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ABSTRACT
v

v

Hydrocarbonacébus bonded stationary phases have been found
to be useful physico-chemiéal tools in assessing the
- hydrophobicity of peptides. Reversed-phése chromatography at
pH 2.0 is the most widely-used HPLC technigue for sebaration
of peptides. The ability to predict' retention time and
relative elution order of peptides in complex mixtures would
" be of great value. A set of amino acid residue retention
coétficients was determined by examining the retention times
of synthetic mode 1 peptides in reversed-phase
ﬁigh—performance liquid chromatography. Twenty  synthetic
oétapeptides were prepared with the following sequence:
Ac-Gly-X-X-(Leu),-(Lys),~amide, where X was substituted with
the. 20 "amino acids found in proteins. The J;éfficiemts
dirﬁctly reflected fhe- contribution of side chains of
individgal amino acid residues to the net hydrophobicity of
.a\peptide. Thus, the retention parémeters were usea to
predict the elution profiles of peptides‘ of known
composition during reversed-phase chromatography. A ’high

. degree. of correlation (0.98) between prédictgd and observed
retention times of - 58 peptides not ”only indicated good
predictive accuracy for ‘the coeffiéients, but also’ proved
that composition isvgenerally the major factor affectiné
peptide rétgntioh time. A number éf chromatographié factogs

were shown to influence peptiae retention in reversed-phase



\

chromatography. Thesq included colan length ', diameter,
n-alkyl chain lengfh and ligand density, gradient steepness,
flow-rate, témperature, and pH, organic‘ solvent, and
ion-pairing reagents ‘used fo; the mobile phase. Rulés for
retention time prediction were presentedwhich enabled the
experimenfter to correct " for many of\‘%ﬁese factors. Tﬂé
results obtained from the chr&ﬁatqgrams of pﬁgtides and
aﬁkylpﬁenones - suggested that peptides interact with a
reversed-phase support mainly by an adsorption-desorption

mechanism and confirmed the importance of using peptide

standards to monitor ‘column performance when separating
' -~
Al

peptides. _A set of hydrophilicity HPLC parameters,

4

determined 'fkom the retention. times ' of twenty model
synthetic peptides at pH 7.0, wasfapplied to predict which
amino #&id residues were on the éurfgce of a protein and,
thus, potentially antigenic. It w;s récoénized that the HPLC
hydrophobicity-hydrophilicity parameters obtained in .this
study correlated best w{;£ antigenicity in comparison wiéh

- other sets of parameters. Furthermore, the predicted surface

i

5Ltes de(&ved from a combination of the three parameters
(hydrophilicity, accéssibility and mobility) were correlated
withggthe\ known anéigenic sites from i@munological studies
ana : surface exposed residues determined by X-ray

- ¢rystallographic data qu several proteins.

“
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1. INTRODUCTION

A. Reversed-Phase Chromatography

In modern reversgd~phase chromatography, organic
functional groups (Iigétes) are chemically bonded to the
silica stationary phase. Alcharactéristic of this technique
is the use of bonded stationary phases having nonpolar
hydrocarbonaceous ligates such as octyl- or octadecyl
moi;ties with hydro-organic mobile phases. The term
"reversed-phase” is used to distinguish this hydrophobic
chromatography from the older techniqbe which used polar
stationary phases with less polar eluents and had been wused
almost exclusively in liquid chromatography. It is apparent
that the’gew technique is viewed as a reversal of the
relativé.¢bolarities of the two chromatographic phases.
Several comprehensive reviews of reversed-phase
chromatography - have been written by Regnier and Gooding
(1980), Regnier (1983) and Horvath (1983). The best article

about laboratory techniques was written by Wilson (1985).

stationary Phase

. Reverged-phase columns are - generally composed of
unifoim porous silica microparéiclés to which non-polar
ligates (e.g. alkyl chains) have been covalently linked via
the silanol groups,:in general, four basic methods have beeﬁﬂ
used td chemically bond the stationary phase to the silica.

support. The most popular method is based on a silylation



reaction to form a siloxane (Zsi-o-siZ) boga which is very
stable in common chromatographic solvents (Colin and
Guiochon, 1977; Johnson and Stevenson, 1978; Coo*e and
Olsen, 1980). Equation 1 represents the silylation reaction
between a silica surface silanol and an
alkyldimethylchlorosilane. The alkyl chain lengfhﬂﬁmay vary
from C-1 to C-22. Octyl- (CfB) and octadecyl—v(C—IS)lbonded
phases are most often employed for «weversed-phase

separatioms (Monch and Dehnen, 1977).

CH. ' (.
3 3
ZSi-OH + C1-Si-(CH;),~CH, ~—= 3Si-0-Si-(CH,).~CH, + HCl
|

0 4

CH3 CH3
,/ ‘ | X ' A

, (equation” 1)
Because of steric hindrance, tﬂg bonding reaction is
always incomplete. For example, cove;age of ndnpolar ligates
on the silica support is génerall} oﬁly aboUt.60%—7di of the
siliéah surface area (Lochmgller and Vwilder; 1979). Thé
rg%aining af%a is occupi;d by underivat}zed silanol groups"’
(Majors and Hopper, 1974)‘~(segj“Fig. 1. 'Both‘nonpo;ar
,ligat;s and polar silanol functiéhal groups méy serve as
binding sites at the stationary phase (Bij et al., 1981). In
terms - of the alkyl chains as révefsed-phaseqv packing-
méteria)w7‘ the ligates are only 7 3 apart wﬁich aflows
multi}site adsorption of a peptide to the stationary phase

(Geng and Regnier, 1984b). This phenomenon is of importance



in the peptide retention mechanism.

“

M CH
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Silico surfoCe with covalently
bonded octadecyl grovps

Fig. 1. Silica surface covered with covalently bonded octadecyl qgroups.

——

Use of 10~um , or smal;er, silicg particles as the base
materials gives the best éhromatographic efficiency. The
small size ;ackings not only provide high performance,.which
alléws better resolution, faster separation‘ and higher
detection sensitivity; but also have sufficient bonded phase
coverage for high sample capacity (Majors and Hopper, 1974) .
The\mean‘pore dimension of the most commonly used ‘supports
‘is in ﬁhe range of 100-3004° . The.30¢§$i5upport is the most
useful since it can be used for both peptides and most

profgg;s (Lewis et al., 1980; Wilson et al., 1982; Pearson
et al., 1983).



Mobile Phase R

J
Elution of solute moiecules from RPC columns often/
requires an organic solvent which breaks down the intense}
hydrophobic interactions in the column. The most commonly|
used solvents ‘of the hydro-organic mobile phase arJ
methanol, acetonitrile, and isopropanol. The eluent sérengté
increases with the concentration of the organic modifier and
also depénds on the polarity of the solvent.

"Ion-pair” chrbmatography has become a widely wused

branch of HPLC. The ﬁechanism of this technigque has been

described -in numerous papers (Hearn et al., 1979%a;
Heukeshoven and Dernick, 1982; -Hearn and Grego, 1984;
Hancock and Harding, 1984). The chromatographic process

includes the use of ion-pairing reagents whiéh are added to
the eluent for selective retention 5; oppositely charged
sample components. When the soiute contains potentially
ionizable species; the ion-pairing component of the mobile
phase may' contribute to retention.by (i) influencing the
ionic state of the solﬁte, (ii) mediating 1ionization of
surface silanol groups on the support, and (iii) forming
ion-pairs with the oppositely charégd compohents int a
sample. Finally, the resulting effec;s?on chromatographic

3

behaviour are dependent upon the nature and _ the
\

concentration of the ion-pair reagents.



Column Characteristics

There are some expressions which will be wuseful in
understanding specifications of a column. The most important
ones ér¢ RE'II‘ENTION, RESOLUTION, 'COLUMN EFFICIENCY and COLUMN
SELECTIVITY.
Ret;ntion:‘The retention timg (tR)'is the time required for
a substance ﬁo go from the injector through the column to
the detector. The retention of the substance depends on its

retardation by the stationary phase.

~

Resolution: The resolution (R,) betweern two peaks is
described quantitatively by‘ the expression in eguation 2

(see Fig. 2):

S T sl
S
e 0 R S
2
(equation 2)
'Fig. 2. Definition of resolution.
where tp, and "tp, ,are retention times of the retained -

components measured at the peék maximum and At is the
difference between tRz and‘tR,. W2 and W1 are the baselire

peak widths (min). A resolution value close to 1.0 or



slightly greater than 1.0 1is required to resolve two

components reasonably (see Fig. 3).

Fig. 3. Standard resolution curves for various R values (0.8-1.2%),
Band size ratio - 1/1. The figure wasstaken from | .R. Snyder,
J. Chromatogr. Sci. 10, 202 (1972). "

a Column Efficiency: Column efficiency can be determined as

shown in equation 3:

t, 2 t 2
N'—16( R)=5.5 (,————-R
W W
1/2 . (equatijon 3)

where N is called the number of theoretical plates which
déscribes band broadening compared to the retention time of
;he component.'w is the peak width ?t the baseline, w]/fhé
width at .1/2 peak height. An efficient column is able to

give very narrow peaks. ~ /

»

Column Selectivity: Column selectivity, a, is measured by
eguation 4: ‘ .

wt - t ' ' -

R2 -0 . \_\—\‘

@ = mmmmmommes 1 \\\

Rl ™ "o - o (equation 4) "
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By subtracting the time (t,) for a nonretained peak_from the
retention time of retained peaks, column selectivity
describes the relative separation of two peaks. A comparison

of resolution and efficiency versus selectivity is shown " in
K

Figure 4: .

\/\ " A POOR RESOLUTION
i / -

8 GOOO RESOLUTION DUt TO

COLUMN EF FICIENC Y .
) A dm
A ; T

¢ GOOD RESOLUTION DUIE TO
COLUMN SELECTIVITY

R

Fig. 4. Resolution and efficiency versus selectivity.

B. Reversed-Phase Chromatography of Peptides

Advanfages of RPC

In recent years, RPC has proven to be an extremely
useful and powerful technique for the sepér;tion ‘of a
variety of peptide molecules and has been widely accepted by
numerous laboratories for routine peptide iso}ation. The
techniqué offers a number ofipractical advantages' over the

. o .
s ,
conventional techniques such as paper chromatography and



electrophoresis. These include short analysis time, high
resoiution and sensitivity, easy sample recovery and
suitable met hodology for most peptides. The major
disadvantages of RPC are poor column-to-column
reproducibil&ty aqd high equipment costs (Wilson, 1985).

It is often necessary to know the primary structure of
a peptide or protein from natural sources for the study of
structure aﬁa function of peptides and llproteins. RP -HPLC
confers a rapid, sensitive method for the separation of
complex peptide mixtures generated by enzymatic and/or
chemical digestion of protein samples (MHughes et al., 1979;
Hearn, 1980; Deibler et al., 1985). In additio&< it is quite
useful for analytical and preparative "mappiné? of peptide
mixtures, allowing peptides containing h;ites of chemical
modification to be isolated  for identification. The
chemically modified peptides may be detécted by their
chanées in mobility relative to peaks' of an unmodified
digest (Hancock et al., 1978a; Honegger et al., 1981; Bishop
et al., 1981; Manalan et al., 1985).

In many cases, biologically active peptides, i%cluding
those with Ihormonal, antibiotic or toxic propggties, are
available in only minute amounts. The isolationﬁézg these
compounds i; often a difficult task. Many researchers have
successfully isolated a variety of biological samples by
using RP-HPLC, a very sensitive method for purification

(Rzeszotarski and Mauger, 1973; Rubinstein et al., 1977;

Rivier & Burgas, 1977; Terabe ét al., 1979; Johnson et al.,



%%?h ‘ 9
];%aﬂ Meek, 1983} Janssen ef al., 1984; James and Bennett,
gt

Similarly, the purification of desired peptides
synthesized bv the solid-phase methodology of Merrifield
trom various ubdesirable side-reaction products often
requires an efficient technique. Hearn et al. has described
ah application of RP-HPLC to the analysis and purification
ot synthetic peptides and shown that the approach allowed
very ' répid' recognition of deletion or partial deprofection
prodycts which were often generated dhfing the synthesis
(1979a). 1In particular, synthesis of a long peptide by

solid-phase peptide synthesis would occasionally give rise

to serious difficulty in purification. Open column

chromatographi procedures based on gel .permeation,
'j&‘?“' . . "

ion-exchange, adsorption or partition method efe found to

&7
have low efficiency in the purification of lond pept-ides.

The employment of RP-HPLC in synthetic peptide éhemistry has
greatly aided the researchers in the separation of closely
related peptide impurities.

Although this technigue is particularly useful for the
separation of relatively small molecules such as peptides,
large polypgptides and small proteins have “also been

successfully“chromatographed (Mahoney and Hermodson, 1980).

\
X
4

' 3

ks

7‘1 N ‘ . - .
Chromatographic Behaviour of Peptides

!

¢ A i characteristic of a peptide 1is that it has

hyﬁr%phobic (Trp, Phe, Tyr, Leu, Ile etc.) as well as

i
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aydrophilic (e.g. Asp, Glu, Arg, and Lys) amino acid
residues. Since amino acid side chains vary from polar to
nonpolar and charged to neutral, the total hydrophobicity of
a peptide depends on its amino acid composition as well as
pH ot the en¢ironment. Variation in hydrophobicity of
peptide molecules  allows their separation through
hydrophobic surface interactions in the reversed-phase mode,

It is well recognized that the mechanism of the peptide
retentjon in reversed-phase chromatography - is maAnly
attributed. to the hydrophobic interaction between peptide
molecules and the noﬁpolar ligates on the stationary phase
(Bennett et al., 1977; Molnar and Horvath, 1977; O'Hare and
‘Nice, 1979; Wilson et al., 1981). However, the silanophilic
interaction of underivatized surface silanol éroups with
peptides also has an important effect on peptide retention
at certain pH's such as neutral pH (Hancock and Sparrow,
1981; Nice et al., 1981). Fupthermore, peptide elution in a
reversed-phase System is dependent on the hydrophobicity of
“the solute relatiye to"the polarity of the mobile phase.

In the reversed-phase mode, the more hydrophobiq the
peptide, the stronger its retention by the EOlumn, For an
unfolded peptide, é?e' hydrophobicity is mainly related to
the summated relative hydrophobic contribution of each amino
acid residue in the peptidé sequence. However, if the
peptide is not completely denatured, the hydrophobic nature
of the peptiae is dramatically different from that in its

unfolded state. This is due to hydrophobic side chains being
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buried during the folding process. Therefore, it is not

surprising that partially folded and denatured species may

possibly create two or more peaks (Hermodson and Mahoney, .
1983). This situation may be avoided by using acid solutigﬁgA\
in which many peptides are denatured. Lau et al. ‘g;ve
observed that both reversed-phase supports and the commonly
used organic solvents in RPC can cause denaturation of fhe'
peptides (Lau et al., 1984; lIngraham et al., 1985), They
also reported that the addit&on of organic sblvent during
RPC stabilized the secondary structure (a-helix) of~the
peptide since a representive peptide TM-15 increased its
molar ellipticity substantiali} on the addition of organic
solvents,

Peptide retention in réversedehase systems does not
always exhibit the "regular” behavior expgcted on the basisg
of the hydrophobic effect; As stressed above, silanophilic
interaction.contributes to the most irregular retention
phenomena. This is due to thé underivatized surface silanols
on the silica-based supports which are ionized above ﬁ;:
3;5—4.0. The ionized silanol groups may interact with the
~basic residues of peptides and cause an anomalous retention
behavior within certain pH ranges (Bij et al., 1981). |

Peptide positional isomers and diastereoisomers can be
separated . in RP columns (Terabe et al., 1979; Lundanes and
Greibrokk, 1978). The selectivity déviations from elution of

isomers can not be explained in terms of difference in

summated retention contribution of each amino acid residue.



