o f the polar face by different D-amino acid substitutions in the non-polar face.
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Figure XI-4 Effect o f temperature on HILIC/CEX of amphipathic a-helical peptides, 
where substitutions are made in the polar face o f the a-helix. Column: see Figure XI- 
3. Conditions: same as Figure XI-3 except temperature is now 25 °C (top panel) or 65 
°C (bottom panel). The sequences of the peptides (SX11 series) are shown in Figure 
XI-1.
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Figure XI-5 Effect o f temperature on HILIC/CEX o f amphipathic a-helical peptides, 
are made in the non-polar face o f the a-helix. Column: see Figure XI-3. Conditions:: 
except temperature is now 25 °C (top panel) or 65 °C (bottom panel). The sequer 
(VX13 series) are shown in Figure XI-1.
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Figures XI-4 and XI-5 now illustrate the effect o f temperature on HILIC/CEX of

peptide analogues with L-substitutions in the polar face (Figure XI-4) or the non-polar 

face (Figure XI-5). From Figure XI-4, the effect o f a rise in temperature from 25°C to 

65°C produced a dramatic improvement in the resolution o f the L-substituted analogues, 

as well as a significant increase in retention time. A L and G, in particular, illustrate this 

improvement, being coeluted at 25°C and resolved to baseline at 65°C. The greater the 

increase in retention time o f K l (with an extra positive charge) suggests that the more 

hydrophilic the substituted amino acid, the greater the effect o f temperature on peptide 

retention time in HILIC/CEX, reflecting earlier observations by this laboratory 

(Hartmann et al., 2003). From Figure XI-5, an improvement in resolution on raising the 

temperature from 25°C to 65°C can also be seen for the peptides where L-substitutions 

were made in the non-polar face, albeit not as dramatic as seen for the peptides 

substituted in the polar face (Figure XI-4). Retention times have also again increased. 

The major effect o f raising the temperature was to improve the resolution o f the coeluted 

peptide pairs o f S l/A l and L l/V l.

Although not shown here, raising the temperature from 25°C to 65°C for RP- 

HPLC o f these L-substituted peptides did not significantly improve the separation of the 

peptide mixtures achieved at the lower temperature (Figure XI-2A and XI-2C), 

particularly the already excellent resolution o f the analogues with L-substitutions made in 

the non-polar face o f the a-helix (Figure XI-2A). The major effect was a decrease in 

retention times o f all peptides in the two mixtures. Thus, we believed that the similar 

retention time range o f both the L- and D-substituted analogues at 25°C for RP-HPLC 

and 65°C for HILIC/CEX (as well as the clear advantage o f employing the higher
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temperature for HILIC/CEX; Figures XI-4 and XI-5) allowed a more valid comparison of

the effectiveness o f these two HPLC modes both for resolution o f peptide mixtures and as

monitors o f hydrophilicity/hydrophobicity o f the non-polar and polar faces, respectively,

o f amphipathic a-helical peptides.

XI-4-5 RP-HPLC and HILIC/CEX as monitors o f hydrophilicity/hydrophobicity o f 
amphipathic a-helical peptides

Table XI-3 summarizes the effect o f amino acid substitutions on the retention 

behaviour o f the native peptide, V68| (also denoted as Sl 1 Sl and V13Vi). O f interest here 

is the relative range o f AtR values as determined by RP-HPLC or HILIC/CEX when 

substitutions are made in the polar face (Sl 1 Sl series) or non-polar face (V13Vi.) o f V68|. 

Thus, when substitutions are made in the polar face, the AtR range as measured by RP- 

HPLC is just 8.8 min compared to 21.8 min for HILIC/CEX, highlighting the greater 

sensitivity o f the latter HPLC mode for monitoring substitutions made in the polar face. 

In contrast, RP-HPLC (AtR range = 16.9 min) is clearly more sensitive to changes made 

in the non-polar face compared to HILIC/CEX (AtR range = 9.3 min). Such results again 

underline the complementary nature o f these two HPLC modes.

From Figure XI-6, this opposing, i f  complementary, nature o f RP-HPLC and 

HILIC/CEX is quite clear. Thus, with amino acid substitutions (whether L- or D-amino 

acids) made in the non-polar face of the amphipathic a-helix, peptides are eluted during 

RP-HPLC in order o f increasing hydrophobicity o f the non-polar preferred binding 

domain. In contrast, with substitutions made in the polar face o f the a-helix (whether L- 

or D-amino acids), peptides are eluted during HILIC/CEX in order o f increasing 

hydrophilicity (decreasing hydrophobicity) o f the polar preferred binding domain. The
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Table XI-3 Effects o f Amino Acid Substitutions on the Retention Behavior o f Peptide V68i
Amino acid a 
substitution

RP-HPLC b 
A/R(min)

H IL IC /C E X  b 
A?R(min)

S l l  Slc + > L l +2.5 -6.0
S l —> V L +1.5 -5.0
Sl —> A l + 1.0 -2.3
Sl —> K l Range 8.8 min -1.3 Range 21.8 min +13.2
S l —> Lq -2.9 -8.6
Sl —» V D -5.2 -8.0
S l —> Ad -2.9 -4.1
Sl —> Sd -3.4 -2.5
Sl -+  K d -6.3 +9.3

V 13 V lc —» L l + 1.8 0
V L —>• a l -3.9 -1.2
V l —» SL -8.0 -1.2
V l —» K l Range 16.9 min -12.5 Range 9.3 min +4.0
V l —+ L d -2.4 -3.5
V l ->  V d -6.1 -5.3
V l —> A d -7.8 -4.0
V l —+ SD -12.0 -3.5
V , —» K n -15.1 +3.5

a. D enotes that am ino acid  substitutions are m ade in the polar face (S l IX  series) or non-polar face (V O X  series) o f  am phipathic a -  
helical peptides show n in F igure XI-1.

b. D enotes change in retention tim e w hen an am ino acid substitution is m ade in the po lar face (e.g., tR o f  S l I S l  minus fR o f  S l 1Ll  = 
+2.5 m in and -6 .0  m in in R P-H PLC  and  H ILIC /C EX , respectively) or non-polar face (e.g ., rR o f  V 13V l  m inus tR o f  V 13L l  =  +1.8 
m in and 0 m in in R P-H PLC  and H ILIC /C EX , respectively) o f  the am phipathic a -helica l peptides show n in F igure XI-1.

c. N ote that denotions S l IS l and V 13V L both represent the native V68) peptide.
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Table XI-4 Monitoring o f Effects o f the Same Substitutions on the Non-Polar versus the Polar Face by RP-HPLC 
and HILIC/CEX