The separation mechanism of the peptide isomers in RPC hai
not been satisfactorily explainéd\ Howgver, Terabe et al.
considered that the separation was based on the difference

in molecular hydrophobicities of the peptides (1979). A
molecular. hydrophobicity of a meptide is concérned with a
conformational effect on the hydrophobicity of the molecule.
Apparently, a pair of peptides with the same amino acid
composition, but different sequences, may have difterent
conformations and therefore, have different affinities tor

3 }; '

the stationary phase. ‘

Y

C. Hydrophobicity Parameters of Amino acid Residues

H‘Néture of Hydrophobic Interactions
The hydrophobic (fear-of-water) interaction is

"

important to biochemical processes. Hl is referred to as "a
major driving force in folding of macromolecules, binding of
substrate to an enzyme, association of subunits to form a
multisubunit engyme, and the processes involving high levels
of aggregation such as the formation of biological
membranes" (Tanford, 1973 and 1978) .

When a polypeptide chain foldsvspontaneously in agueous
solution, its hydrophobic side chains will 5e buried and its
polar charged chains tend to be on the surface of the
moiecule. It means that the hydrophobic side chains aré

thermodynamically more stable when clustered in the interior

of the molecule <than when extended into the agueous
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surroundings.

Water molecules have a strong attractﬁon for each other
and form a mobile network‘through hydrogen bonds in a liquid
state. When a peptide is intro&uced into a water network, a
hole is created arownd the hydgophobic side chains of the
peptide. Consequently, some hydrogen bonds in the original
network are broken. Since thé hydrophobic side chains do not
interact with water aé strongly as Qater molecules attract
each.other,'the water molecules must orient themselves in a
way which reforms the hfdrogen bonds that were disrupted by
the hydrophobic side chains. In this proée;s, the enthalpy
change is small due to a sm;ll change in the number of
hydrogen bonds. However, structuring of water molecules is
associaEed with a large negative entropy change. The
resulting overall positive free energy"indicates that thé
interaction of the nonpagar groups with wate; will be
thermodyn?micallg unfavored. Apparently, the solvétion‘
pfocgss is governed by a substantial negative change in
entropy (Hatefi and Hanstein, 1969; Sturtevant, 1977; Cantor
and Schimmel, 1980; Edsall and Mckenzie, 1983).

In contrast, spontaneous association of two nonpolar
grqups is thermodynamically favored due to a less disruptivé
effect on the solvent network than the combined effects of
two separate groups. The clustering of the hydrophobic’
grodps is ﬁot because they ‘like each other, but because }hey
are both -disliked by water. Furthermore, HI is a term used

.

to descriﬁe the combined effects of London forpé, hydrogen
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bonding, and van der Waals interaction in agueous solutions
{Tinoco et al., 1978). i
Determination of Hydrophobjcity Parameters

The hydrophobicity parameters for amino acid residues
can be determined from several model systems. In 1971,
Nozaki and Tanford estimated the hydrophobicity of 12 amino
acids,‘based on the free energies of transfer of hydrophobic
side chains to 100% ethanol or dioxane from water (1971).
They dembnstrated that. the difference in free energy between
é hydrophobic moiety in’ 100% ethanol and {n water was a
measure of the unfavorable free energy of in{eraction with
water and could be used to establish a hydrophobicity scale
for hydrophqbic side chains.

Similar experiments were <carried out‘.by Rekker who
found that tﬁe parfition coefficients in the octanol/water
system were somehow linearly related to the hydrophobic
fragmental consﬁﬁnts (1977). A set of relative
hydrophobicity values for 21 amino acids was calculated on
the basis of the value of a glycine residue..

Since 1976, 'a new moael system  has been wused to
understahd the hydrophobicity properties of the amino 'acid
side chains as part of a peptide. Réversed—phaée
chromatography _p;oQides a physico-chemical method ‘to
quantify the‘/hydrophobicity of the amino acid residues. As.
first noted by Horvath et al., retention times for  meﬁbers

of a'homologous series, such,as oligomers of phenylalanine,
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were linearly dependent on the number of residues (1976).
This is reasonable because.the hydrophobicity should roughly
be an additi;e function of the nonpolar fragments of the
phenylalanine polymer. They also proposed that stationary
phases with hydrophobic surfaces could be used as probes to
obfain informatian ébout the hydrophobicity of‘ émino acid
residues. . f .

It is well known that retention 'of pebt%des ' on
réversed—phase columns depends upon the contrigutioﬁ of
seve;al interagtions, ‘ﬁpcluding hydrophobic effects,
hydrogén bonding with silicaﬁgr polar bonded phase moieties
and interactions of chargeg side chain  groups | with
underivatized silaﬁols.v 0f these, hydrophobic interaction
plays the predominanf rolé in effecting' solute retention
(Molnar and Horvatﬂ,‘1977; Wehr et al., 1982). Té date, most

‘workers are agreed that sepafation of pep;ides‘ on
reversed-phase supports is dictated primarily by peptjide
hydrophobiqity, which cag be approximated by the summation
of . the hydrophobicity of ' the indiviéﬁal amino acid side
chains.: By comparing the retention times ‘and the
ﬁydrophob}cities of thirty-two pgptides'and polypeptides,
O'Hare and Nice noticed 'that retention orders .of small
peptides. generally\ éogrelated with the sum of thg‘Rekker
fragmental constanfs‘of their hydrbphobic résidues (1979).
Laﬁer-" on, several sets of hydrophobicity parameters

(retention coefficients) were determined for 20 amino - acids

(Meek, 1980;¢’§iisoﬁ_et al., 1981; Meek and Rossetti, 1981;
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Su et al., 1981; and Sasagawa et al., 1982, 1984a and
1984b). They chromatographed natural peptides using various
reversed-phase conditions and recorded retention times for
each peptide. The retention coefficient for an amino acid
residue was calculated by using two methods .of numerical
analysis, namely, (1)a fiultiple regression procedure and
(2)a mathematical foutine for solving linear equations (Su
et al. 1981). The calculated retention coefficients not only
provide information about’ the hydrophobicity propertieg of
amino acid side chains, but also can be used to predict the
elution préfiles of peptides of known cémposition in RPC,.
The large differences between the results of “these
researchers and the results .shown in this‘study will:be

1
discussed later 'in this thesis.

D. Solid-Phase Peptide Synthes{s

Solid-phase .peptide synthesis developed by ‘Merrifield
has brought about a revolution iﬁ peptide and protein
chemistry. During the last ten years, people have discovered
many peptides which possess bfofound biological activities:
Many of these“peptides are available naturally in only
minute quantities, making isolation and purification
extremely difficult. The potential of providing iarge
quantifies of these molecules, as well as structural
‘variants by peptide synthesis, has ailowed . researchers to

investigate biological characteristics of peptides,

including structure-activity relationships.
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In prigsiple, this technique  involves the coupling of
activated amino acids or peptides to a resin support. Having
the peptide attached to the solid support eliminates the
laborious purification at intermediate steps that occurs in
soluytion synthesis. Excess reagents, by-products and
solvents can be easily removed from the resin by filtration.
In addition, the method can be easily automated. ThE) most
common strategy used in SPPS is to attach- the fifgg amino
acid of the peptide chain to the resin support through its
carboxylic group and the subsequent amino acids‘are coupled

lﬁn the C-to-N direction. This C-to-N assembly offers some
advantages over the N~to;C mode of synthesis: (i)several
E;atisfactoryNa-protecting groups are available to prevént
tacemization of the activated amino acid during coupling;
(ii) the activated amino acids can be used at a high enough
concentration ~to drive the Eoupling reaction to completioH;
and (iii) decomposition broducts of the activated amino acid
can be removed from the support-bound peptide by filtration
durihg the washing steps. The major disadvantage of SPPS is
that the vby—products differihg from the desired peptide by
thevdelefion, modificatiqn or addition of residues remain
bound to the})rgsin until the fully assembled peptide is
cleaved ffom the support. Thus, problems in purification can
be expected in “the synthesis of long peptides. Sihcg the
peptides‘designed for this projéct.are small, ranging from 8
to 10 .residues, it should not be difficult to purify the

-

desired peptides,
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The basic steps of SPPS are outlined in Figure 5. _The
solid support, is a synthetic polymer, such gg,dbpolymer of
styrene and divinylbenzene. The ca;bpxyi group of the first
amino acid, containing a protected a-amino group, is bound
covalently to the polymer. The standard protect;ng group for
an a-amino function is the tert—butylox§éarboﬁyl (Boc) group
which is selectively removed by trifluorocacetic acid (TFA}.
The newly exposed amino group is’present as the acid salt:
The TFA.salt is neﬁtrali%ed-with a base, diisopropylethyl
amine (DIEA), leaving the amino terminal uncharged and tree
to qouple. The next Boc-amino acid is then coupled to the

amjinoacyl resin, usually . by the use of

dicyclohexyléarbodiimide (DCC). In DCC-mediated, coupling

reactions, a high degree of activation is afforded.by the

formation of O-acyl isourea. By repeating the cycle of
déprotection, neutralization and coupling, the peptide of
desired sequence is assembled on the polymer support.
Following completion of assembly, the protected beptide
resin is treated with anhydrous hydrogen fluoride (HF) to
cleave the peptide-resin linkage - and remove all the side
chain protecting grbups. In SPPS the functional groups on
side’' chains must be protected by stable blocking groups
wﬁich will remain complefely intact throughout the
synthesis, but which can be removed finally to yield the
free peptide, The free peptide és extracted from the resin
with a  suitable ‘solventl (e.g. TFA), purified and

’

characterized.
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[

Repeat Deprotection, Neutralization
and Coupling

T
L —Pept ide—C-0—POLYMER | .
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CleavagQ with HF

Peptide +  POLYMER -

Fig. 3. Steps in solid phase peptide synthesis.
L represents N-terminal blocking group;
S side-chain protecting group; Y activated carboxyl group
& ' ' of protected AA;
<X, active site on the polymer support;
Rl amino acid side chain with a functional group
requiring protect1on, .
R™ amino acid side chain requiring no protection;
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E. Purpose of This Study

The object of this study has been to develop and
evaluate precise hydrophobicity-hydrophflicity parameters
for amino acid residues in peptides and proteins from the
interaction of peptides with a reversed-phase suppo;t. We
feel that the use of model synthetic peptides can be a
powerful tool in examining the relationship of peptide
compositio§ to its chromatographic behaviour in
reversedﬁﬁhase HPLCi A precise method for determining the
hydrophobicif} parameters of individual amino a;Yd residues

is to meaSureA'éieir contribution on retention of a model

synthetic peptide, Ac-Gly-X-X-(Leu),~(Lys),-amide, where

" position X is substituted by the 20 amino acids fohhai\n

P

proteins. For this purpobse, we have synthesized a series of
short peptides that allow us to-determine an empirical set
of hydrophobic parameters in reversed-phase chromatography.
Although we have established a set of precise
pa{ameteré for predicting the retention of any peptide up to
20 residues with known amino acid compositioﬁ in RPC, the
coefficients a;e valid only for a specific chrogatographic
system. To extend = the application of our retention
coefficients, we have examined the effects of some factors
which might affect the peptide retention from one system to
another. These facﬁors include the choice of the stationary
phase, the choice of thé.buffer system, “the pH of the'hobil;
phase,vthe'nature of the ion—paifing agent, the’ fiow-rate,

\ .
the column temperature and gradient slope. By comparing the
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chromatograms at different conditions, we have successfully
introduced an internal peptide standard technique”to correct
for deviations ariging from the factors mentioned above.

The peptide retention mechanism in RPC has been
investigated ) by a number of chromatographers. Several

hypotheses have been put forward to explain the retention

and elution - of peptides. These include solVvophobic
interaction, silanophilic interaction, specific solvation,
and exclusion phenomena (Horvath, 1983). By comparing the

chromatographic behaviour of' peptides with that of small

organic compounds, such as alkylphenones, wve have postulated
A

an adsorption-desorption mec%én&$m fpr peptide molecules by
emphasizing multi-site interact}Qp )of peptides with the
nonpolar stationary phase. Furthermore, we have derived a
new set of hydrophilicity HPLC parameters from.the’retention
times of 20 model synthetic peptides at pH 7 and used these
parameters to predict possibfe antigenic sites on the

surface of a protein. These constants are the first reported

parameter?~derived from AA residues in synthetic peptides.

-



I11. EXPERIMENTAL PROCEDURES

A. Sources of Chemicals and Solvents

’

Unless otherwise stated, all chemicals and solvents

were .reagent grade. t-Butylgxycarbonyl (Boc) amino acids
were purchased from Vega Biochemicals (Tucson, AZ, U.S.A.),
Bachem Fine Chemicals, Inc. (Torrance, CA, U.S.A.), Beckman

14

Instruments, Chemical Dynamics Corp. (South Plainfield, NJ
U.S.A.) and the Protein Research Foundation (Peptide

’

Institute, Inc., Osaka, Japan). Co-~poly(styrene, 1%
‘diVinylbenzene) benzhydrylamine-hydrochloric A acid. resin
(0.75 mmol of NH,/g of resin) and co-poly (styrene, 1%
divinylbenzene) chloromethyl resin (ca. 1.0 mmol of Cl perdg
of resin) were purchased from Beckman Instruments Inc. (Palo
Alto, ‘CA} U.S.A.). and Pierce Chemical Co. (Rocktord, IL.,
U:S.A.), respectively.

Diisopropylethyl amine (DIEA), dichloromethane (CH,Cl,)
and trifluoroacetic acid (TFA) were redistilled prior to
use. Picric acid was dissolved ig CH,Cl,; and driéd sber
magn;sium sulphate. HPLC-grade acetonitrile (CH,CN),
methanoi (CH,0H), and 2-propanol (CH,FHOHCH,) were obtained
from Fisher Scientific (Fairlawn, N.J., U.S.A.). Sodium
perchlorate and 88% (w/w) formic acid were‘also obtained
from Fisher Scientific. Reagent grade orthophosphoric acid
was purchased from J.T. Baker Chemical Co./(Phil;ipsburg,
N.J. U.S.A.). Seguence-grade éhhydrous n-heptafluorobutyric

acid (HFBA) was purchased from Pierce Cgemical (Rockford,

22 ' . ' 3a
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IL, U.S.A.). Dicyclohexylcarbodiimide (DCC) was obtained

’

from Aldrich Chemical Company Inc. (Milwaukee, U.S.A.).
Double distilled water was purified by passage through a
Milli-Q water purification system (Millipore Corp., Bedford,

MA, U.S.A.).

Q“ Peptide Synthesis

Attachment of First Amino Acid to the Resin
The peptides were synthesized by the solid-phase

synthesis procedure of Merrifield. 1In terms of C-to-N

assembly, the Boc-amino acid desired as the carboxyl residue’

in the peptide sequence was attached to the gesin support.

o

Two kinds of resins were used. Copoly(styren‘ia 1%

£
divinylbenzene) chloromethyl resin was selected to dJenerate

free a-carboxyl gﬁgups of the peptides. In the case of the

mode 1 péptides (No.-21 and 23 in Table 2), the carboxyl

[
terminal lysine as the Boc-lysine cesium salt was: esterified

to the resin. Usuvally a 2.5 times excess Boc-amino acid
Lok i~ LA
cesiuﬁ{ salt was - reacted for 24 h at 50°C, giving
‘ o / T

approximately 0.56 ‘mmol - substitution of amino acid/gram

resin. Following the reaction, the resin was filtered and
\ ) ‘ »
washed with dimethylformamide (DMF), DMF:H,O (9:1, wv:v),

. DMF:MeOH - (1:1, wv:v) by -the standard procedure of Gisin
(1973{2 After the final wash, the resin was dried 'under

¢
_vacuum in a dessicator. | Voo
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When a carboxyl terminal amide was desired on the

peptide, the Boc-amino acid was coupled with
dicyclohexylcarbodiimide (DCC) to the
copoly{styrene-t%x-divinylbenzene) benzhydrylamine resin.

'
Desired substitutions of the resin for peptide synthesis

range from 0.2 to 0.4 mmol/gram (Stewart and Young, 1984).
The resin was neutralized with 5% DIEA in CH,Cl, for 1 h.
Boc-amino acid (0.4 mmol/g of resin) and DCC (1.1
equivalents) were added to the regin. The mixture was
stirred in CH,Cl; for 1 h., This resulted in a substitution
ot‘ about 0.35 mmol/g of resin, as determined by picric acid
monitoring (Hodges and Merrifield, 1975). The remaining free
amino groups on the resin were terminated by treatment (1 h)

, Viviv),

with acetic anhydride/toluene/pyridine (1:3:3

Elongation of the Peptide Chain
All a-amino groups of amino acids used were protected
with the - t-butyloxycarbonyl{(Boc) group. The following

side~chain blocking groups were used: tosyl(Arg), benzyl(Ser

and Thr), benzyl ester (Asp and Glu),
2,6-dichlorobenzyl(Tyr), N'-formyl(Trp), N'™-tosyl(His),
4-methoxybenzyl (Cys), . 2-chlorobenzoxycarbonyl{(Lys), and

4'4'-dimethoxybenzhydryl(Asn and Gln).

The program used for one synéhesis cycle is shown in
Table 1. The‘Boc groups were removed at each cycle by
treatment with trifluoroacetic acj?'(TFA)/CAzclz (1:1, viv)
for 20 minutes {Table i: Operation Number 1). After each

%, 4 : ”



TABLE 1 Synthesizér program

Operation

No.

S Ny G U Uy SOOI PR

1

11

111

IV

Step (peration

No.

Deprotection

1. | (2H2(.l2

Ve Prewash 50% TFA/CH2CIY

3 Deprotection 50% TFA/CH?CI?
4 CHZC]?

Neutralization

1 Neutralization 5% DILA/CH2C12

2 CH2C12

Monitoring (deprotection)

Picric acid/CH2C12 (0.1M)
CH2C12

Neutralization 5% DIEA/CHZC]2
CH2C12 \

CH2C12 p

[ 2 T~ O R T

Coupling

DCC/CH2C12 coupling
CHZC‘I2

Isopropanol

CH2C12

Isopropanol

CH2C12

TN O N D W N e

Deliver Boc—amino‘acid(CH2C12

No. of

Hashes

6

W W W O N

NN N,

.....continued

25

Mix time

(min.)

20

I N S e

30

[ G S G
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Operation Step ‘ Operation No. of Mix time
No. No. ' HWashes (min.)
v . Neutralization

1 Neutralization %% Dl[A/CH2C12 3 2
:, ~ ol
\ Z (,H?(,ly 6 1
vi Monitoring (first coupling)
1 Picric a(_id/CH?(Il?' (0.1M) 2 5
? (:}12(:]? 6 /l
3 Neutralization 5T DIFA/CH,CT, 3 ?
4 Cl12(112 3 1
/ 5 CHCl, 3 1
\ .
\
Vil : Coupling
1 Deliver Boc-amino dcid/CH?C]? 5
2 DCC/CH2C12 coupling 30
3 CH?C\IZ 5 1
4 Isqpkopano] 2 1
5 CH2C12 2 1
6  Isoprapanol 2 1
7 CHZCIZ\ 6 1
VIII Neutra]ization
3
1 Neutralization 5% DIEA/CH2C12 3 2
2 CH2C12 . \ 6 1
\\
IX Mom‘éoring (second coupling)
1 .Picric acid/CH.CI, 2 5
V22
2 CHyCT, A 6 1
3 Neutralization\5% DIEA/CH,CI, 3 2
4. CH2C12 3 1
5. 3 1

CH2C12
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deprotection step, the peptide-resin was neutralized with 5%
DIEA in CH;Cl, (v/v). QThe subsequent Boc-amino acid (3
equivalents) 1in CH,Cl, was added ‘to the peptide-resin
followed by a solution of DCC (3243 equivalents) in CH,Cl,
(4m1l ). Thé solution was stirred for 30 minutes. Peptide
synthesis was carriéd\?ut automatically on a Beckman peptide
synthesizer, Model 990 using the’program shown above for the
attachment of all amino acids requig%@ for the peptide
chain. It is worth mentioning fhat the’.deprotection and
coupling program used is a modificatioﬁ of that previously
described by Hodges et al (1981) and Parker and Hodges
+.£1985) . '

In order to drive the cqupl&ng reaction to completion,‘
a double coupling method was employed. To obtain
satisfactory levels of coupling, the following amino acids
(Na-Boc- and side-chain~protected) were ’coupled as
symmetrical anhydrides: Arg, Gln, Asn, His, Glu, Asp,and
Thr. The aévantage of anhydridé coupling reaction is
dramagicaily increased reaction rates in\ difficult SPPS
couplings. The' Boc-amino acid sxmmeprical ag?ydrides were
prepared iﬁmed%ately before use by the treatment of 6

equivalents of amino acid with 3 equivaients of DCC at 0°C.

Monitoring SPPS
In general, monitoring of SPPS reactions can be
employed at three stages: deprotection, cqppling‘ and chain

termination. Monitoring at the deprotection step can be

-
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1
applied to estimate completion of deprotection. Similarly,

mqnitoring at a coupling step or after acetylation yields
information about the completeness of the reaction.

The picric acid method was used to monitor SPPS (Hodges
and Merrifield, 1975). The monitoring reaction is presented

~
in Figure 6 and the program used is shown in Table 1.

MO, ) ‘ ~o,
g "og cn,Q . T8
"0“<O ON ¢ MN—CH--C~O-Restn - —- 11 o po,- <6 —o'nN r o Resn @
NO, MO,

NO,

' R O Pr
P H 7
NO(—<O —~O HN-CH-C~0O.Reatn + N It
}Pr
NO, oK,
NO, -
» R ©
+ T L0 ‘
NO, T H—H-Et + HN_-CH-C-O.Resin )
: iPr
0,

Fig. 6. Solid-phase peptide synthesis monitoring reactjon.

The collected DIEA and CH,Cl, washes were diluted to a known
volume with CH,Cl, and the absorption of the solution
recorded at 362 nm. The concentration of amino groups on the
resin (umoles) was then calculated using ~a DIEA-picrate

molar extinction of 15,000.

Cleavage of Peptides from the Resin.
Following deprotection of , the N-terminal amino acid,
the a-aminb_group was acetylated by treatment for 30 minutes

with acetic anhydride/toluene/pyridine (1:3:3, viviv), with
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fthe exception of the peptides in which a free N-terminal
a~amino group was required. §he completed peptides were
cleaved frdm —ihe resin and simultaneously deprotected by
reacting with hydrofluoric acid (fS ml HF/gm peptide—fesin),
containing 10% anisole at 0°C for 45 min. Anhydrous HF, a

strongly protonating acid, 1is highly volatile, and an

excellent solvent for pebtides. The cleavage mixture for the

methionine-containing peptide-resin also contained free
methionine as a scavenger (Tam et al., 1983).
After the reaction was completed, the solvents were

removed under reduced pressure at 0°C. The resin was then
washed w%ih\gtﬁer, apd the pep£ides wére extracted with TFA
(3x10m1).< #he TFA was- removed by rotaryy evaporation,
resulting in light yellow oily materials. The crude peptide
was dissolved in wat;r and lyophilized. Thes N '™ protecting
group of tryptophan, stable to HF cleavage, was removed by
treatment with 1M NHHCO, (pH 910) for 24 hours. Removal of
the formyl gfoup was lmonitored by disapéearanée of the

strong 300 nm absorption (Yamashiro and Li Y'1973):

e ‘
A = .

C. Purification of Peptides

Apparatus:  The HPLC instrument consisted of a
Spectra-Physics (San Jose, CA, U.S.A.) SP8700 solvent
delivefy system and SP8750 organizer module, combined with a

Hewlett-Packard (Avondale, PA, U.S.A.) H91040A' diode array
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detection system, HP3390A integrator, HPB8S computer, HP9121
disc drive and HP7470A plotter. Samples were injected with a
500-ul injection loop (model 7125, Rheodyne 1Inc., Cotatij,

CA, U.S.A.). Columns: Crude peptides were purified and

aqalyzed on one of the " eight reversed-phase columns. The’
physicai chéradﬁgristics of the packing materials in these

reversed-phase columns are shown in Table 8, page<%§.

The crude pept{des were dissolved in 0.1% TFA/H,O to a

concenﬁration of about 1mg/iml and centrifuged to be}let any
~undissolved impuritiés. The samples were the;’subjected to

reversed-phase HPLC with a linear AB gradient. Solvent A was
‘O.{% ag.TPA and goivent B was 0.1% TFA in acetonitrilé. The
crude samples were purified on preparative columns. The
solvents of collected fractions were removed by rotary

evaporétion and the peptides were freeze+dried. To
characterize' the purified peptides, 10 ug of each purified
sahple Yps reinjected onto analytical columns to ensure that

the contaminating peptides had been removed.

D. Amino Acid Analysis

Aliqqgts (SO-IOOumole./each peptide} of stock solutions
of thé‘indiVidual, phrified peptides were hy?roiyzed in
IOO—ZQOUI of. 6N 'HCl 1in evacuated, sealed tubés. Care was
: taken to remove allﬂoxygen from the hydroiysis tubes. If the
peﬁ;ide contained tyrosine residue(s), 0.1% of phenol(v/v)b

was added to the 6N HCl. Tubes were incubated étj 110°C - for

24 h. The hydrolysates were taken to dryness to remove the
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HC1l, redissolved "in a known amount of pH 2.2 buffer and
subsequently analyzed oﬁ a Durrum 500 amino acid analyzer to
confirm peptide composition. The destruction of tryptophan
by 6N HCl necessitated the use of 4M aqg. methanesulphonic
acid, containing 0.2% 3-(2-aminoethyl) indole, as
ﬁydrolyzing agent for the tryptophan-containing peptides.
The hydrolysate was partjally neutralized ‘Qgth an egual
volume of 3.5M NaOH prior to analysis (Glazer et al., 1975).
Congiderable losses of <cysteine are found after acid
hydrolysis. Thus, cysteine-containing peptides were
determined as cysteic acid after performic acid oxidation
(Moore, 1963). The performic acid was prepared by mixing 1.0
ml of 30% H,0, and 9.0 ml of 88% formic acid for 1 hour at
R.T. and the mixture was cooled to 0°C. About 50 umole of
cySteine—containing -peptides were dissolved in 2 ml of the
reagent. The mixtu;e was kept at 0°C for 4 hours. After the
oxidagiqn; 0.3 ml of 48% HBr was added to destroy the
remaining performic acid and the solution was removed by
rotary evaporation wunder high vacuum at 40°C with NaOH
pellets in the condenser trép. The oxidized product was
ﬁydfolyzed with 3 ml of 6N HClL Analysis of the resulting

Mvﬁydrdlyéa;es,was performed in the usual manner.
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_E. Other Methods

Thin Layer Chromatography
Thin Layer Chromatography (TLC) is a relatively simple
technique for detecti?q purity of peptides and amino acids.

Pre-coated TLC plates (silica gel 60F-254) were used. The

solvents wused were either 1-butanol: NH,OH:H,O0 (8:1:1,
viv:iv) or l-butanol:acetic acid:H,O0 (4:1:1, wv:v:v). The
plates were dried for 10 minutes and then sprayed with

ninhydrin. Upon heating the ninhydrin chromatoplates at
105°C  in - the oven, ninhgdrin pfoduced purple spots with the

peptides or amino acids containing free amino groups.

Thin Layer Electrophoresis

Peptide analogues containing Asﬂ;,Asp, Gln, Glu, Arg,
Lys and His residues were checked for purity and net charge
by thin layer ' electrophoresis. About _20 umole of each
peptide was loaded on thelchromagramAsheet (Eastman) which
was wetted with the pH 6.5 buffer (acetic acid : pyridine :’
water [3:100:897, v}v:v]). The electrophoresis was perﬂgrmed
on Camag equipment (Switzerland) for 1 hour. beptides were
visualized by using the ninhydrin reagent as discussed
abov;. » - |

&

Spectrophotometric Scanning of Peptides

The . ‘ phenylalﬁnihef,, ‘ tyrosine-, .. . and

‘ tryptophan-dontaining peptides absorb light significantly in
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the ultraviglet. Measurement of 1light absorption ranging
from 240 nm to 300 nm in a spectrophotometer is an extremely
rapid and convenient means of examininé-the peptides which
contain the above three amino acids, W§ile all the peptides
absorb in the far wultraviolet due to the |ultraviolet
absorption for peptide bonds. Figure 7 shows the ultraviolet
absorption specﬁra of the tyrosine—containing peptide
Ac~-G-Y,-L,-K,-amide (Fig. 7A) compared to that of a peptide
standard 'which. does not cgntain any functional graups

absorbing light from 240 nm to 300 nm (Fig. 7B).

"Measurement of Gradient Elapsed Time
Gradient eiapsed time (tg) is dgfined in this work as
the time for the gradient to reach the detector from the
‘proportiohing valve via pump, injectioh loop, and column
(Quarry et al., 1984). The value was obtained by adding 20%
acetone to solveq} B\(O.i% TFA in acetonitrile) of an .AB
gradient (see Fig. 8). The HPLC system was equilibrated with
solvent A (0.1% aqg. TFA) and:the fime was measured from the
start of the gradient to the observed offscale change in

absorbance at 270nm (see arrow point in Fiqure 8). This was

due to a strong absorption of acetone at this wavelength.
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Fig. 7A  The ultraviolet absorption spectra of tyrosine
peptide: Ac-G-Y-Y-L-L-L-K-K-amide.

3.0 4 1 1 2
W -
Q
z
<
- .
Q
°
"

[ ]
<
» !

~0.02 — T T T Y

19¢0.0 . WAMOMETERS J00.