Amino acid a 
substitution

RP-HPLC (pbd) b 
A/R(min) c

RP-HPLC (N on-pbd)b 
ArR(m in )c

H IL IC /C E X  (p b d )B 
A/R(m in )c

H IL IC /C E X  (Non-pbd) b 
ArR(min) c

Sl —> L l + 9.8 + 2.5 - 6.0 +  1.2
Sl —» V L + 8.0 + 1.5 - 5.0 + 1.2
Sl —> A l + 3.9 + 1.0 - 2.3 0
Sl —> K.l -4 .5 - 1.3 + 13.2 + 5.2

a. D enotes L-Ser substitution w ith L-Leu, L-V al, L-A la, or L-Lys.
b. pbd  and non-pbd denote preferred b inding dom ain and non-preferred b inding dom ain, respectively.
c. ArR =  retention tim e o f  Sl subtracted from  denoted L-analogue w ith w hich it has been substituted; R P-H PLC  and H ILIC /C EX  retention tim es taken from

Figures X I-2 and XI-3, respectively, and Tables XI-1 and XI-2.
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RP-HPLC (25°C) HILIC/CEX (65°C)

Polar Face SubstitutionsNon-polar Face Substitutions
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Figure X I-6  Selectivity o f RP-HPLC versus H IL IC /C E X  o f amphipathic a-helical peptides. Retention time data taken from Table 
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results shown in Figure XI-6 indicate that RP-HPLC and HILIC/CEX are, indeed,

potentially useful monitors o f hydrophilicity/hydrophobicity o f the non-polar and polar

faces, respectively, o f an amphipathic a-helical peptide.

Such potential is highlighted in Table XI-4 which compares the relative efficacy 

o f RP-HPLC versus HILIC/CEX for monitoring hydrophilicity/hydrophobicity changes 

when substituting L-Ser with L-Ala, L-Val, L-Leu or L-Lys in the polar or non-polar face 

o f V (,8i. L-substituted amino acids were chosen since replacement o f an L-amino acid 

with another L-amino acid w ill have the least effect on helix conformation. In contrast, 

replacement o f an L-amino acid with a D-amino acid w ill cause disruption of both the 

polar and non-polar faces o f the helix, no matter which face the substitution is made, the 

extent o f such disruption being dependent on the particular D-amino acid (Chen et al., 

2002). In addition, the Gly analogues were not included in Table XI-4 since glycine 

(which is also neither an L- or a D-amino acid) is a known a-helix disrupter, second only 

to proline in its helix-disruptive characteristics (Zhou et al., 1994b). Thus, Table XI-4 

represents the most valid demonstration o f the potential effectiveness of RP-HPLC and 

HILIC/CEX for monitoring changes in the non-polar and polar faces, respectively, of 

V68] through L-amino acid substitutions, i.e., negligible effect on a-hclix structure and a 

systematic increase in inherent hydrophobicity o f either face through substitution o f the 

polar uncharged Ser with non-polar side-chains (Ala < Val < Leu) (Lau et al., 1984a) or a 

large increase in hydrophilicity through its substitution with positively charged Lys.

From Table XI-4, for the polar face substitutions on the preferred binding domain 

as measured by HILIC/CEX (Sl IX  series; see Figure XI-1), as the hydrophobicity o f the 

substitution is increased (Ala < Val< Leu), there is a decrease in retention time compared
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to the Ser-substituted analogue (AtR o f -2.3, -5.0 and -6.0 min, respectively); also, there

is a large increase in retention time for the Lys-substituted analogue (+13.2 min). 

However, when these same polar face substitutions are measured by RP-HPLC (non

preferred binding domain), the AtR values are relatively small (ranging from just +1.0 min 

to +2.5 min for the non-polar side-chain substitutions and just -1.3 min for Lys), 

particularly when compared to the significantly larger substitution effects detected by 

HILIC/CEX. Clearly, and considering the overall similar retention time ranges of RP- 

HPLC (Figure XI-2) and HILIC/CEX (Figure XI-3) o f these Sl IX  series peptides (Table 

XI-1), Tables XI-3 and XI-4 demonstrate that HILIC/CEX monitors changes in the polar 

face o f Vti<n more effectively than RP-HPLC.

From Table XI-4, for the non-polar face substitutions (V13X series; see Figure 

XI-1), as the hydrophobicity o f the substitution is increased (Ala < Val < Leu), there is 

now a significant increase in RP-HPLC retention time compared to the Ser-substituted 

peptide, with AtR values ranging from +3.9 min for Ala up to +9.8 min for Leu when 

substituted into this preferred binding domain for RP-HPLC (compared to just +1.0 min 

for Ala and up to +2.5 min for Leu when substituted in the polar face and non-preferred 

binding domain). In addition, a Ser to Lys substitution now results in a AtR value o f-4.5 

min (compared to just -1.3 min for the polar face substitution). In contrast, HILIC/CEX 

is proving to be very insensitive to changes in hydrophobicity in the non-polar face {i.e., 

its non-preferred binding domain), as witnessed by its inability to distinguish between the 

Ser- and Ala-substituted peptides (AtR = 0 min), as well as the Val- and Leu-analogues 

(AtR = +1.2 min for both peptides). The positive charge on Lys has enabled the Ser to 

Lys substitution in the non-polar face to be monitored by HILIC/CEX (AtR = +5.2 min),
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albeit not as effectively as when this substitution is made in the polar face (M r = +13.2

min). Thus, in contrast to the Sl 1X series analogues, and again considering the overall

similar analysis times for RP-HPLC (Figure XI-2) and HILIC/CEX (Figure XI-3) o f the

V I3X  series peptides (Table XI-2), Tables XI-3 and XI-4 also demonstrate that RP-

HPLC clearly monitors changes in the non-polar face o f V6si more effectively than

HILIC/CEX.

XI-5 Conclusions

The present study reports initial results o f our approach to monitoring the effect 

on apparent peptide hydrophilicity/hydrophobicity and amphipathicity o f substituting 

single L- or D-amino acids into the centre of the non-polar or polar faces o f a 26-residue 

biologically active amphipathic a-helical peptide denoted V68|. Overall peptide 

hydrophobicity can be increased by amino acid substitutions in the polar or non-polar 

face o f the amphipathic a-helix. However, our results show that, where substitutions have 

been made in the non-polar face, reversed-phase chromatography (RP-HPLC) is the best 

approach for monitoring such changes; conversely, for substitutions made in the polar 

face, mixed-mode hydrophilic interaction/cation-exchange chromatography 

(HILIC/CEX) which resolves peptides based substantially on their hydrophilic character, 

was best suited for monitoring the effect o f such substitutions. Our results provide 

insights not only into the relative efficacy o f RP-HPLC versus HILIC/CEX for resolution 

o f specific peptide mixtures, but also for gauging the apparent hydrophilicity/- 

hydrophobicity o f L- and D-amino acids substituted into the non-polar or polar faces of 

an amphipathic a-helical peptide. We believe these complementary RP-HPLC and
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HILIC/CEX methods offer excellent potential for rational design of novel amphipathic a-

helical biologically active peptides, where modulation of the amphipathicity of such

molecules may lead to the development of more effective antimicrobial agents.
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CHAPTER X II 

Future Studies

The research described in this thesis made significant advances in two important 

areas: HPLC methodology development for the separation o f peptides and cle novo design 

o f antimicrobial peptides with enhanced activity and specificity.

HPLC o f peptides:

Due to the emergence o f the new field o f proteomics, the development of novel 

separation protocols, especially in the area of multidimensional peptide/protein 

separations, has become essential. HPLC plays a critical role in the post-genomic era of 

proteomics, owing to its flexibility, reliability, reproducibility and capability to handle 

large amount o f samples (Guttman et al., 2004; Issaq, 2001; Liu et a l, 2002b; Wehr, 

2002). In addition, the ability o f HPLC to integrate with other major analytical 

instrumentations (such as mass spectroscopy, electrophoresis, etc) has greatly enhanced 

its application in proteomic practices. In order to fu lfill the requirements o f widely- 

employed multidimensional separations in proteomic studies, HPLC separation 

methodology needs to be further developed, especially the methods suitable for 

application to multidimensional peptide/protein separation/optimization systems. For 

example, as described in this thesis, HILIC/CEX may be an excellent complement to R.P- 

HPLC for peptide separations and thus may also be a useful complementary HPLC mode 

for two-dimensional liquid chromatography separations, frequently required for complete 

resolution o f complex peptide mixtures characteristic o f proteomic separations.
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Moreover, since it is well known that varying HPLC parameters, such as temperature, 

mobile phase conditions and stationary phase, may have dramatic influences on 

peptide/protein separations, the optimization o f HPLC methodology w ill be extremely 

valuable for future proteomic studies. For example, since we have already proven the 

effect o f temperature on the selectivity o f peptide separations, temperature can be used as 

an additional parameter for proteomic separations of enzymatic digests o f proteins during 

two-dimensional HPLC elutions. Thus, the use o f high temperature to improve the 

separation o f proteomic samples w ill be investigated. In addition, due to the superior 

effectiveness o f the ion-pairing ability o f the perchlorate ion, it could also be used in the 

proteomic elutions of protein digests to improve peptide selectivity and resolution. In a 

similar manner to work we have carried out to determine optimum TFA concentrations 

for RP-HPLC o f peptides, the optimum concentration o f perchlorate ion should be 

studied for routine usage for RP-HPLC peptide separation. The methods we developed to 

monitor the hydrophilicity/hydrophobicity o f side-chains on both the polar and non-polar 

faces of amphipathic molecules w ill be applied to the development o f new antimicrobial 

peptides.

Antim icrobia l peptides:

Although there arc a large number o f antimicrobial peptides discovered or 

synthesized, only a few o f them can be used in clinical practice. The main reasons are due 

to the toxicity o f peptides to eukaryotic cells and the lack of understanding of 

antimicrobial mechanism of action. The antimicrobial peptides discovered in this thesis 

(e.g., NKl, NAq in Chapter IX) are potential candidates for the development o f peptide
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therapeutics, because o f their improved antimicrobial activity and the dramatic decrease 

in hemolytic activity compared with the native peptide Vesi - As clinical therapeutics, in 

vivo efficacy is an extremely important element in the development o f any peptide 

antibiotic. Ultimately many vertebrate animal model tests have to be carried out that are 

each representative o f different infections by different organisms, e.g., A.BY/SnJ mouse 

model (Pennington et al., 1979) and chronic pulmonary infection model (Wilderman et 

al., 2001) for Pseudomonas infection. Furthermore, in order to understand more about 

antimicrobial mechanism o f action, peptide interactions with model and biological 

membranes have to be explored. Indeed, we w ill continue to collaborate with Dr. R. N. 

McElhaney and coworkers to do thorough studies on the interaction o f Vest and analogs 

with different lipid compositions o f biomembrane including all o f the major classes of 

phospho-, sphingo- and glyco-lipids found in prokaryotic and eukaryotic cell surface 

membranes. Many other studies w ill also be carried out to investigate the interactions of 

the peptides and membranes, such as liposaccharide (LPS) affinity studies, fluorescence 

quenching studies, and NMR studies, etc. Since the initial interaction of cationic 

antimicrobial peptides with the Gram-negative bacterial cells occurs via binding o f the 

peptides to the anionic LPS, LPS affinity studies can help us to find out the relationship 

between peptide LPS affinity and biological activity. Moreover, it should be pointed out 

that, clinically, LPS and, in particular, lipid A play an important role in pathophysiology 

o f Gram-negative bacterial sepsis which leads to endotoxic shock, often culminating in 

the death o f the patient (Epand et al., 1999). Hence, antimicrobial peptides may have a 

role in treating sepsis by binding LPS in circulation and thus neutralizing its toxic action, 

providing yet another important rationale for future studies in this area (Srimal et al.,
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1996; Thomas et al., 1999). Fluorescence quenching experiments may provide 

information on the orientation of the peptides after they interact with liposomes. NMR 

will allow us to have an insight into peptide structures when they interact with 

biomembranes. In addition, even more importantly, we can apply our de novo peptide 

design approach with single D-/L-amino acid substitutions in other peptides with 

antimicrobial potential to generalize the optimum way of developing antimicrobial 

peptides as clinical therapeutics.
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APPENDIX I

Capillary Zone Electrophoresis (CZE) of a-Helical Diastereomeric 
Peptide Pairs Using Anionic Ion-Pairing Reagents

A version of this chapter has been published: Popa, T. V., Mant, C. T., Chen, Y., and 
Hodges, R. S. (2004) J. Chromatogr. A. 1043, 113-122.

Abstract

The present study uses an unique capillary electrophoresis (CE) approach, that we 

have termed ion-interaction capillary zone electrophoresis (II-CZE), for the separation o f 

diastereomeric peptide pairs where a single site in the centre o f the non-polar face o f an 

18-residue amphipathic a-helical peptide is substituted by the 19 L- or D-amino acids. 