L . : § .
Fig.7B. The ultraviolet absorption spectra of peptide
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I11. RETENTION COEFFICIENTS OF AMINO ACID RESIDUES AND

PREDICTION OF PEPTIDE RETENTION IN RPC

A. Designing & Characterizing Peptides

The 23 model peptides synthesized are shown in Table 2.
All peptides were designed to have eight residues for ease
of syntﬁesis with appropriate hydrophobicity such that all
23 beptides would be retained on the reversed-phase columns
and eluted with a ;easonable acetonitrile concentration. The
solubility of the peptides fn agueous solution was ensured
by the incorporation of the two lysine residues. Fipally,
glyciné was used to end the pebtide chain so that the
;ubstituted amino' acids (X) would have at least the one
peptide bond on the N~terminus in addition to the acetyl
group. Two residues were substituted each time for two
purposes, namely: (i)amplifying the effect of  the
substituted amino acid on tﬁe peptide retention time;
(ii)evaluating those {esidues with, small effects more
accurately. Furthermore, all peptides have a common portion
of seqguence to make the-synthesis of the analogs easier. A
large stock of‘ch—(Leu);—(Lys)z—benzhydrylamine resin was
prepared. Subsequeﬁt amino acids were then coupled to 300 mg
portions .of this common Boc-peptide-resin. The 23 model
peptides were used to determine the retention coefficients
of amino acid residues in RPC. .

Peptide standafds have been suggesfed. for accurate

monitoring of peptide separation and reversed-phase column

\
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Segqgﬁgys and Aming Acaid Andllsis ot Synthetg MV““'\VQP‘[???

Ac—Q—X—X—l-l~l—K»K~dm1dv

1 -0-D-
2 -A-A-

3 -V-vo
4 ~N-N-
5 - . -R-R-
6 -€-€-
7 ~H-H-
8 PP
9'; s
10 -q-Q-
11 66-
12 -t
13 ’-x-x-‘
18 _MeM-
15 ‘-Y—Y~

- 16 _S.s-
17, - 7-7-
18 -1-1-
19 -v-u-
20

. -C-C-

Peptldc'

Gly X
1.07 202
0.98 2.0
1.06 2.08
0.98 2.00
0.98 1.9%
0.99 1.99
0.90 2.07
1.00 2.04
091 2.09
1.00 1.9
3.04 —
0.9  —
1.10 —
0.98 1.91
0.93 1.91
0.99 1.86
.10 1.89
1;q3 1.82
0.95 1.77

1.09 1.84

....continued -

Amino Acid

Leu Lys

2.99 2.00
3.01 2.00
2.96 1.89
3.00 2.02
3.02 2.03
3.05 1.96
3.03 2.07
2.95 1.99
3.01 2.06
3.03 2.00
3.03 1.93
a.94 2.1

3.00 7 .3.90

3.00 - 2.04
3.33 1.82
3.17 2.01
3.18 1.83
3.36 1.80
3.26 2.06
2.98 2.09



Peptide

~G-X-X-l-L-1-K-K- Gly
21 AC-C ULt L - L - K~K-COOH 1.00
22 NH2—G»L~l—l~"l-K~K—amldQ 1.04
23 NH-G-1 - -1 -1 -1 -K-K-COOH 0.99

2

Aming

X

Acid

l eu

4.98
4.87
4.9/

38

Lys

2.02°
2,08
2.Q03

All values were obtained by using the ratio of the total amount of

the amino acids to number of the amino acids present in -the peptide.
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performance (Mant and Hodges, 1986). In particular, they are
bést suited for monitoring peptide retention and resolution
in RPC. Syntﬁgkic decapeptide standards were designed with
the composition varying as follows: peptide standafd 2 KS2),
-Gly*~Gly*~; . S3, ~Ala*-Gly*‘~; S4, ~ -Val’-Gly*-; S5,
-vVal®*-val*~ ., (Table 3). All peptides.‘ contained an
Na-acetylated N-terminal and a-C-terminal amide except Si1,
which was identical to S3 with the exception of a free
a-amino group. The length of the standards (10 residués) was -
designed to reflect the average size of cleavage fragments
from proteolytic digests of proteins. In order to examine
the resolving power of a reversed—phase‘suppott precisely,
the hydrophobic{py of the standards only increased slightly
between S2 and S5, in particular between S2 and S3 (an
increase of oné methyl g;oup), S3 and S$4 (an increase of -two
methyl groups) and S4 and S5 (an increase of an isopropyl
group). In addition, the presence of positively charged
groups in the peptide stdp@afds (+2,. S2-S5; +3, S1, over the
acidic to neutral pH rangé).alldws a good solubility of the
peptides in agueous solvents and sensitivity of the peptides
to any ionic, as opposed to hydropﬁobic, interaction with a
reversed-phase support.

An example of the HPLC purification of a model peptide,
Ac—G-Y—Y—L—L—L-k—K—amide, is seénv in éigure 9. The crude’
peptide ' was purified through thféé . chromatographic steps.

Figures 9A and ‘9B show the first analytical chromatograms

using a SynChropak RP-P C-18 column and a linear AB gradient
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for elution, where solvent A is 0.1% TFA/H,0 and solvent B
is 0.1% TFA/acetonitrile, at a“gradient rate of 1% B/min, a
flow-rate of 1 ml/min, and column temperature of 26°C. The
use of this chromatographic system yielded completely
.fesolved peaks and appeared well suited for the separatfon
16? the synthetic peptides. The sample (25ul of 1mg/Iml) was
 injected into the analyt?;al column in order to examine thé
purity of ' the crude peptide. Fig@@e 9B shows detection of
the peptide at 210 nm where peptide bonds absorb and figure
‘9A-'at 280 nm where the side chains of the tyrosine residues
absorb. In HPLC of peptides, multi-wavelength absorbance ' is
extremely wuseful 1in the identification of the peptides
containing tyrosing, phen?lalanine, and tryptophan residues
(Li and Cotter, 1986). An absorption at'210 nanometers was
selected for three reasons: (i)considerably high absorption
for the‘peptide bonds and, consequently, high sensitivity of
deteétion; (ii)reiative freedbm from side chain contributioﬂ
and (iii)less 1interference by the buffer systems used for
the chromatography (Woods and O'Bar, 1970; Berry, 1982). It
is apparent that sétisfactor§ peptide synthesis was
‘obtaiﬁeé. Preparative RP columns ﬁéfe used to purify a lhrge'
aﬁbunt of ~ the sample. Fiéureé 9C and 9D show the
purification "profiles. .The crude peptides (200 ul ‘ of.
'1mg/1ﬁ1)‘;were run iﬂto the preparativé ¢olumn and. the main
peak wasﬁcbllected for further charactérization. 'At this
step, a flow7raie _of 2 ml/min was used to spéed up the

purificétion? Figures 9C and 9D show the monitoring of the
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peptide at 280 nm and 210 nm, respectively. Finally, 10 wul
of the purified sample obtained from the second step was
reinﬁected into the analytical column wunder identical
conditions used for the \first step to ensure that the
contaminating peptidesrpad been removed. As can be seen in
Figures 9E(280 nm) and. 9F (210 nm), all the impurities
surrounding the main peak had been removed and a homogeneooﬁ
peptide was obtained bx this procedure. ~

The peptides were further chafacterized ;9 amino acid
analysis on a Durrum 500 amino acid analyser to confirm
peptide composition. The results are tabulated in Table 2
and Table 3. No corrections were made for hydrolysis loss of
sensitive amino acids. Serine and thfeonine:amino acids are
partially destroyed by acid hydrolysis, with the amount of
destruction dependent on the time of hydrolysis. Isoleucine
residues have the 6 branched sxde chalns, makxng hydrolysis
slower when two such amino acids are 51de by side (Glazer €t
al., 1975). The sulfur-containing amino' acid 1is very
susceptible to oxidation under acidic.conditions..Therefore
Moore's method for oxldzzxng the cystexne contalnlng pept1de
with performic ac1d was used to guantitate the amount of

e

cysteic acid (Moore, 1963). ‘ h\iy

B. Effect of Seqdence Specificity
Before synthesizing the 23 peptides yged to determine

the retention coefficients for the 20 amino acid residues

‘found in proteins and end groups, it was essential to verify
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the assumption that each amino acid side chain in a peptiae
contributes to the the peptide retention independently; In
other words, sequence specific effects are minimal and the
composition is the major factor affecting peptide retention

in reversed-phase chromatography. To verify this concept for

1.

the model beptide Ac-G-X-X-L,;-K;-amide, two peptides of the
same composition \bdt differing ipn sequence were prepared
(Peptides 1A and 15, Tabie 4). Peptide 1A contained the
sequence GLLLG, while Peptide 1B contained the sequence
LGLGL, where the leucine residues were inter-spaced by
glycine residues. In addition, a number o{ othef homologous
peptide pairs we}é‘chrohatographed on SynChropak C-8 or C-18
columns to .examinq any sequeﬁce specifi¢ effect on peptide
retention. Analysis was performed under the following
ohromatographic cdonditions: a linear AB gradient,,where'
buffer A=0.1¥ aé.TFA and buffer BfO.l% TFA in aceéonitrile,
(pH 2.03; flow—rate=1l ml/min; gradienﬁ‘ slope=1% B/min;
column temperature=26°C. '

Table 4 shows ~thét‘ all peptide pairs were eluted as
single pgaks..lf is'épparent that the chanées in sequence in
these peptides of the saae composition did not influence-
‘peptiae retentién times in RPC. In Gﬁher word§, composition

is _generallj the majbr ﬁaétor affecting‘peptide elution
position. The subﬁie effects of sequence can be éeen with
,thef homologous"quarfet peptides SA,SB;SC and 5D (Tabie‘4)u
These peptides,_when chromatographed togéfhe;, ‘Fesolved to

form a small doublet., It 1is worth noting that sequehce*



TABLE 4 tffect of sequence specificity on

= peptide retention times

Peptide Sequence : Ry (min)
IB ACKLGLGLK amide
2A . ACARAKF*AA amide la.s
- )

. .

“3A ) 16 .0
38 ACGKFGRPP) RRVR amide
4A . ACGKFKRGPYRRVR amide ) 14.6
48 ACGKFKRPGLRRVR amide
5A AcGKFKGPPLRRVR amide ) 21.24
58 . ACGKFKRPPLRGVR amide
SC AcGKFKRPPLGRVR amide ) 20.97
5 - ACGKFKRPPLRRVG amide :

* ' -
F denotes nitrophenylalanine.
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variations in small, highly ionized or unprotected terminal
peptides can significantl} affect peptide retentidén on RP
columns kPietrzyh et aj., 1983, Lundanes and Grkibrokk,
1984). However, our resuléé support the _vigw that, in
general, retention coefficients for amino acid residues
could be used to predict peptide retention.

C. Retention Coefficients of Amino Acid Résiaues

The types of interactions that could occur between the

peptides and the hydrocarbonacéOUS silica-base support in
thg reversed-phase mode aré ionic, hydrogen bonding and
hydrophobic. The first two interactions are mainly due to
the surface silanols on ﬁhe silica éel support, which act as
weak acids and are ionized above pH 3.5-4. Théée weak aqids
may interact with the functional groups of the peptides
chromatographed in RP columns through 'either ionic or
hydrogen bonding interactions or both. Under given.mobile
phase conditions, it 1is possible to completely suppress
these interactions of the sgurface silanol groups with
solutes. JWhgn-. these - interactions _are- hihima},A thé
"hydrophobicity of amine acids in-é peptide can be determined
On-the'bésis of hydrophobiC»inp;}éctionSQ -

" Addition of a low concentration of trifluorocacetic’acid
to both water and acetonitrile has been found useful in thg
separation -of peptideé.-fhe use of TFA enables detgctibn"at

" , , _ ‘ .
lbw;UV wavelengths where the Qéptide bonds absorb strongly.

TFA not only provides an acidic medium where.ionization of
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the surfaée\vsilanols is suppressed, but also optimizes‘the
résolving power of reversed-phase columns in peptide
purification. 1In addition,‘ TFA is .an excellent peptide
éolubilizing agent and completely volatile so that the
separated peptides can be easily recovered ‘from the
fractions by lyophilization.

Of the three,commoniy used solvents in reversed-phase
chromatograpﬁy of peptides, acetonitrile exhibits much
superior resolution and selectivity ‘to 2-propanol and
methanol and is considered to be the best organic eluent for
most practical purposes. Therefo;e, a water-acetonitrile
mobile phase was selected és a suitable elution system in .
the study ofvretention behévioué of amino ;cid residues in
the peptides. ?he chromatographic conditions wused for
eluting model peptides are as follows: linear AB gradient,
where A=0.1% ag.TFA and B=0.1% T;A in acetonitrile, pH%'Z.O;
flow-rate=1 @l/min; gradient . slope=1% B/min; column
temperature=26°C; detection-at 210 nm for monitoring peptide
bonds and -280nm for ' the peptides containing
tyrosing;,phénylaianine—, and tryptophan residues. These
‘conditioﬁs. are routinely used b§‘m$ny chromatogfaphetsl The
‘retention behaviour of pebtides'in modified chromatographic
Eondifions will be discussed in chépfer 1V. |

The excellent elution ﬁrofiles of 'Arepresentative
- samples of model'peﬁtides are presenfed in Figures 10A and
10B. ‘The peptides.weré‘chromatographed‘ at pH 2.0 on two

'SynChrobak columns: C-18 (Figure 10A) aqd'g‘B (Figure 10B).
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*ig. 10A. Chromatograms of the synthetic model peptides, having
the sequence Ac-G-X-X-L-L-L-K-K-amide, where position X is
substituted by the 20 amino acids found in proteins.

Conditions: column, SynChropak C-18 (250 x 4.1 mm 12D.);

" linear AB gradient (1% B/min) where A=0.1% 'aq. TFA agd B0. 1%"
TFA in acetonitrile (pH 2.0); flow-rate= Iml/min; 26 C;
absorbance at 210 nm. '
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Fig. 10B. Chromatograms of the synthetic model peptides,
having she sequence Ac-G-X-X-L-L-L-K-K-amide, where position
X is substituted by the 20 amino acids found in proteins.’
Column, SynChropak C-8 (250 x 4.1 mm [.D.). Same chromatogra-
phic-conditions as Fig. 10A. :
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The identification of the pept{des on the chromatograms was
made by repeating many similar runs. By changing the
injection amounts “of some peptides while others were kept
constant, peptide assignments. were made . ‘Consistently
similar resojution of the model peptides on severaﬁ RP
columns enabled the determination of an empirical set of
retention coefficients, describing the. hydrophobicity of

amino acid residues at pH 2.0.
A multiple linear equation approach has oigen been
. ~ A
employed to calculate amino acid retention coefficients from,

RP~-HPLC data (Su et al., 1981). This approach is describé&//‘

as follows:

a, X,%a,X*....%a,. X, =b,

‘ az 1 K,%tazX2%....%a,;,.X, =b, C)

ami1X *tamzX2*t. .. *a X, =b,
o
L]

{
In these equations, b,,bz.’..bn are the“Ectual retengiop'
times of the peptides; X,,X,... X, are efined as the
retention ~coefficients of amino acid; residues; ana
é,,az:..am, desérjbe aminp_atid composition_?f the peptides.