Through the addition of perfluorinated acids at very high concentrations (up to 400 mM), 

such concentration levels not having been used previously in chromatography or CE, to 

the background electrolyte (pH 2.0), we have been able to achieve baseline resolution o f 

all 19 diastereomeric peptide pairs with an uncoated capillary. Since each diastereomeric 

peptide pair has the same sequence, identical mass-to-charge ratio and identical intrinsic 

hydrophobicity, such a separation by CZE has previously been considered theoretically 

impossible. Excellent resolution was achieved due to maximum advantage being taken of 

even subtle disruption of peptide structure/conformation (due to the presence o f D-amino 

acids) o f the non-polar face o f the amphipathic a-helix and its interaction with the 

hydrophobic anionic ion-pairing reagents. In addition, due to the excellent resolution o f 

diastereomeric peptide pairs by this novel CZE approach, we have also been able to 

separate a mixture o f these closely-related a-helical peptides.
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1. Introduction

The importance o f efficient separation o f peptide diastereomers should not be 

underestimated, since pharmaceutical applications of peptides are rapidly expanding, 

with approximately 35 peptides already being commercialized worldwide, 150-300 in the 

development stage and 20 in late development (Sutherland, 2003). Concerning regulation 

of stereochemistry issues, the detection (and quantitation) o f diastereomeric and 

enantiomeric impurities are required by various regulatory agencies for pharmaceutical 

peptides. While reversed-phase high-performance liquid chromatography (RP-HPLC) is 

generally the favoured mode o f separation for peptide mixtures (Mant et al., 1991; Mant 

el al., 2002), including peptide diastereomers (Chen cl al., 2002; Gazdag el al., 1997; 

Koval et al., 2003; Mant et al., 1991), we believe that capillary electrophoresis (CE) may 

also have general utility for separation of such peptides.

In order to examine the ability o f CE to resolve peptide diastereomers, we have 

now applied an unique capillary zone electrophoresis (CZE) approach, which we have 

termed ion-interaction CZE or II-CZE (Popa et al., 2003; Popa et al., 2004b), to the 

separation o f 18-residue amphipathic a-hclical diastereomeric peptide pairs employing 

aqueous solutions o f perfluorinated acid ion-pairing reagents at high concentrations (up 

to 400 mM) as background electrolyte (BGE). This is in distinct contrast to their 

employment as anionic ion-pairing reagents for RP-HPLC, where acid concentrations are 

very low (generally ca. 10 mM; (Guo et al., 1987; Mant et al., 1991; Mant et al., 2002)). 

The separation o f  such peptides with single diastereomeric substitutions of L- or D-amino 

acids in the centre o f the non-polar face o f the amphipathic a-helix is a challenging task 

for CE. Indeed, since each diastereomer not only has the same sequence but also
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identical mass-to-charge ratio and intrinsic hydrophobicity, such a separation by

conventional CZE has been considered theoretically impossible (Thorsteinsdottir et al.,

1995). Our results demonstrate the importance o f this bidimensional separation

mechanism we have proposed, whereby the CZE mode produced a separation of

identically charged peptides with negligible secondary structure; within each charged

group of peptides, the addition o f perfluorinated acids at high concentration allowed

resolution of the peptides through differences in peptide hydrophobicity (Popa et al.,

2003; Popa et al., 2004b). Such a mechanism is unique to CZE, since the separations all

occur within the mobile phase (BGE) in an uncoated capillary. We now wished to extend

this novel CE approach to the separation o f amphipathic a-helical peptide diastereomers.

Although we have previously reported some success in separating such peptides with

more traditional CE approaches (Popa et al., 2004a), baseline resolution o f all

diastereomeric peptide pairs by a single CE approach was not achieved and was now a

goal o f the present study.

In addition to demonstrating the potential o f this unique CE approach for 

separation o f peptide diastereomers, we also wished to determine whether CE could, in a 

similar manner to RP-HPLC (Chen et al., 2002; Kondcjewski et al., 1999; Lee et al., 

2003; Mant et al., 2002; Mant et al., 2003a; Mant et al., 2003b), provide useful 

information for protein structure/function studies, de novo design of amphipathic a- 

hclical antimicrobial peptides, and proteomics applications in general. For example, 

modulation o f the amphipathicity/stability o f a-helices by substitution of L/D amino 

acids into the centre of the hydrophobic face enables a quantitative assessment o f the 

effects o f such substitutions on such properties as molecular self-association, a key issue

356

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Appendix I Capillary Zone Electrophoresis 

both for structure/function (Kondejewski et al., 2002; Lee et al., 2003; Mant et al.,

2003a; Mant et al., 2003b) and for the efficacy of potential peptide antimicrobials

(Kondejewski et al., 2002; Lee et al., 2003; Mant et al., 2003a; Mant et al., 2003b). The

peptide models described in the present study are particularly suited for such

applications, as has already been demonstrated via their application in RP-HPLC (Chen

et al., 2002).

2. Experimental

2.1. Materials

Trifluoroacetic acid (TFA), pentafluoropropionic acid (PFPA) and 

heptafluorobutyric acid (HFBA) were obtained from Sigma/Aldrich. Lithium hydroxide 

was obtained from J.T. Baker (New Jersey, USA).

2.2. Solutions

Background electrolyte (BGE) solutions were prepared from the corresponding 

acids neutralized to pH 2.0 with lithium hydroxide.

2.3. Peptides

The amphipathic a-helical peptide diastereomers were synthesized by standard 

solid-phase synthesis methodology as described previously (Chen et al., 2002). A 

synthetic peptide standard with the sequence Arg-Gly-Gly-Gly-Gly-Leu-Gly-Leu-Gly- 

Lys-amide (+3 net charge) (denoted S2) was obtained from the Alberta Peptide Institute 

(University of Alberta, Edmonton, Alberta, Canada).

2.4. CE instrumentation and run conditions

All CE runs were carried out on a Beckman-Coulter P/ACE Capillary 

Electrophoresis System controlled by MDQ software (version 2.3). Uncoated capillaries
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(50 |im I.D.) were provided by Beckman-Coulter; in all cases, the shorter aperture (100 x

200 pm) was used. The total capillary length, Lt, was 60.2 cm and the effective length

(Ld, the length from the injection point to the detection point) was 50 cm. The capillary

was thermostatted at 15°C, the lowest value allowed by the instrument. Peptides were

detected at 195 nm by UV absorption with photodiode array (PDA).

Analyte apparent mobility was calculated by software according to Vigh’s 

correction (Williams et al., 1995) for voltage ramp (the time for the voltage to reach the 

programmed separation voltage; the voltage ramp time was 5 min). As a general rule, we 

recommend the increase of voltage ramp time until no further increase in current is 

registered at the end o f ramp time. Resolution (Rs) was calculated according to USP 

(United States Pharmacopoiea) rules.

For sample preparation, peptides were dissolved in water and maintained at 6°C in 

the instrument storage compartment. Peptide concentration, injection time and pressure 

were adjusted to produce a signal of 10-30 mAU. The sample volume was 50-100 pi, 

with evaporation loss minimized by adding water to the vial supporting the sample PCR 

microvial. The sample plug was bracketed by a pre-sample plug o f water (0.5 psi for 5 

sec) and a post-sample plug o f buffer (0.5 psi for 15 sec). The water plug implemented 

an on-line sample-preconcentration mechanism (Albin et al., 1993) and the post-sample 

plug (together with the voltage ramp (Knox et al., 1994)) prevented sample loss due to 

thermal expansion of the sample plug. High current and associated joule heat is generated 

during these separations, especially in the presence o f perfluorinated acids. Bubble 

formation and subsequent loss of resolution is avoided by a suitable length o f voltage 

ramp time and by a pressurized run, 50 psi generally being sufficient. In this way, we
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were able to perform successful runs even at a current o f 300 pA (the maximum limit

recommended by the instrument manufacturer). Injection conditions were always below 5

psi x 8s, such conditions already demonstrated to be well below conditions which may

cause sample overloading effects (Popa et al., 2003).

3. Results and discussion

3.1. Synthetic model peptides

The 18-residue model peptide used in the present study was based on the well- 

characterized sequence: Ac-EAEKAAKEAEKAAKEAEK-amide, known to exhibit a 

highly amphipathic a-helical structure (Sereda et al., 1994; Zhou et al., 1994) (Fig. 1). 

Alanine was selected to form the hydrophobic face o f the helix since it contains the 

minimum side-chain hydrophobicity required to create an amphipathic a-helix and 

because of its high intrinsic helical propensity and stability contributions (Monera et al., 

1995; Zhou et al., 1994). Lysine and glutamic acid allow a potential for a-helix 

stabilizing intrachain electrostatic attractions at the i-»i+3 and i-»i+4 positions at pH 7 

(Scholtz et al., 1993) (Fig. 1). All substituted model peptides were synthesized with Na- 

acetylated and Ca-amidatcd termini to reduce the unfavourable dipole interactions of a- 

helical structure (Shoemaker et al., 1987).

It has previously been shown (Zhou et al., 1994) that this amphipathic a-helical 

model exhibits the following features: the helix is single-stranded and non-interacting, 

enabling determination o f the effect o f different amino acid substitutions in the non-polar 

face; there is a uniform environment created by alanine residues surrounding the 

substitution site in the centre o f the non-polar face (position 9; denoted position X in Fig. 

1); the small size o f the alanine side-chain methyl group ensures minimal interactions
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XD Ac-E-A-E-K-A-A-K-E-XD-E-K-A-A-K-E-A-E-K-amide 
XL Ac-E-A-E-K-A-A-K-E-XL-E-K-A-A-K-E-A-E-K-amide
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A2
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A 16
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K18
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Figure  1 (A) Helical net and (B) helical wheel representations of the “host” peptide (sequence shown at top). The hydrophobic face 
(made up of alanine residues) is indicated between parallel lines in (A) and as an open arc in (B). All 19 L- and D-amino acids were 
substituted at the “guest” site at position 9 (boxed) of the hydrophobic face. In the peptide sequences, XL and XD represent L- and D- 
amino acid residues, respectively. The arrows in (A) indicate potential intra-chain ionic interactions at pH 7. Ac denotes A-acetyl and 
amide denotes C-amide. Peptides are denoted by the one-letter code of the substituted amino acid, e.g., AL denotes peptide with L- 
alanine substituted at position 9, PD denotes peptide with D-proline substituted at position 9, etc.
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with the “guest” amino acid residues; and, finally, the small size of the peptide

maximizes the effects o f single amino acid substitutions. Two series o f model peptide

analogues were synthesized, where position 9 in the centre o f the non-polar face was

substituted either by each of the 19 L-amino acids (Xl series, e.g., I l denotes L-isoleucine

substituted at position 9) or by the 19 D-amino acids (X d series, e.g., Id denotes D-

isoleucine substituted at position 9). It is important to note that the intrinsic

hydrophobicity o f the non-polar face o f the amphipathic helix is identical for each

enantiomeric peptide pair. Despite the inherent helix destabilizing properties o f D-amino

acids substituted into an a-helix made up entirely of L-amino acids (Aguilar et al., 1993;

Krause et al., 2000; Rothemund et al., 1995; Rothemund et al., 1996), previous circular

dichroism studies o f the peptides used in the present study in both benign medium and in

the presence o f 50% trifluoroethanol (TFE; a helix-inducing solvent for peptides with

potential a-helical conformation (Nelson et al., 1989)) have shown that the presence of

the D-amino acids still allows full folding in a hydrophobic environment (with the sole

exception o f L- or D-proline (Chen et a l,  2002).

The 10-residue peptide standard (S2) described above represents a reference 

cationic peptide (+3 net charge) with negligible secondary structure (i.e., a “random coil” 

peptide).

3.2. Approaches to CE separation o f model diastereomeric peptide pairs

In a previous study (Popa et al., 2004a), some success in separating these 

diastereomeric peptide pairs was achieved, particularly through the addition o f CHAPS to 

the BGE and using an uncoated capillary (micellar electrokinetic chromatography; 

MEKC) or by using a Cs-coated capillary in the presence of 25% TFE or 25% ethanol
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(open-tubular capillary electrochromatography; OT-CEC). However, no one method was

able to separate, to baseline, all 19 peptide pairs. Nonetheless, even the limited success

of this previous study suggested an explanation for the separation o f specific

diastereomeric peptide pairs may lie in conformational differences in the analogues

effected by a substitution o f an L-amino acid by its D-amino acid counterpart (Chen et

al., 2002). Any disruption o f the amphipathic a-helix in this way would also disrupt the

hydrophobicity o f the non-polar face, possibly allowing a separation of the peptide pair

via the introduction o f a hydrophobic mechanism.

An important observation from this previous study (Popa et al., 2004a) was that 

the separation o f specific diastereomeric peptide pairs in the absence of hydrophobic 

media (e.g., CZE) showed the same general trend as their separations in the presence of 

hydrophobic media (e.g., MEKC and OT-CEC), i.e., diastereomers generated by 

hydrophobic amino acid substitutions were generally better separated than those 

generated by hydrophilic amino acids. In addition, the CE separation of cationic random 

coil peptide standards was practically the same in the presence or absence o f organized 

hydrophobic media, the migration order being dictated by peptide hydrophobicity (Popa 

et al., 2003; Popa et al., 2004b). This separation o f both helical (Popa et al., 2004a) and 

random coil (Popa et al., 2003; Popa et al., 2004b) peptides in the absence o f organized 

hydrophobic media (CZE), coupled with the lack o f improvement o f the separation o f the 

cationic random coil peptides by the addition of alcohols (Popa et al., 2003), supported 

the idea that an hitherto unidentified hydrophobically-mediated mechanism located in the 