The retention time of eachjpeptide was assigﬂed by recording

the retention time of .the pure peptide and thé\setention of
‘ ’ N
N
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the same peptide in fhe peptide mixture. The peptide
: N
mixtures were always spiked with a retention-stable peptide
such as nadel peptide Ac-G-L,-K;-amide to corfect for
run-to~-run chromatographic differences. Two met&ods Qere
employed to calcu;ate the retention coefficients for amino
acid residues. The first method was a simple muliiple linear
eqmgation approach. Three lilﬁ equat ions were first sSolved

for the retention coefficient Ffor Lys, Leu and Gly residues

by using the retéﬁiion data from three of the eight residue
peptide sequences where -X-X- was Lys, ULeu or Gly. The
retention parameters for other amino acid residués were then
calculated by assigning the three known coefficients into
eqéh equation. For the second method, the retention
coefficient of each amino acide residue (X) in the eight
residue sequence Ac-Gly-X-X-{(Leu),-(Lys) .-~amide was
determined by .subtracting the retention time of‘ the’
synthetic core peptjde Ac—G{y~(Leu),~(Lys)2~amide from the
retention time of the eight residue seqguence and divid;ng
the result by th. The results of‘ these two methods were
very similar. The average values trom‘bhe,tyé different
mathematical méthogs~ were adopted ‘for. the» retention
coefficients of amino acid residues. The ;ésults are shown
in Table 5. ; . .

As can be seen, the retention data show that aromatic
side chains are the most hydrophobic among 20 amino.. acid

side chains, due to the large size of the @romatic groups.

Amino acids with aliphatic side chairs bhave a noticeable
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positive contribution to retention, while amino acids with
basic side chains have a négative contribution to retention.
It is noteworthy that acidic side chains have little or a
slightly positive contribution. This is understandable since
the side chain carpoxyl groups are protonated at pH 2.0. The
relaFive elution order of the peptides is as expected. For

example, the -E-E- peptide is more hydfoppobicﬁ than. the

-D-D- peptide. Similariy, ~-A-A- » ~G-G-; ;T-T— > ~-S§-S-;
~1-1- > -V-V-; -0Q~Q- » ~N-N-.  Al]l these peptides differ by
two - methylene groups. Interestingly, the retention

coefficients for Ala compared ta Gly and Ile compared to Val
are 2.2 and 2.4 minutes, respectively. In both lases we are
adding a methyl group to the side chain of Gly of‘\Val and
these groups are accessible to interact with the
reversed-phase guppbrt. However, if we.compare the reﬁention

coefficients for Glu and Asp; Gln and Asn; Thr and Ser, the

R

increase in the coefficients on adding'the extra ~CH,- group
"is 0.9, 0.6 and 0.8 minutes, respectively. This can be
explained by the fact that the -CH,- group‘ is‘ not\ as
accessible when added to the side chain between‘the peptide
backbone andlghe hydrophilic functiomal groups. ,Moreov;;,
the -L-L- peEtide is more hydrophobic than the -I-1- peptfde
although these side chains contain the same number of carbon
atoms. Since'isoleucine is B-branched, the f-carbon is close
to the'peptide backbone and not as availab;e‘-to interact

with the reversed-phase support compared to the conformation

- Q ‘
of the leycine side chain. These results show the excellent
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selectivity of thevreversed—phi§e supports used.

The retention coefficients for N- and C- terminal
groups (see Table 5) were determined from the sequence
Y-Gly-{(Leu)s-(Lys).-Z, where Y=Na-acetyl (A) or a-amino (B)
and Z=Ca-amide (C) or a—carngyl (D). Figure 11 shows the
RP-HPLC profile of mixtures of the four peptides at pH 2.

Table 6 compares our retention coefficients (pH 2.0),
obtained™ from model synthetic peptides, with those reported
previously by other research groups using computer-assisted
regression Ianalysis of the retention times of a wide range
o; peptides with wvaried composition (Meek and Rossetti,
1981; Su et al., 1981; Browne et al., 1982; Sasagawa et al.,
1982 and 1984). Retention coefficients were normalized
relative to leucine (assigned a vélue of 100) to allow a
direct comparison. Aé can be seen, there are large
discrepancies between the two different approaches. In the
studies of these workers‘ certain amino acid residues did
not occur in Ehe composition of the samples as frequently as
other amino acid residues. The 'retention parameteré for
these amino acid residues would be underestimated as
observed by Meek and Rossetti (1981). The other explanation
ié the conformational effect of some peptides which they
used to determine amino acid retention coefficients. This
would result in an inaccurate determination of the retention
dafaa;;tj is not quite clear whether there exists any

neareﬁt—neighbour or chainvlength-dependence effect. The

effect of molecular weight on retention 1is relatively
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TABLE 5. Retention coefficients of amino acid residues at pH 2.0.

A
Amino acid Retention coefficients
residue ?:iiio
Trp b.e
Phe . 8.0 b
Leu 8.1
I1le .‘ 7.4
Met 5.5
Val 5.0
Tyr 4.5
Cys . 2.6
Pro o 2.0
Ala 2.0
Glu y 1.1 '
Thr 0.6
Asp 0.2
Gln ‘ 0.0
Ser ‘ -0.2
Gly 0.2
Afg -0.6 >
Asn - -0.6 ’
His : -2.1
Lys B . -2.1
a-amino | -6.9,-3.02
a-COOH . / -0.8

I

The retention coefficients (in min) were determined frénh'
retention times in RPC as shown in Fig. 10.

%The charged a-amino group had a smaller effect in an
N-terminal Arg residue than an N-terminal residue with an
uncharged side chain. -
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Fig.-11. Chromatogram of four synthetic peptides with the sequence
Y-G-L-L-L-L-L-K-K-Z, 0
vhere Y = N‘-acetyll(h) or a-amino (B)
‘ and z « C*Zamide (C) or a-carboxyl (D).
Conditions: column, SynChropak RP-P C-18 (250 x 4.1 mm 1.0.),

linear AB gradient; Solvent A consisted of 0.1% aq. TFA and
solvent 8 of 0.1% TFA iB.acetqnitrile. (pH 2.0); 1% B/min;

flow-rate, 1 mi/min; 26 C. )
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TABLE 6.

Comparison of predicted
acid residues from literature
tic peptides in this study

Amino
acad

1

telatave

"Retent son coctface

(this scudy)

11

to Leucine,

Tip
Leu

4
Phe

Ile

Met

Asn

Lys

His
a-amino

a~COOH

109
100
100
91
68
62
56
3z
25
25

14

—26

-26

~-85,-372

-10

104

55

80

30

10

28

12

15

-43
-12

33

82 . 157
\.
100 100 100
96 .80 13
33 184 73
28 113 42
18 34 48
30 28 70
-46 a0 48
26 ~13 32
37 -4 10
-36 24 . 11
4 ~25 - 6
-15 61 -5
-2 14 ~-21
-6 -26 2 0
-21 21 ‘ -29
-18 -43 ~20
-29 -56 -3
-19 -17 -30
-11 -85 -23
21 49 9
12 49 17

retention coefficirents of amino
and those obtained from synthe-

rents oat b 2
tahen as 100

111 1v v

56

11: Sasagawa et al.,
IV: Su et al., 1981,

2

\

1982.  111: Browne et al., 1982.
V: Meek and Rossetti, 1981.
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unimportant in small peptides and is completely eliminated
in the model peptides used in this study where single amino
acid substitutions were made in an eight-residue peptide.
Our approach ensures that 20 amino mcids occur in the model
peptides with the same frequencies in the substituted
positions(-X-X-) and offers the most accurate method for

determining retention coefficients.

D. Prgdictioneof Peptide Retention Time

Isolation or Quantitation of a specified peptide in a
complex mixture by reversed-phase HPLC can be 5imp1ified if
the elution position of the peptide can be predicted. The
amino acid residue retention coefficients, determined in the
above section, were applied to predict the elution positions
of 58 peptides whose sequences are shown in Table 7. The
peptides were chromatographed under tﬁe system used to
determine the retention coefficients, and. peptide standard
S4 was always run with the tested samples to corfect for
deviations arising from the use of differeﬁt columns or from
column aging (see éhapter IV). The predicted\retention time
(r) for a peptide equals the sum of the retention
coéfficieﬁts (see.Table 5)(ZRC) for the amino acid residues
and end groups plus the time for elution of unre;aihed
compounds (to) and .the timey correction fréﬁ;the peptide
standard (t.), |

T =:R¢+ to‘ + t.



TABLE 7. Comparison of predicted and observe

retention times

d peptade
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Peptide Sequence No. of R _Pred Ry ObS Error
Residues  (thin) (min)  (min)
1 ACKF* amide 2 3.10 3.35  -0.25
2 ACAKF* amide 3 5.03 4.45  0.58
3 AcKF*A amide 3 5.03 3.55 1.48
4 NH,F*AA amide 3 2.13 2.92  -0.79
5 _ ACKF*AA amide 4 15.18 16.65  -1.47
6 . ACAAKF* amide 4 6.89 6.49  0.40
7 ACAKF*A amide 4 7.07 6.04 1.03
8 ACAKF*AA amide 5 10.87 10.58  0.29
9 ACAAKF*A amide 5 8.71 8.61  0.10
10 NH,FFGLM amide .5 19.75 20.28  -0.53
11 ACKGLGLK amide 6 -11.48 14.64 -3.16
12 ACAAKF*AA amide 6 12.84 13.03  -0.19
13 NH,AAKF*AA amide 6 11.06 12.56  -1.50
14 ACAAKF*AA OH 6 11.97 13.91 -1.9
15 NH,AAL**F*AA amide 6 16.08 14.31  1.77
16 NHLSL**F*AL amide 6  25.40 26.87 -1.47
17 NH,LSF*L**ALOEt 6 '’ 25.9 26.89  -0.95
18 ACAAAKF*AA amide 7 14.84 14.63  0.21
19 ACAAKF*AAA amide 7 14.79 14.43  0.36
20 ACKGLLLGK amide 7 24.52 23.93  0.59
21 ACKKLLLKK amide 7 21.00 20.73  0.27
22 " AcKLGLGLK amide 7 23.57 21.67  1.90
23 NH, DYMGWMDF OH 8 23.85 26.78 -2.93 °
24 -ACTDLLAGGK amide 8" 12.06 13.99 -1.93
25 'NH, TOLLAGGK amide 8 6.23 4.68 . 1.55
26 AcTDGLAGGK™ amide 8 4.1 4.57 -0.46 -
27 ACGAKLEAKG amide 8 '6.51 6.08  0.43
28 AcTDLLGGGK amide 8 11.72  ° 12.87 -1.15
29 PEHWSYGLRPG amide 10 19.60 19.88 - -0.28
30 * NH_HKTDSFVGLM amide - 10 14.47 14.91  -0.44

<§

....continved
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;eptide . Sequence’ No.'of Rt?red R ?bs frror
o Residues (min) (min) (min)
N NH:OMHDFFVGLM amide 10 30.13 29.75  0.38
32 NH, VQAAEDY ING OH 10 16.89 17.06  -0.17
33 NHz RPKPQQFFGLM ami de 11 - 26.57 26.03  0.54
34 NH2 DVPKSDQFVGLM amide 12 23.52 22.36  1.16
35 ACGKFKGPPLRRVR amide 12 17.03 16.16  0.87
36 NH, GGFKRPPLRRVR amide 12 11.26 14.18  -2.92
37 ACGKFKRPPLRRVR amide 12 - 16.84 15.94  0.90
38 ACGKGKRPPLRRVR amide 12 8.0  10.03 -1.99
39 ACGKEGRPPLRRVR amide 12 18.39  16.02  2.37
40 ACGKFKRGPLRRVR amide 12 14.02 1463 ) -0.61
41  ©  ACGKFKRPGLRRVR amide . 12 14.38 85 20,17
42 ACGGFKRPPLRRVR amide 12 18.19 - 16.01 2.18 "
43 " AcGKFKRPPGRRVR amide 12 7.70 11.12  -3.42
44 AcGKFKRPPLRGVR amide 12 16.28 15.73  0.55
45 ACGKFKRPPLGRVR amide . 12 16.44 16.01  0.43
a6 AcGKFKRPPLRRVG amide 12 16.70 15.59 1.1l
a7 ACGKFKRPPLRRGR amide 12 10.64 12.89 -2.25
48 ACVSKTQTSQVAPA amide . 12 12.26 12.76 ~ -0.50
49 ACVSKTETSQVAPA amide 12 12.99 13.07  -0.08
50. ACVSKTATSQVAPA amjde 12 17.10 15:51  1.59
51 ~ ACASKTETSQVAPA amide - 12 9.81 10.72 -0.91
52 AcDRNAEGYIDAEEL amide 13 30.11 25.67  4.44
53 " ACNRNANGYIDAEEL amide 13 26.85 . 2385 3.00 -
54 AcNRDADGY IDAEEL amide- 13 28.76  24.72  4.04
55 ACORDADGY IDAEEL amide 13 29.57 . 24.98  4.59
56 AcSDQEKRKQISVRGL amide 14 14.17 15.47 -1.30
57a NH AGCKNF FWKTF TSCOH 14 26.57 26.03  0.54
57b ~ NHzAGCKNFFWKTFTSCOH 14 26.57 - 25.82  0.65

58 Ac(GAKLEAKG): amide 16 1497 14:40 . 0.57
‘ " |

~F* denotes nitrophenylalanine; L** denotes norleucine. . The
contributions of the ethyl ester (Peptide 17) and the pyroglutamic
acid (Peptide 29) were conside¥ed identical to the amide and ;

- ’

acetyl-glutamic acid, respectively. - _ g
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The accuracy of the predictive method was shown Sy the
correlation between the observed and predicted retention
times in RPC. The small average deviation of predicted
retention times from ~bhserved values (1.3'min) and the high
degree of correlation ‘(Figure 12; correlation=0.98,
calculated by linear least squares fitting) indicate that
our retention coefficients provided excellent predictive
accuracy for the peptides sgudied (ranging from 2-16
residues). By comparison, there were four-minute averaée
error between the predicted and observed retention times for
18 small peptides up to 20 résidues by wusing Meek's
regention coefficients. It 1is noteworthy that 'thev only
peptide, 14 residues in length (Table 7), which contained
two cysteine residués showed liftle‘différence in retention

- .

time between its oxidized(57a) and reduced(57b) forms. Tide
same phenomenon was observed in two other peptides
containing two cysteine residues each, 21 and 24 residues in
length (not listed in Téble 7). The results from the limited
range of ‘beptides studied'seem‘to suggest that disulphide
bridge formation ofvsmall peptides has little influéncgl,on
the intéraetion of peptide molecules with the hydrophoébic
stationary phase compared to.the same molecules with free
cysteine ; résidues. Sevefal peptides predicted to have
negative'retention times were, és‘expected, not retained by
the reversed-phase columns. i

‘Predicted retention of larger peptides was shown -yob

deviate from actual retention due to conforma;iona{‘pffects
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Fig. 12. Correlation of predicted and actual peptide retention times

‘in_R?-HPLC: Numbers adjacent to the data points indicate the
peptides listed in Table 7. The peptides were chromdtographed on

SynChropak C-8 or C-18 columns (250 x 4.1 mm I.D.) under the condi-
t]ons used to determine the amino acid residue retention coefficients:
!1near gradient (1% B/min) where A= 0.1% aq. TFA and B= 0.1% TFA

in acetonitrile (pH 2.0); flow-rate, lml/min; 26 C; absorbance at

210 nm,
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in solution which reduce the number of exposed hydrophobic
residues (Hearn, 1980). The accuracy of peptide retention
time prediction decreases significantly for peptides with
more than 20 residues. It is believed that the retention
time of a large peptide 1is partially debendent on its.
molecular weight and introduction of a molecular weight

correction may help to increase the predictive accuracy

(Monch and Dehnen, 1978; Van Der Zee and Welling, 1982).