BGE was operating in both cases. The possibility that such a mechanism may be 

introduced via the interaction of ions in the BGE arose from consideration o f the
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mechanism o f phase transfer catalysis, where the ion-pairing strength o f the catalyst

depends on this reagent’s hydrophobicity and/or polarizability. For example, hydrophobic

quaternary ammonium salts (specifically the quaternary ammonium cation) transport

anions from the aqueous to the organic phase; the more hydrophobic the ion-pairing

quaternary ammonium salt (such as tetraoctylammonium > tetrabutylammonium >

tetramethylammonium), the more efficient for specific catalyzed reactions. Adapting this

concept to CE, if an ion-pairing (or, more generally, ion-ion interaction) effect was the

unidentified hydrophobically-mediated mechanism which resulted in the aforementioned

a-helical (Popa et al., 2004a) and random coil (Popa et al., 2003; Popa et al., 2004b)

separations, presumably it would be optimized by an increase in hydrophobicity and/or

concentration o f  an ion-pairing reagent. We set out to test this speculation through the

addition o f perfluorinated acids to the BGE. Thus, trifluoroacetic acid (TFA),

pentafluoropropionic acid (PFPA) and heptafluorobutyric acid (HFBA) represent a

homologous series o f increasingly hydrophobic (TFA<PFPA<HFBA) anionic ion-pairing

reagents (Guo e ta l ,  1987; Mant et al., 1991; Mant et a l,  2002).

3.3. CE o f  diastereomeric peptide pairs

Figs. 2 and 3 show the effect of increasing hydrophobicity and concentration o f

ion-pairing reagent on the separation o f representative diastereomeric peptide pairs:

Ar/Al (Fig. 2) and Dq/D l (Fig. 3). For these two peptide pairs, there is a general trend of

improved separation of the peptide pairs with increasing hydrophobicity (TFA < PFPA <

HFBA) and concentration o f perfluorinated acid. Similar results were obtained, to a

greater or lesser extent, with all pairs o f peptide diastereomers (with the exception of the

Pro analogues). The migration times of the peptides with L-substitutions were greater

363

R ep ro d u ced  with p erm iss io n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

(A) (B) (C)

100 mM TFA 
At = 0.24 min 
R s  = 1.71 __

100 mM PFPA 
A t  = 0.52 min 
R s  = 3.71 _

100 mM HFBA 
A t  = 0.79 min 
Rs  = 5.14

12 14 16

200 mM TFA 
A t  = 0.6 min 
R .  = 4.45

300 mM TFA 
A t  = 0.97 min

300 mM PFPA 
A t  = 2.23 min 
Rc = 13.48

200 mM PFPA 
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R s  = 8.78 1

300 mM HFBA 
A t  = 6.71 min 
Rs  = 25.39

200 mM HFBA( 
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Rs = 13.98 I

20 IS 2220 24 26 28 30 32
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Figure 2 E ffect o f  hydrophobicity  and concentration o f  perfluorinated acids on CE separation o f  A d /A l diastereom eric peptide 
pair. Conditions: capillary, uncoated 60.2 cm (50 cm) x 50 pm  i.d.; background electrolyte (B G E), various concentrations o f  aq . 
TFA, PFPA  and H FBA , adjusted to pH 2.0 w ith lithium  hydroxide; applied voltage, 25 kV (direct polarity) w ith 5 m in voltage 
ram p; tem perature, 15 °C; detection; UV  absorption at 195 nm. The sequences o f  A D and A L are show n in Figure 1. S2 represents a 
10-residue random  coil peptide standard. Rs and A t denote resolution and difference in m igration tim e, respectively, betw een the 
diastereom eric peptide pair.
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R s = 2.47

2014 16 18 22 2624
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F ig u re  3 Effect o f  hydrophobicity  and concentration o f  perfluorinated acids on CE separation o f  D q/D l diastereom eric peptide 
pair. C onditions and o ther details sam e as F igure 2. T he sequences o f  D o and D l are show n in Figure 1.
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than the peptides with the corresponding D-substitutions. In RP-HPLC, this can be

explained by the disruption o f the non-polar face by the D-amino acid substitution which

decreases the retention time. Similarly, in CE the disruption of conformation likely

affects BGE-analyte interactions, leading to a decrease in migration time. Under

optimum conditions (300 mM HFBA), all 19 peptide pairs were separated to baseline

(Table 1). Clearly the best results are obtained by the simultaneous increase in magnitude

of both hydrophobicity and concentration. It should be noted that, at the concentrations

used in the present study (100-400 mM), the perfluorinated acids are present essentially

as salts, their pKa values being ~ 0.5; this is in contrast to RP-HPLC where the acid is

traditionally employed at much lower concentrations (10 mM -  20 mM). It should also be

noted that in a previous study (Popa et al., 2004a), no significant differences in migration

behaviour of these peptides was observed over a pH range of 2-4, indicating that

intrachain ion-pairing did not play a role in the separation (due to protonation o f the Glu

side-chains). In the present study, we have chosen pH 2 to maximize the positive charge

(and ion-ion interactions). In addition, this low pH also eliminates alternative

explanations for our results, such as the aforementioned intrachain ion-pairing or

variability in side-chain dissociation constants potentially caused by hydrophobically-

induced peptide conformational changes.

Fig. 2, for the AD>L peptide pair, represents the best results which may be obtained 

for the majority o f the peptide analogues generally and the substituted non-polar residues 

specifically. In contrast, Fig. 3 (Dd l ) and Fig. 4 (PDL) represent the most difficult 

peptide pairs to separate. For the Dn , peptide pair (Fig. 3), satisfactory resolution was 

only obtained with the most hydrophobic perfluorinated acid (HFBA) at a concentration
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o f 300 mM. The PD Lpeptide pair (Fig. 4) represents an interesting phenomenon whereby

the separation is practically independent of hydrophobicity and concentration o f ion-

pairing reagent. In order to examine whether peptide conformational changes potentially

induced by the hydrophobic perfluorinated acids could be linked with this CE separation

behaviour, circular dichroism (CD) spectra of peptides were measured in 150 mM HFBA

at pH 2 and 15°C. For the peptide pairs shown in Figs. 2-4, absolute differences in mean

molar ellipticity values between L- and D-diastereomers were in the order AD L> Dd L >

PD L (both proline analogues exhibited random coil characteristics). Thus, even though

some contribution from D- and L-analogue conformational differences may explain the

difference in separation o f the AD I and Dd i and the other analogues shown in Table 1,

this would be hard to reconcile with the behaviour o f the PD and PL analogues (Fig. 4)

which, although both exhibiting negligible secondary structure, are overall more easily

separated than Dd and Dr (Fig. 3). However, as noted above, the behaviour of the Pro

analogues appears to be the sole exception to the overall trend o f effects o f perfluorinated

acids on the separation o f the peptide pairs.