1V. FACTORS AFFECTING PEPTIDE RETENTION IN RPC

As discussed in chapter I1I, it is possible to predict
peptide elution positions under the specific chromatographic
conditions used to determine the retention coefficients.
Peptide retention is affected by a number of factors, such
as the nature of the bonded stationary phase, the buffer
system used, the pH of the mobilé phase, the organic mobile
phase component, the flow-rate, the column temperature and
gradient slope. By examining peptide elution profiles under
various conditions, information was obtained to expand our
preqaitive me;hod and improve our understanding Jf the
peptide retention mechanism. It was also found that an
internal peptide standard was required to make accurate
peptide predictions.

)

A, Effect of Different Reversed-Phase Packings

Peptide separation in RPC is based on the hydrophobic
differences between the samples being cheomatographed and
the bonded phase of the support material. It is clear that
peptide retentioP is ‘éfchted by fhe nature of the
reversé§15§a$; ' packing. In other words, column§ from
. different“ sources may ~vary depending on the physical
characteristics of the packing materials (McNair, 1984). The
physical properties of the packing materials used 1in this
study a}e presented._inv Table. 8. The‘ effects of column
configuration (column length and internal diameter), ligand

density, particle size and column aging on peptide retention

'
~
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were inveétigated.

Chromatography of model peptide mixtures, whose
sequence variations have been described in Chapter 111, was
carried out on three different RP columns (SynChropak C4,
SynChropak C8, and Whatman C8) to examine the effects of the
alkyl chain léngth as well as ligand density on peptide
retention (Fig. 13). Similar elution profiles were obtained
with almost identical elution orders of peptides; the main
difference was a shift in peptide ;etention times (Cooke et
al ., 1983) . The‘atfinity order of RP packings for peptfdes
was found to be Whatman C8 > SynChropak C4 > SynChropak C8.
The increased retention on the SynChropak C4 compared tonthe
C8 column is mainlf due to the jn eased n-alkyl %hain
ligand density (double for the C4 column). This agrees with

-
the results of other studies (Majors and Hopper, 1974; Karch
et al., 1976; Hend@%n et al., 1978; Lau et al.,1984). With a
given mobile phase, increased 1ligand densify generally
results in greater peptide retention. For the émall peptides
used in this study (8 residues, ca, 900 daltons), only a
limited part of the long alkyl chains participates in the
retention process (Berendsen and de Galan, 1980). Lau et al.
havek observed that the 1length' of 'the n-alkyl chain has
little iﬁfluence on peptide resolution ’(1984). Figure 13
shows slightly better overall resolution on the two C-8
columns coﬁpéred fo the C-4 column (Arg/Gly, Leu/Phe/Trp

separations).
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F1g. 13 Chromatogrqms 111ustratmg the effects of three different

;"

(2 ﬂtsw-r'rate, 1 ‘m1/min; 26 c; absorbance at 210 m.

oY

hok:

“ABSORBANCE 210

; 3
i .?o.i Lo ik
o-x qo°~< ,' ;. N .'.
ﬁ ’
‘ »‘»A ) I
4
-
vep  H
38 < L3 i
%y T %%; 1

AC Oty K K-t U pady amion

66

oy

4

r .

reversed phase colun\ns on the retentwn of synthetic model
pepudé mixtures. Top, SynChropak C-4 column (250 x 4.1 mm I.D. ),:P\
: : ‘n

m1dd1e. SynChropak-€- 8 ‘column (250 x 4.1 mm L.D. ); bottom; -
ﬁ( ‘a. 6 men I Du), Condltwns hnear gradlent

Nhatman Cc-8 column

ﬁp(}‘ %«Jl&) where ‘
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To investigate further the effects of column
configuration and aging on peptide retention, a mixture of
five synthetic peptide standards, whose sequence variations
have been described in Chapter 111, was tested on four
SynChropak RP columns. Figure 14‘show§ the elution profiles
of the peptide standard mixtures chromatographed at‘ pH 2.0
under the conditions used to obtain our retention
coefficients (see Fig. 10). The elution profiles for ‘these
four reversed-phase supports were found to bo similar with
the acetonitrile solvent system (Wilson et al., 1981; Geng
and Regnier, 1984a). The peptide mixture was dissolved in
0.5% ag.TFA (Fig. 14A-C) or 2% aq.TFA (Fig. 14D). Following
sample injection, the ébsorbance peak at 210 nm, produced by
the excess-df TFA conoentratiods ln tho sample, represented
the elution time for unretained compounds (tg). Columns of .

.different.sizeg have diff}renu times for to. It is apparent
that the peptides " bind more tightly to a new column (Fig.
14A) than a similar column egtensivoly usoa:over a period of
month§ {Fig. 14B). The results lndlcate the influences of
column aging 'on peptide retention. Interestingly, only
SIightly anrter”bépgide rétention was observed on the 5-cm
column (Fig ' 14C)7'oompared to the 25-cm (Fig. = 14A),
:demonstrat1ng only a small effect of column length on
i‘pept1de retent1on (Grego and‘ Hearn, 1984) Also, similor
"glutzon prof11es were. obtained on a preparative column (F1g.
m14D° 10 mm I:D.) and an analyt1cal column (Flg 14A; 4.1 Omm ‘
TI Ds)- Th1s result *ﬂ?ldatesv ‘the useﬂ of; our retention

Y

. L
. 4°F,
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Fig. 14, Chromatograms ﬂlustratmg the effects of four different
RP co]umns on the retention of the peptide standards. Columns:

- -SynChropak C-18 at pH 2.0, (A) 250 x 4.1 mm 1.D.;(B)250 x 4.1 mm,
I.D.5 (C)50-x 4.1 mm 1.D.; (D)250 x 10 mm I.D. Detailed column
descmptwns are found in Table 8. Cond1t1ons hnear grachent )
(1% B/min) where A=0. I%aq. TFA and B=0.1% TFA in acetomtri]e,

. flow-rate, 1 m1/m1n, 26 C; absorbance at 210 nm.
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coefficients on columns of varying diameter.
For small peptides, pore size and particle size are not
‘the important column parameters fffecting reteniion and
resolution in the reversed-phase mode (Hearn, 1980).
Sorbents of smaller particle size wusually have a higher
column efficiency. However, Wilson et al. observed almost
identical chromatographic behaviors of peptides when 5 um or
10 um particle-size packings were tested (1981). The
particle sizes of all the packings used in this study are
similar (5-6.5 um) and have little effect ®on resolution.
Table 9 shows a cbmparison of the ;etention times of
the standard .ﬁeptide mixture on the four SynChropak C-18
colum;s, a:SyHEhropak C-8 and a Whatman C-8 column. . The
predictive method has been'détailed in Chapter IIi. These
results indicate the importance of .an internal peptide
staﬁdard to” ’correct for cglumﬂ an@ instrumentation
variations whem the amino;ﬁtid.coefficients from HPLC:  data
of oﬁr model synthetic peptides are applied to predigt the
retention‘iimp of any peptide of known qgmpositién 06
;differeht columns. ‘
§ Effect of Different Organic_sélvents

~ The aqueous buffer often has a profound effiect on both

eptide rétentibh-and resolutibn.‘ In general‘ optimization

retention and resolution can. be achieved by manipulation :

'.f mobile phase as well as stationary phase parameters. The

- .

"gﬁmt' j)Opula: eluting "solvents are methanol, acetonitrile,

b
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-

and isopropanol. Of these three organic solvents, the order
of” effectiveness in eluting peptides from a re§ersed~phase
column was: isopropanol > acetonitrile, > methanol (Wilson et
al., 1981; Lau et al., 1984).

Figure 15 shows the gyution profiles of the identical

PR

model peptide mixtures when chromatographed on a SynChropak
C-8 .column using a linear AB gradient (1% B/min), where
A=0.1% TFA/H,0 énd B=0.1% TFA in 1isopropanol ‘(top),
acetonitrile (middle)-"or methanol (bottom). As noted,
reténtion times of the model peptide mi;tures wére ;hifted
in accordance with the polagity of the soivenf% being ‘used.
.

The increasing retention times of the peptides .with
increasing éolarity of organic solvent also confirm the
effectiveness order noted above. In ‘geﬁeral, thé
TFA-acetonitrile eluent gives K good resolufion for most
pebtides and allows absorbance monitoring at 2}0 nm for
hfgh*sensitivity detection. Isopropanol ié;é sfsonger eluent
‘foE‘ §eptides " than acetonitrile' and 'm;y' bé,reéuired for
eiuf&on of very hydrophobic‘componénts. High wviscosity of

- ) . , -t . .‘
the -~ isopropanol system sometimes ®*causes high column

.;ackprgééure“ahd‘loﬁfefficiehcy'KLundblad and Noyes, 1984).
_Althoﬁghﬁ the " resolutioﬁ‘;of the peptides in the methénbl
.Asystém isf-' ;aStgood as that of the aéetonifni{e“éystéﬁ,
'méthaéfj/cagjbe géedﬂfér v§ry:h§Qro§hilic molééﬁles._Allflhe
mwmobilé pbése.sysfem§ $éntibﬁéd'toithis pOiﬁt"ma§‘15e‘ used
- with _abSorSaﬁcé = deéepéiénﬁ of'prgﬁtidgg xfaf ‘?10 nm.

. % . . o Te e e . 0 ., : . .
' FurQPeme;e,,tye addition. of a chaotropic salt, . NaClOi, -to-
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F1g._ 15, Chromatograms ﬂlustratqng the effects of three d1fferent
‘ orq_amc solvents on the retentwn of 'the synithetic model. pept:ide .
,_m1xtures. Orgamc so‘lvents' top, 1sopropano1 m1dd1e. acetomt{'ﬂe.
bottom, methano’l Cond1t1ons hnear grad1ent (1% B/mm) where

" K=0; 1%aq.: TFA 4nd B=0. 1% TFA -in one. of ‘the above three organic
solvents, (pH 2,0). flow-rate, 1m1/m1n, 26° C; absorbance at. 210 nm.
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the pH 7.0 buffers (e.g. A=aq.(NH,);HPO,, 0.1M NaClO,; B=40%
H,0-60% acetonitrile containing 0.1M NaClO,) was found to be
essential for 'producing good resolutiqn (Hatefi and
Hanstein, 1969). l
(

C. Effect of Ion-Pairing Reagents

lon-pairing reagents are usually employed to improve
the resolution of charged peptide molecules (Poll et al.,
1982). In general, two principle mechanisms of ion-pairing
have been suggested, one involves the formation of ion-pairs
in éhe m?bilefnphase with the sample molecule prior to
adsorption tqi the stationary phase and the other invqlves

\

covering the stationary phase surface ‘such’ that ion—pairing
éeagents aét as a "dynamic‘ ion-exchanger” (Schaaper and
Teller, 1980; Melander et al., 1960)1 Whatever the
mechaniém, ‘the resolving power of igh—pairing reagents is
attributed to their interaction zith'ihe charged residues of
a peptide. |

The retention chA}acteiisfics of peptides on chemicall}
bonded . hydrocarbonaceous stationatg’phasés wérevfohnd to be
influenced by" thé-adaiti,on of low coﬁcentrationsf ‘f suitable
counterions (Hearn and- Hancock, .1978; Hancock  ét» al.,
19785, In thé case of aniohic ton- pa1r1ng reagents, all
an1on1c counterxons ar%_potent1ally capable of ion- pa1p1ng
'thh Ehe pos1t1ve1y charged tesxdues of a peptlde,: therebyi
reduc1ng 1t$ overall hydroph111c1ty and 1ncreaszng peptlde'

;etentlon (Bennett et al.; 1979, -Vigh: et a/., 1982). For
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example, phosphoric acid (H,PO,) and perfluorinated acids
(e.g.trifluoroacetic acid and heptafluorobutyric acid) are
commonly used anionic counterions. They differ 1in their
ability: to interact with the stationary bhase.'The effects
of H;P0O,, TFA and HFBA on retention - of a 'series of model
synthetic peptides weTe compared. The model peptides,
described in Chapter 111, were chromatographed on a
SynChropak C-18 column at a flow-rate of t ml/min, a
temperature of 26°C and the water—aoetonitrile ‘solvent
system containing different ion-pairing reagents (A=0.1% aq.
H3;PO., TFA or HFBA and B=0.1% of the three respective
ion-pairing reagents .An acetonitrile). A plot ‘of R./N
{R.=peptide retention time; N=numbe? of pos}tive charges on
the peptide) for each of the three ion-pairing reagents
versus the malues obtained for tne " other two_'reagents is
shown in' Fig. 16. These. results comoare the average
contribution of each pgsitive charge on the peptides to any
chenge in their retent1 n t1mes in .the presence of dkfferent
counterions, An excellen. degree of correlatlon (correlatnon
coefficient=r; A compares HFBA and‘TFA, r=0.999; B compares
H,PO, ‘and TFA, r=0.998 ‘and C campares H,PO, and HFBA,
r=0.99&) wesg obtalned between the comblnatlons of R, /N for .
.the three iom;palrlng. reagents. The results suggest an.
essentlally equal contribution‘“bf‘each'pOSitively dhérgeaﬁ
‘res1due to shxfts 1n peptide retentzon when\ changﬁng from

one ion- pa1r1ng reagent to another. One 1mportant po1nt that'

'—can be drawn from the result of F1gure 16 1s that ;etenglon



A: Y=HFBA X=TFA
B: Y=HPQe X=TFA
C: Y=H3PQ X=HFBA
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Fig;klﬁ,»Corre]atibn_of'cbhgributibn of éa;h‘ppsitively charged group
. . to changes in peptide retentign in RP-YPLC “in the presence of

ﬁ‘ ’ ‘dfffereht countérions.‘cbnditions column, SynChropak c-18
"(250 X 4.1 mm 1.D.)3 linear grad1ent (1% B/m1n), where. solvent

. ,A is water and’ solvené 8 is, acetonmtrlle. both solvents conta1n1ng

ool H3P04 TFA or HFBA as ion-pajring reagent; flow-rate, 1 ml/min;
‘”26 C. absorbaﬂce at 210" nm. R dénotes retention time; N denotes -
r‘vnumber of pos1tive1y charged groups 1n peptides.. i = T .

T
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a
times of - the basic peptides increase with . increasing

hydrophobicity of the counterions. This is in agreement with

the studies of several investigators (Hearn et al., 1979b;
 ’ ' | .
Ben et al., 1980; Schaaper et "al., 1980; Bennett, 1983;

Hangock and Harding, 1984). The ."ion pairs” formed alter the

. - . 4

retention, behavior of basic peptides substantially, whereas -
‘ » .

that of neutral Feptides is not affected in the presence of

.different counterﬁons.'