3.4. Effect o f  CE conditions on “apparent selectivity window" o f  diastereomeric peptide 

pairs

From Table 1, while the resolution represents a global characterization o f  

separation quality, the selectivity o f the separation is reflected in the difference in 

migration time o f a particular diastereomeric peptide pair or, even better, by the apparent 

selectivity value. Apparent selectivity for the CE separations listed in Table 1 is defined 

as the ratio between the migration time difference to the mean migration time of the 

diastereomeric peptide pair (note that the values o f apparent selectivity are multiplied by
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F igu re  4. Effect o f  hydrophobicity  and concentration  o f  perfluorinated acids on CE separation o f  P d/P l d iastereom eric peptide pair. 
C onditions and other details sam e as F igure 2. T he sequences o f  P q and P l are show n in Figure 1.
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100 for ease o f comparison). Thus, an insight into the general trends o f the effectiveness

o f the perfluorinated acids in the peptide separations may be obtained from a comparison

o f the apparent selectivities for the separation o f all the peptide pairs under all conditions

(Fig. 5). We are terming the range o f apparent selectivity for all 19 peptide pairs under

one set o f experimental conditions as the “apparent selectivity window” for those

conditions. From Fig. 5, it is clear that the selectivity window is expanding with

increasing hydrophobicity and concentration o f ion-pairing reagent, although this

expansion is not linear, reflecting the different sensitivity o f the peptide pairs to the twin

optimization parameters. At first glance, the results of Fig. 5 reflect our earlier

observation (Popa et al., 2004a) that peptide pairs substituted with hydrophobic amino

acids (e.g., lie, Val, Leu, Met and Ala) are generally better resolved than hydrophilic

residues (e.g., Ser, Thr, His, Asn). However, a closer examination shows that this is not a

uniform observation, e.g., the hydrophilic (and charged) Lys and Arg residues exhibit

apparent selectivities (21.84 and 21.16, respectively; Table 1) o f a magnitude similar to

hydrophobic amino acids listed above, whilst other hydrophobic residues, e.g., Trp, Tyr,

Phe, exhibit more moderate, mid-range selectivities (17.2, 15.49, 15.39, respectively;

Table 1). In addition, hydrophilic amino acids Gin and Glu also exhibit mid-range

selectivities (17.81 and 18.4, respectively; Table 1). Interestingly, from Fig. 5, under

optimum conditions (300 mM HFBA), there appear to be distinct groups of

diastereomeric peptide pairs as expressed by the magnitude o f their apparent selectivities

and perhaps based on the character/structure o f the side-chain and the ability as a D-

amino acid to disrupt the non-polar face o f the amphipathic a-helix :

370

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Appendix I Capillary Zone Electrophoresis 

Group 1\ amongst side-chains with the highest selectivity are L, A, V, I

and M, all non-polar amino acids containing alkyl side-chains; in addition,

K and R are positively charged but also contain long, aliphatic side-chains.

Group 2: all three amino acids with aromatic side-chains (Y, W, F) are

positioned in this group with the next highest selectivities; also, E and Q

are polar, hydrophilic amino acids with aliphatic side-chains attached to

the y-carbon atom.

Group 3: this group is comprised o f small, hydrophilic side-chains (C, S,

T) or a bulkyl charged group close to the peptide backbone (H) (i.e., side 

chains attached to the P-carbon).

Group 4: the group with the lowest selectivities includes those amino 

acids containing polar, hydrophilic groups positioned close to the peptide 

backbone (N, D) and proline (P) with its cyclic, alkyl side-chain 

representing part o f the peptide backbone.

Overall, it appears that a long n-alkyl side-chain should give the best possible separation. 

Any modification o f this side-chain, such as branching or substitutions with charged, 

uncharged polar, or neutral groups, bulky or otherwise, decreases selectivity. Generally, 

the closer the modification to the peptide backbone, the more the decrease in selectivity. 

These observations remained constant even at higher concentrations (e.g., 350 mM -  400 

mM) o f HFBA (data not shown).

It is significant to note that there is a good general correlation between the 

magnitude o f the apparent selectivity of the diastereomeric peptide pairs with the a- 

helical propensities o f the L-analogues as determined by Zhou et al (Zhou et al., 1994).
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Figure 5 Effect o f hydrophobicity and concentration of anionic ion-pairing reagents 
on apparent selectivity o f CE of diastereomeric peptide pairs. Conditions described in 
Figure 2. Amino acid residues substituted into the centre o f the hydrophobic face o f 
the model peptides (Figure 1) are denoted by their one-letter code. Apparent 
selectivity between diastereomeric peptide pairs is expressed as 2(tL - tD)/(lb + ID), 
where tL  and rD are the migration times o f the land d-amino acid substituted 
analogues, respectively.
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For example, the L-analogues o f A, R, L, K, M, I o f Group 1 (highest selectivities) are

amongst the strongest a-helix formers; in contrast, amino acids such as P and D o f Group 

4 (lowest selectivities) are a-helix disrupters. Thus, it seems reasonable to suggest that 

substitution o f an L-amino acid with strong helix-inducing properties (e.g., alanine) with 

its D-amino acid counterpart would result in a much more significant disruption of 

secondary structure (and, hence, the apparent hydrophobicity of the non-polar face o f the 

amphipathic a-helix) than that o f a helix disrupter, e.g., DL to Dd substitution, where the 

subsequent change in structure would be less. Overall, therefore, the difference in 

apparent hydrophobicity between the non-polar faces o f such analogues as Al and Ad 

would be significantly greater than between analogues such as Dl and Dd. Such 

observations support the view that conformational differences between diastereomeric 

peptide pairs do, indeed, contribute to the baseline separations presented in this study as 

well as the ability to resolve more complex mixtures o f such peptides (shown below).

3.5. CE o f  a mixture o f  diastereomeric peptide pairs

Fig. 6 clearly illustrates the excellent CE separation o f a mixture o f peptide 

diastereomers which may be obtained through an increase in HFBA concentration. This 

particular peptide mixture is comprised o f analogues substituted with potentially charged 

side-chains. However, at pH 2.0, the side-chains o f Glu and Asp will be uncharged; 

(overall net charge o f +5 on the peptides), while those o f Lys, Arg and His will be 

charged (overall net charge of +6 on the peptides). In comparison with 300 mM HFBA 

(Table 1), apparent selectivities between diastereomeric peptide pairs are continuing to 

increase with increasing HFBA concentration to 400 mM HFBA. These values now are 

2.49, 12.66, 25.55, 28.41 and 29.72 for D d/D l , Hd/H l , Ed/E l , Rd/Rl and Kd/K l ,
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respectively, compared to 2.48, 9.21, 18.40, 21.16 and 21.84, respectively, in 300 mM

HFBA (Table 1). An interesting observation from Fig. 6 is the difference in selectivity o f

the peptide separation at different HFBA concentrations due to the migration behaviour

o f the His-substituted analogues, which migrate relatively faster with increasing HFBA

concentration relative to the other analogues. Thus, at 300 mM HFBA, Hd migrates just

prior to Ed as a poorly separated doublet; at 350 mM HFBA, Hd is now baseline resolved

from Ed and has a longer migration time than the latter analogue; finally, at 400 mM

HFBA, Hd comigrates with Dd, albeit even better separated from Ed- Similarly, at 300

mM HFBA, Hl migrates a little longer than Kl, albeit as a poorly separated doublet; at

350 mM HFBA, Hl is almost baseline resolved from Kl.; finally, at 400 mM HFBA, H l

is now well resolved from K l, its migration time significantly longer than the latter

analogue.