! 4
o Per

2 As stressed &bove, peptide retention and resolution are
AT : . :
affected by different columns due to column aging and

. -9 \
phySical properties (see Table 8). A correction value which

relates peptide retention times in diffegent ion-pairing

systems can be obtained from the chromatographic behavior of
synthetic peptide standatds for a specific column used. .A
series of five synthetic peptide HPLC standards (S1-S5) was
chromatographed on a SynChropak C-18 column ahd an Aquapore
C-B ‘column to eQaminé the . changes in the resolution and
retention under- difﬁerent ;jen—pairihg \ reagent systems

(Fzg 7). As ASeen ih' Fig. 17, the elution orders of the
. ‘

peptxdes wsne 1dent1ca1 on both columns but~ dai erences in
overall resolut1on' were apparent . Thus the pept'de HPLC
standards were used to calculate the requxred retent on txme
correctlon between dlfferent ion- pa1r1ng syste fer a
specxflc column used Table 10 1n31cates the retentlon t1mes
of the pept:de standards for all three 1on pa1r1ng systems,
together wzth the average contrxbut1on of each anionxc

IS

counterion per. pos1t1ve charge to “.changes in peptlde
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"Fig. i7 Chromatograms ﬂ]ustr‘ating the effect of ion-pairing reageﬁt‘s

on the separation of a mixture “of . synthetic pept1de ‘standards in
RP HPLC. Conditions: Column 1, SynChropak C- 18 (250 x 4.1 mm 1.D.)5
Column 2, Aquapore C-8 (220 x 4.6 mm 1.D.); linear gradient (1% B/min),
VWhere solvent A'is'wétef andlsolvent B is acetonitrile, both solvents
:c0nta1n1ng 0.1% H3PO, (Panel A), TFA (Panel B) or HFBA - (Panel C);

- flow-rate, 1 ml/mln, 26 C absorbance .at 210,nm. Sequence variations
of peptIde standards S1- SS are described in Chapter III.
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JABLE 10.

Peptide
Standardg !

Peptide
Standard

EE

52
53
54
S5

of tive synthetic

Etfect of 1on-pairing reagent on retention times

Ketentvon llimv {min)
n’l”()d TFA Co MEBA
16,3 c 0. 26,7
19,2 21.2 253
20.0 21.9 5.9
22.0 24.0 “27.8
24,2 I 101
/ '(UIU’W‘\ 2

Retentjon Time (min)
NJPOA ‘ HF BA

S S, -

17.8 219 30.4
20.0 22.3 28.1
20.7 22.9 28.6
22.6 25.0 30 .4
24.8 27.5 ”®.7

(oluma 1t

peptide HPLC standards

, ‘ .
Conditions: Column 1, SynChropak €

-6 am 1.D.); linear gradient, whe .
both solvents containing 0.1x MiPOI‘. TFA or HFBA as ion-pairiMy reagent; flow-rate,*

1 @l /min; 26°C;. absorbance. at 2

are described under experimental.

\"-v‘Y‘
PN
-

0 o,

in RP-HPL( . *

78

g (250 x 4.1 mn<1.D.); Colum 2. Aquppore Cq (220 x

solvent A is water and solvent B.

.

4 -
AN AN 4
;s{utm 1HA) (THA 1 g ) ¥
. ' Y
21 , ™a
7. 10
2.0 . 1 0.
1.9 . 1.0
1.8 \ 12
Av. 2.0 Av. 1.1
A/'N . .
«{MEBA.TFA)
2.8
2"9 fl-r\
2.9 L
2.7
2.6 '
Ay. 2.8, “Av. 1.3 v
19
acetonitrile,

4 denotes difference in retention time of a beptide between two ion-

Systems; K denotes number of positively charged groups.in peptide.

Sequence variations of pept ide sun&\'rds S1-5%
' . , - 4 ‘e .

pairing neagent
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retention between the HFBA and TFA Systems and betweer the
TFA and H,PO, systems. The values were obtained B& dividing
the difference 1in retention time (AR,) of :hg\peptide

standards in two Jon-pairing systems by the number of

A}

positive. charges they possess (N), summat ing the resulting
values: A

(A /N + A* /N 4+ | .. A'=$/N) '
and dividing this summated figure by 5. The tinal values

obtained correspond to the plot intercepts on the ordinate

N

shown in Fig. 16.

N

Prediction of retention time of a peptide between two

counterion systems can be simplified by only considering A/N
, ‘ ;

(4/N = the average contribution of each positively charged
residue to shifts in peptide reté&tion) and n (n= the number
of positively charged groups of the peptrae). Thus, the
counterion correction tactor (t,) for a peptide ot interest

A

can be obtained by multiplying n by A/N,
’ f.e. t, = n x (A/N) ’
When the retention time of a peptide of interest is

known in the presence of one counterion system, its

.. A . . - .
predicted position in another counterion system is simply

described by the expression, r R, + t,, where 1t is the

predicted peptide retention time in the desired counterion,

. ) . . LI .
R, is the observed retention time 'in another counterion

e
system, and t, is the counterion correction factor. To test

-

the accuracy of retention time prediction between systems

containiné different ion-pairing reagents, the above
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prediction method was applied to the separation of a mixture
Yt basic peptides of varying numbers of positively charged
groups (see Table 11) on both SynChropak C-18 and '‘Aquapore
-8 columns. The elution profiles of the peptides‘ in the
presence of anionic counterions for the SynChropak &-18
column are presented in Fig. 18. The results clearly show
\ncreasing retention times of tﬁe‘peptides with increasing
hyarophobicity ot the <kny&érion (NFBA ’ [C]>TFA (B]>H2P0:
[A]). AAlso,-the elution ;rder of the peptides significantly
changed from one \counterion. system to another. This is
clearly illustrated in Fig. 18, where the elution érder of
peptides 1, 3 and 6 (containing 1, 3 and. 6 posit&vely
éharged residues, respectively) was reversed as the
counterion changed from H,PO, (Panegl A) to HFBA. (Panel
C)(Grego et al., 1983).

.Tablg 12 compares the predicted and observed retention
times for the Eeptides in the H,PO, ion-pairing system or

. i

HFBA system. 'The prediction was based on the observed
retention times of the same peptide mixture in the TFA
;;stem. The results presented in Table 12 1illustrate the
accuracy of the method for the peptides examined. The
average deviations of predicted and observed values for the
seven peptides on the SynChropak column were 0.8 min (TFA -
H,PO,) and 1.1 min (TFA - HFBA); fo% the Aquapore coiumn,
the values vere 0.7 min (TFA - H3PO.) and 1.3 min (TFA -
HFBA). The small average deviations prove the value of t%}s

©

predictive method.
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IABYlyl‘fg Sequences of a mixture of peptides of varying

,hymbeﬁu of positively charged groups.

.« *
Soe s

PEPTIDE

*
'U t A
1 Aq
ZA A
Zh Ac:
. A
4 Ac
5 - A
6 Ac

%

K

6

b1

bR
G- A

‘,

SEQUENCE

L GoAMIDE

( .

NUMBER OF POSTTIVELY

»
T 1T 5 Q0V-AP A AMIDE

GeL o

6GW™G-GL O

G A
D-Q
K-t
K-t

ARC ~ Nq—acelyl; amide -~ (*.amde,

¢ ode

Peptide 3 has a tree o-NH,

2

666
£ K-R-K
K-R-P-P
K Rp-p

L 6K
L GK
lﬂrK-
-Q1-8
-R-R-
L -R-R-

|
Lo

AMIDE

AM1 Dt

AMI Dt
V'R(rl~AMuﬂ
V-G- AMIDE ’
V-R-amMIDt

(BARGED GROUES

Amino n({d restdues are denoted by the singldé letter

group,

81
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COLUMN 1 ,

o2

A__A__ A A A

- 18

ABSORBANCE 210 nm

U VU NP SN "

. ELUTION TIME (min)

A

Fig.'iB. Effect of ian-pairing reagents on the separation of
a mixture of ‘basic peptides in RP-HPLC. Conditions: column,
SynChropak C-18. (250 x 4.1 mm 1.D. )s linear gradient (1% B/min),
where solvent A is water and solvent B is aceton1tr1le, both
sofvents containing 0.1% H3P04 (Panel’ A). TFA (Panel B) or
HFBA (Panel C); flow-rate, 1 ml/min; 26° C; absorbance at 210 nm.
Panel B, insets: left, 0.91% TFA in solvents A and B; right,

0.4% TFA- in solvents A and B.



TABLE 12. Comparison of predicted and observed retention.
B B
times for a mixture of basic peptides of varyinq numbers
otgpositively charged groups. .
Y
(olumn ] )
. . A N . . L . . '
Peptide R(()bx - e R(()bs ¢ R(;hu ,'\
: T I i T |
1 21.0 19.9 20.1 24,0 224 “‘
2a 22,1 199 19.8 ° © 2] 2.0 !
v Y
2t 247 2.9 21,7 R 8.0 ‘
3 20.8 17.5 15.8 68 267
4 23.6 19.2 20.4 3.6 29.6
5 23.5 18.0 19.5 33,8 30.4
6 21.0 14.4 15.3 33.0 31.0
Column ?
Pep( 1de ot)s . Robs : Robs
R t 1 t .
1FA u3904 H,PO, HFBA HFBA
1 20.5 19.2 19.8 23.3 23.7
2a 22.5 19.9 19.3 28.1 28.9
26 25.6 23,0, 21.9 1.2 30.4
3 21.3 17.4 15.6 29.7 29.9
4 24.0 18.8 19.3 35.2 32.2
) 5 23.7 17.2 17.6 3.7 35.6
"6 20.5' 12.7 12.6 37.3 35.6

(250 x 4.1 =m 1.0.)}; Column 2,

Conditions: Column 1, SynChropak (‘.m
1inear gradient (1% B/min), where

Aquapore Co (220 x 4.6 m 1.0.);
solvent A is water and solvent B is acetonttrile, both solvents con-
taining 0.1% H3PO, . TFA or HFBA as fon-pairing reagent; flow-rate,
1 ml/min; 26°C; absorbance at 210 nm. - Sequences of peptides are shown
in Table II.

obs denotes obser‘led retention time of a peptide.

** 1 denotes predicud retention times of peptides, calculated as
descrided in text.
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The observed reéention times of the seven peptides in
H,PO,, TFA  and HFBA" (Table . 12) were plotted against the
'évérage increase in retention time per positively charged
residue.(x) (obtained from peptide standards SI;SS, with TFA

&
or HFBA as counterion [Table 10)) compared to the retention

»
times of the peptide‘standards when H,P0O, was used as the
mobile phase acid (for TFA, X=1.1; for HFBA, X=1.1+2.0=3.1
[Table 10]). Different slopes of the plots for ehch peptide
were ob;;rved (Fig. 19A). With the exception of peptédg 3,
the plots show a linear relationship between pepti?e
reténtion, time and counterion hydrophobicity. When tﬁe
number of positively charged residues in the peptidestas
taken jnto accouﬁi, R,/N was then plotted against x;/ﬁhowing
relatively parallel profiles (Fig. ]95). These results
further support the assumption that each positive group
‘exerts an essentially equal effeét on pebtide retention.
Tﬁu;, retention times of peptidess in the présence of

fidn~pairing “reagents not only follow the ordér of reEaggbe

th*prophobicities dgtermined/?y thelnature'of the amino acid
side chains, but: also rely on the number of positively
charged groups and the polarity of the counterion.’
| The éctual retentiop, of a peptid;\ras.also found ﬁg be
affected by the concentration of «counterions. (Hearn et al.,
1979?; Séhaaper and Teller, 1980; Hearn and Grego, 1981).
The effeét‘of concentration of'ion—pairing reagents on the

retention .of *five synthetic peptide standards was studied

with a linear AB gradient, where A= water and
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$
B-acetonitrile, both solvents containing 0.01%-0.5%(v/v) of

H,PO.,,  TFA or HFBA. Fig. 20 shows increasing peptide
retention times with increasing éoncentration of TFA in the
mobile phase. Among five peptide standards, S1 (3 positively
charged groups) has a greater change in its elutlon p051@10n
relative to the other ’'four peptides (all possessing h2
positively charged groups) as the «concentration of TFA
increased. %o cqnsider the average ¥effect per po%itiiely
charged residue of varying cdhnterion concentration, a plot
of R,/N (R.= retention timeé of the pept;hes in the TFA
system; N= ‘number of positively tharged residues they
possess) versus concentration of TFA in the mobi}e phase was
made '(Fig. 21). The similarity of the curves for all five
peptide s@éndards suggests an essentially equal effect of
TFA cohcentration on each positi;ely{charged residue. This
conclusion can also be Applieé ~to the other anionic
counterion. systems (e.g. H‘PO. or HFBA). The results
indicate that the effect of counterion concentration yon
peptide retgntion time should be con51dered in retention
t ime predlctlon. To simplify the pred1ct10n proceduré it is
recommended that a suitable concentration of ion-pairing
?Leagenf #uch as 0.1% (v/v)‘be consistently used. ,
| Column selectivity was found to be significantly
changed whgn different TFA concentrat1ons were used in the
mobxle phase. Several peptides of: s1m11ar size but vary1ng

in the number of posxtlvely charged groups (Table 11); were

\

chromatogtaphed in TFA concentrations varying from 0.01% to
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Fig. 20: Effect of concentration of ion-pairing reagent on

‘ retention times of five synthetic peptide standards in
RR-HPLC. Column. Aquapore C-8 (220 x 4.6 mm I.D.); Tinear
gradiegt (1% B/min) where solvent-A 1s water and solvent B is

\aceton1tr1le. both contain1ng 0.05%, 0.1% 0. 25% or 0.5% TFA;
flow-rate, 1 m]/min 26°C.



88

. *sapLidad ut sdnoub
pabueys A(sacytsod jo kmoE:c.mmuocmozmme_pcowpcmuwgmo_pama mwpocmn.“m

‘02 ‘bl se suoLytpuod diydesboieyouy) ‘g-) auodenby :uwn(o)
"J1dH-dy Ul 1uabeas butaied-uoy 4o UOt3RLIUIIUCD map SNSU3A spuepueys apiidad
ALy 4O dnoub pabueyd KiaaLrisod uad 1234 48-3beuare 3ayy 4o 10(d vy 12 *bi4

-

(%) HILYM NI V4L % ’ !
$-0 i »Q |29 0 -0 ]
f ! < T v Bl T T T T T Y
.,.l N < La} 4
.\
- H -\\\I\
- —n. . * - -
L] . ‘\.\’
s . ul.ll\..\\\\\.\ “
- cg . 0\9\0 -
' - o o\\ -
Lo I \ .
- . : .i\a -t
§8 o .
: ! i . /.Ih




89

$
002%, 02%
\ 14 24 '
6 4
4 2a £
o
osl. o
- oost o \
e ML [
(@) T/ -
- 6 005% 04%
o~
\ w 2a
O 4 e 4
4 1 .
3 .
g oost . ]
o0 .
[0}
<. _/&J
16 01Y 0-89%,
2a 4 )
: o
0-05}- '
!
/ A A A A A_ A A A A A A A 4 ) ' -
19 24 20 25

ELUTION TIME (min)

Fig. 22. Effect of concentration of fon-pairing reagent on selectivity
of.a mixture of peptides in RP-HPLC. Conditions: column, SynChropak
C-18 (250'x 4.1 mn 1.9.); linear gradient (1% B/min), where solvent

“A is water and solvent B is acetonitrile, both solvents coﬂtainind

0. 02% 0.05%, 0.1%, 0.2%, 0.4%, or 0.8% TFA; flow-rate, 1 ml/min;

25 C; absorbance at 210 nm. Sequence variatlons of the peptides are
listed 1n the Table 11.
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Fig. 23. Effect of concenfration of ion- -pairing reagent on retention
times of a mixture of peptides in RR(HPLC Chromatograph1c condi-
tlons as Fig. 22. R denotes peptide retention time; N denotes

number of pos1t1ve1y charged groups in peptide. o
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’

0.8% (v/v). As shown in Fig. 22, the peptides exhibited a
changing seléctivi;y profile as the concentration of TFA in
the " mobile phase 'was increased. This was also demonstrated
.in the insets of Fig. 18. The elutioh order in the right
inset was 1, 3 and 6 at 0.4% TFA , compared to 3, 6 and | at
0.01% TFA in the left inset of the same figure. The plots of
\
retention.times of the peptides against TFA concentration‘fh
the mobile phase (Fig. 23, Panel 5};?ﬁﬂp}ally increased but
eventually became esséntially indépendént of increasing TFA
concentration (Hearn &t al., 1979). Rldfting R./N versus TFA
concentration“(Fig. 23; Panel B)‘prodﬁced similar profiles
fgf the five peptides, suggesting an equal effect of
counterion concentration on éach basic residue. It was
noticed that the retention time of peptide ’0 was affected
least over the TFA concentration range tested. Peptide 0
contains no basic residues, serving as ; marker in the study
of the retention behavior of basic pepé&?és Qnder different

'

counterion concentration conditions.