3.6 Differences in the mechanism o f  separation o f  peptides between RP-HPLC and II- 

CZE in the presence o f  anionic ion-pairing reagents

Anionic ion-pairing reagents have seen widespread use for peptide separations in 

RP-HPLC for over two decades (Guo et al., 1987; Mant et al., 1991; Mant et al., 2002). 

Aside from their high hydrophobicities, these reagents have the advantage of low pKa 

values, enabling their use at low pH values {e.g., pH 2.0), thus maximizing the positive 

charge on peptides. Their mode of action is via interactions between the negatively 

charged anions o f these reagents (TFA', PFPA', HFBA') and positively charged groups, 

in the peptide sequence (lysine, arginine, histidine side-chains; free a-amino group). The 

greater the net positive charge on the peptide, the greater the effect o f a particular 

hydrophobic ion-pairing reagent, which subsequently translates into longer RP-HPLC
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elution times (Guo et al., 1987). Increasing concentrations o f such ion-pairing reagents

also serve to increase RP-HPLC retention times o f positively charged peptides (Guo et

al., 1987). Note that such increases in peptide retention times via increasing

hydrophobicity (TFA < PFPA < HFBA) and/or concentration o f ion-pairing reagent

reflect an increase in effective hydrophobicity o f the peptides, i.e., modulation of the

overall hydrophobicity o f the peptides through manipulation o f the mobile phase. Thus

peptides with a high number o f positively charged groups become much more

hydrophobic than peptides with few charged groups. However, although changes in ion-

pairing reagent and/or concentration affects the relative elution order of peptides, it is the

hydrophobicity o f the reversed-phase matrix that separates the peptides based on

differences in overall peptide hydrophobicity, i.e., the more hydrophobic the peptide, the

greater the affinity o f the peptide for the stationary phase.

Note that, for RP-HPLC separations, two phases are required to achieve peptide 

separations based on differences in peptide hydrophobicity, i.e., the aqueous mobile 

phase and the hydrophobic stationary phase. Here we are suggesting a quite distinct 

mechanism for II-CZE (which remains a working hypothesis for further studies), where 

we are able to exploit the hydrophobicity differences between peptides within a single 

phase, i.e., the BGE, since CZE separations are taking place within an uncoated capillary. 

We believe the key to success of the II-CZE approach lies in providing a hydrophobic 

medium within the BGE substantial and uniform enough to separate peptides based on 

their different affinities for this hydrophobic environment. Thus, the use o f hydrophobic 

anionic ion-pairing reagents such as HFBA increases the hydrophobic environment o f the 

solution to a level where interaction o f the peptides with this hydrophobic BGE is able to

376

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Appendix I Capillary Zone Electrophoresis 

separate the peptides based on just subtle differences in peptide hydrophobicity. In other

words, the hydrophobicity o f the high concentrations of ion-pairing reagents

(approximately 40-fold higher than those used in RP-HPLC) replaces the hydrophobic

matrix o f RP-HPLC, i.e., the separation in II-CZE is effected through the interaction or

affinity o f the peptides for the hydrophobic environment created in the BGE by the high

concentrations o f perfluorinated acids. It is important to note that, although we term this

approach “ ion-interaction” CZE, this does not imply that the ion-pairing property o f  the

acids represent the critical factor in successful peptide separations by this method. Rather,

it refers to interactions between the peptides and perfluorinated anions within the single

phase BGE, albeit the critical interactions are between the hydrophobic groups in the

peptides and the hydrophobic component o f the anions. Certainly, the negatively charged

anions are able to interact electrostatically with the positively charged cationic groups of

the peptides; however, at the very high concentrations o f acids used in II-CZE, this ion-

pairing factor is negligible compared to the overwhelming influence o f the hydrophobic

environment o f the BGE on peptide separations engendered by such concentrations.

Support for this view lies in our previous success in using II-CZE to separate three

groups (+1, +2 or +3 positive charges) of random coil peptides with identical

substitutions o f hydrophobic amino acids within their sequences (Popa et al., 2004b).

Thus, for example, a substitution o f a Val for the less hydrophobic Ala produced the

same increase in migration time for the former analogue compared to the latter no matter

within what charged group o f peptides such a substitution had been made, i.e., the

affinity for the hydrophobic solution phase produced by the high concentrations of

anionic ion-pairing reagents is simply greater for the Val-substituted peptide compared to
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the Ala-substituted analogue, with no or negligible impact o f ion-pairing between the

peptides and the ion-pairing reagents. In a similar fashion, in the present study,

separations between diastereomeric peptide pairs are achieved by differing affinities of

the non-polar faces o f the amphipathic peptides (resulting from the change in apparent

overall hydrophobicity o f this face following an L- to D-amino acid substitution) for the

hydrophobic environment of the BGE.

4. Conclusions

The present study demonstrates a novel CE approach to separate, in the absence of 

organic solvents, peptides of identical sequence, mass-to-charge ratio and inherent 

hydrophobicity, differing only in a single L- to D-amino acid substitution. We attribute 

this success primarily to a hydrophobic mechanism effected through the use of extremely 

high concentrations o f perfluorinated acid anionic ion-pairing reagents and suggest 

terming this CE mode as ion-interaction capillary zone electrophoresis (II-CZE). In 

addition, we also believe that conformational differences between diastereomeric peptide 

pairs also contribute significantly to the successful separations, where the differences in 

hydrophobicity o f the non-polar face of the amphipathic a-helix and its interaction with 

the hydrophobic anionic ion-pairing reagent is effecting the separation. Although small 

racemic or diastereomeric peptides have been previously separated by CE methodology, 

such approaches generally depend on additives to the BGE where bulky substituents form 

a complex with the peptides, such complexes then being separated, or where peptides are 

derivatized (i.e., chemically modified) prior to separation (references (Wan et al., 1997; 

Wan et al., 2000) represent useful introductions to such methods). In contrast, the present 

study represents the first instance where such manipulations are unnecessary, requiring
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only a selective interaction of unmodified peptides with the counterion provided by the

BGE. Indeed, we believe that the present results represent a starting point for developing

CE methods for the pharmaceutical and life sciences fields, including proteomic

applications. In addition, the separation of diastereomers allows a rigorous assessment of

the resolving power o f CE in general as well as that of specific CE instrumentation.
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