A

D. Efieét of Flow-Rate

%gsbange in mobile phase’. floi—rateA can result in
changes in both peak \retthion 3nd resolution (Glajch,
'1986).‘Thebleft panel in Figure 24 shows that retention

‘times  of peptides increase ' rapidly +with decreasing
. ’ i

flow-rates. Since the elution profiles of the peptides are
-

found to be very similar at different flow-rates, it seems

¢

to suggest that flow-rate has 1little +effect on retention
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time of a peptide provided the gradient elapsed “time (t(‘,
see Chapter 11: Experimental) 1s subtracted trom the
retention time of the peptide. Figure 25 shows that plotting

the difterences (R,~t, ) against flow rate results in

9
straight  line plots; Apparently, tlow-rate has little eftect
on  retention times of the peptide standards, once the value
for t at each flow rate is taken into account. Hence, the
predicted retention t ime ot ‘d peptige at ditferent
flow-rates may be calculated by simply correcting tor the
varying gradient elapsed times. Thus, trom the retention
coetticients determined in” Chapter 111 (chrom8tographic
conditions: linear gradient, wheré solvent A is 0.1% TFA in
water and solvent B is O.I%_TFA in acetonitrile; 1% B/min; 1
ml/min; 26°C) the predicted retention time of a peptide at
varying flow-rates is obtained by subtracting the gradient

elapsed time at 1 ml/min (t ) from the predicted retention

Y
time at 1 ml/min (r) and adding the result of divi&ing t) at
(
! ml/min by the desired flow-rate (y,ml/min)
' Ky

' t
r{y) =(r - tg) + (*“ﬂ——)
Yy .

The resolution of peptide standards S4 and S5 on the
chromatograms was slso calculated under varying flow-rates.
Piotting resolution versus flow-rate (Fig. 26) demonstrated
increafiqg reSoiution of the two peptides with increasing

flow-:q%é and decreasing gradient slope (Jones et al.,
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Fig. 24. effect of flow-rate on the retention times of alkylphenone
and synthetic peptide standards in RP-HPLC. Conditions: column,
SynChropak C-18(250 x 10 mm 1.D.); linear gradient (1% B/min)
where A=0.1%aq. TFA and B=0.1 TFA in acetonitrile (pH 2.0);
flow-rate, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0 or 5.0 ml/min; 26°C;
absorbance at 210 nm. Sequence variations of peptide standards
51-S5 are described in Chapter 111.°Al-A4 denote acetophenone,
propiophenone, n-butyrophenone, and valerophenone, respectively.
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Fig. 25. tffect ofAsubtracting gradient elapsed time from

retention times of alkylphenone and synthetic peptide

standards in RP-HPLC at different flow-rates. Sequence

variations of peptide standards S1-S§ are described in Chapter

I11 and alkylphenones Al-A4 are described in Fig. 24.

///Chromatographic conditions as Fig. 24.
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1980). Peak height was noticed to increase with decreasing

. . . ?
flow-rate and increasing gradient slope. As observed above,
flow-rate variations have negligible effect on the retention

N LY
differences (R,-t ) of the pept ides and the distance between

9

the S4 and S5 peaks (At) remains essentially the same at all
flow-rates. However, the tendency tor the peptides to
ditfuse decreases as the flow-rate increases, producing
smaller peak widths (W,,W,, see Chapter 1) and, hence,
improved resolution. In contrast, improved resolution is
observed when the gradient slope decreases, since the
resulting increase in At more than » compensates for‘any
concomjtant increase in peak widths. Jones et al., also
noted that decreased column etficiency was obtained with
increasing mobile phase flow-rate (1980). This is partly due
L0  poor penetration of solute molecules into the particle
pores of the column support. In terms of this phenomenon,
manipulation of mobile phase flow-rates in the separa{ion of
eptidés should 1involve comprehensive consideration of
éptide retention, resolution and column efficiency. It is
important to choose an optimum flow-rate for th% separation
of a given sample (Glajch, 1986).

Figure 24 also compares the effects of flow-rate on the -
retention times of synthetic peptide HPLC standards and four
alkylphenone HPLC standards. It is seen that the retention
times of the alkylphenones increaseﬁmore rapidly (right)
with decreas@ng flow-rates than those of the.’peptides

(left). The contrast can best be visualized by comparing the
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alkylphenone and peptide standards with similar retention
times at 5 ml/min (S1 and A1, S4 and A2) and following the
increasingly dissimilar profiles of the standard pairs as

the flow-rate decreases. The relationshfp between (R,-t )
|

and flow-rate for the alkylphenone and”‘ﬂeptide standards

derived from the results shown in Fi@.‘24, is demonstrated
in Fig. 25. The difference between the alkylphenone and
peptide profiles is apparent and fl%y—;ate has much greater
r;ffect on the retention times of the alkylphenone standards
than those of the peptide ystandards. Since solute
partitioning 1is controlled by mobile phas{ flow-rate,

peptdde standards = seem to mainly follow an

adsorption-desorption mechanism which is not%governed by the
, ‘

effect of flow-rate. 1In terms of this principle, plégting
the retention differences (ﬁ,—tg) of the peptide standards
against flow-rate should result in stfaight—iine'pIAts with
zero slope, f.e. little or no effect of flow-rate on
retention time. However, the slightly negative slope of the
peptide plots suggests some increase in peptide bartitioning
-as the flow-rate decreases. For ?ractical purposes, this
deviation’from zero slopé is neéligible.
E. Effect of Q£&uﬁn Temperature

Some researchers found that peptide retention times
were minimally influenced(py different column temperatures

(15°=70°) (Wilson et al., 1981). We did observe a reduction
. [9 !

in peptide retention ‘time with increasing temperature.
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F

Figure é? demonstrates a successive decrease in retention
times and slightly >improved peptide resolution as the
temperature was increased from 26°C (the value used to
deteérmine our coefficients) to 66°C in 10°C increments. The
average change in peptide retention time w{th temperature
was 0.13 min/°C. This value cah be taken into conszaeration
in predicting peptide retention at a temperature other than
that used to determiné our retention coefficients.

Peptide separation 4n reve}sed—phase mode is governed
byl the hydrophobic interactions . between the peptide
molecules and the non-polar stationary phasé supports. As
noted by Ben-Naim, hydrophobic interaction  should be
temperéture—dependent (1980). Thus, it is expectéd that
there should be an increase in the strength of the
ﬁydrophobic interaction with increasing temperature and this
would be due to an increase in the entropy between the
non-polar parts of the peptide molecules.and éhe hydrophobic
reversed-phase support (Snyder, 197?). This effect favors
peptide retention in a reversed-phase column. On the other
Band, temperature also affects the mass transfer of solutes
between the mobile and the stationary phases and speeds up
peptide elution. A higher transfer rate of the 'solufes
between these twé- phases results from an. increase in
diffu;ion rate at elevated temperatures (Rubinstein, 1979).
These two effects may govern the solute retention process.
However, hydrophobic interaction is probably not the major

or the dominant factor involved in the retention process at
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Fig. 27. £ffect of temperature on retention time of five -

synthetic peptide standards in RP-HPLC. Conditioos:

- column, SynChropak C-8 (250 x 4.1 mm I.D.); linear
gradient (1% B/min) where A= 0.1% aq. TFA and B= 0.1%

7] in acetonitrile, (pH 2.0);.f10wafa£e, 1 ml/min;
temperathre, 26°C. 36°C, 46°C, SQQC, or 66bC; absorbance
at 210 nm. Sequence variations Of peptide standards S1-S5
are described in Chapter III, |
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. Fig. 28. Chromatograms of five synthetic peptide standards at
26°C and 66°C in RP-HPLC. Column: SynChropak C-8 (250 x 4.1 mm
1.D.); linear gradient (1% B/min) where A= 0.1% aq. TFA and B=
-0.1% TFA in acetonitrile, (pH 2.0); flow-rate, 1 ml/min; tempera-
ture, 26°¢ or 66°C; absorbance at ZIanm; Sequence variations of
peptide standards S1-S5 are described ih Chapter III.
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.
4

elevéted column temperatures. Thus, the {QEE of movement of
the peptide samples in the stationary and mobile phase is
much faster at a higher column temperature coﬁparéd,to a low
column temperature.

The improved beptide fesolution at higher temperature
(Fig. 28) i; probably due to the increasing solubility of
the solute in mobile phase and the decrease in solvent
viscosity; In reversed-phase chromatography the ’hydrophobic
support and the ofganic solvent cause denaturation (Lau et
al., 1984). Depending on the hydrophobic ligand density of
the support <and the conditions wused for chromatography
multiple peaks from“a single protein component can often be

-observed (Ingraham et al., 1985). Ihcreasing temperature can
result in denaturation and isolation of a -singie .component
instead of multiple ‘ peaks.. This improvement may be
advantaéeous. However, improved resolution must be balanced
agaipst‘ possible peptide or protein degradation, or
acceleration of column aging at elevated temperatures.

F. Effect of Gradient Slope

The effect of g}adient slope on peptide retention was
studied by examining chromatographic behaviour of a mixture
of five synthetic peptide HPLC standards under different
gradient conditions. The 'péptides wére resolved on a
SynChropak C-8 column (250 x 4.1 mm 1:D.), wiéh linear AB
gradients-(solvent A is 0.1% TFA in water; solvent B is O.l%

TFA in acetonitrile, pH=2.0) of 0.5%, 1%, 2%, and 4% B/min
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at a flov-ratevof 1 ml/miﬁ.and a temperature of 26°C. Figure
29 shows. a plot of retention times of the peptides versus
the reciprocai of the gradienF sl§5;§. :Ideally, a lingar
relationship should exist between pept}ae retention and the
reciprocal of the gradient slépe, with ' the piofs for. ail
‘éive peptides intercepting at the gradient elapsed time, ty
(see. Chapter 1I1: Experimental; Fg =7.0"‘min jﬁ this
experiment). However, an increase in peptidg ﬁar{itioning as
the gradiént Steepness decreases may be responsiblé for |
causiné a deviation from strict linearity at 0.5% B/min. 15'
the gradient range wused by most ‘investigators' (0.5-4%
B/min), the relationship between peptide retention time and
reciprocal of gradient slope may be considered linear. Thu%,
one can use retention‘ data from one gradfent slope to
predict retention times in another, The pfedicted retention
time of a peptide at varying gradient rates [7(x%)] may be
calculated by subtracting the gréaient elapsed time at |
ml/min (tg ) from the predicted retention time at 1% B/min

(r), multiplying by the reciprocal of the desired gradient

3

slope and again adding tg'

1(x%) = (7 _‘tg) (1/x%) + tg

Hence, peptide retention predictions can be made for
, :
different gradient slopes, no matter what gradient slope was

used to determine a particular set of coefficients. .
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Fig. 29. A plot of retention times of five synthetic peptide standards
versus the reciprocal of the gradient slope (1/% B per min).
Conditions: column, SynChropak C-8 (250 x 4.1 mm [.D.); linear
gradient (0.5%, 1%, 2% or 4% B/min), where A= 0.1% aq. TFA an
B= 0.1% TFA in acetonitrile (pH 2.0);-flow-rate, 1 ml/min; 26 C;
absorbance at 210 nm. Sequence variations of peptide standards
51-S5 are described in Table 3.



104

G. Requirement for Peptide Stanqgrds

Reproducibility of peptid; retention may depend on a
variety of factors, including instrumentation variations,
column packing materials, solvents, lon-pairing reagents and
.operating conditions. The fesolving ability of packings of
identical <chain .length may .also vary from man;facture to
manufacture or from batch to batch of support from the same
manufacturer. Approprigte HPLC standards are needed to
correct for the retention varijations. The internai*Standard
method~-~running the HPLC standard with the sample ‘ot
interest--is particularly wuseful for monitoring sample
retention and resolution in RPC. By wusing an internal
peptide standard, it sh;uld be possible to predict retention
under - most chromatographic conditions. Although neutral
compounds such Aas alkylphenones have heen available as HPLC
standards, we have shown that peptide standards are
necessary for peptide retention prediction. Figure 30
“demonstrates the elution profiles of three synthetic
peptides and two alkylphenone standards on two SynChropak
c18 coluﬁns ‘of Adifferent lengths, a Whatman C8, and a
Beckman Ultrapore C3 column used under identical conditions
(lineagu AB gradient,kwhere A=0.1% aq.TFA and B=0.05% TFA “in
acetonitrile, pH=2; 2% B/min, i ml/min, 26°C). Two points
can be drawn from the chromatograms: (1)coIhmq length has a
, greater effect on the retention times of the alkylphenones

than on those of .the peptides (compare the identical

materials in two columns of differéntrlengthi C-18 5-cm and
LA
J
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C-18 25-cm), and (2)the n-alkyl-chain matrices have
different effects on the retention of the alkylphenones
cﬂmpared to the peptides. It is apparent that peptide
rgtention times on C-8 and C-18 columns of the.same length
are very similar, while the alkylphenones are bound more
tightly to the (-8 material, which has about double the
ligand densify of the C-18 material. These results suggest
that the alkyiphenones are resolvedlmainly by a partitioning
mechan®sm, while the peptides are sgparated. mainly by an
adsorption/desorption mechanism. The small difference in
peptide retention as a function of column length and n-alkyl
chain. length 1is consistent with the peptiée separation
mechanism involving adsorption/desorption step _ instead of
the multiple-step partitioning process which is associated
with the chromatography of sﬁgll molecules. These
conclusions agree well with the results of the flow-rate
experiments (see Figures 24 and 25) and the 5bservations of
Colin and Guiochon (1978).

The difference in the separation mechanisms between the
alkylphenones and the peptides is"ﬁrobably due to the
different molefular sizes and interaction modes with a
reversed-phase support. The peptides used in,this study are
not only larger in s{ze than alkylphenones, bszﬁalso coﬁtain
mhltiplé hydrophobic groups on the molecules.“Once'they are
Ainjecte? into the revefsed—phéée'column, the peptides w‘%l
be adsorbed o;lo the hydrophobic surface of a support. It is

noteworthy that multiple hydrophobic regions- on both the
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Fig. 30 Cﬁromatograms illustrating effects of different column
lengths and supports of different chain lengths on retention
of three peptides and two alkylphenones. Panel A, Whatman (-8
(250 x 4.6 mm 1.D.); B, SynChropak C-18 (250 x 4.1 mm 1.0.);
C. SynChropak C-18 (50 x 4.1 mm [.D.); D, Beckman C-3 (75 x 4.6
mm 1.D.). P031t10n X in the synthetic mode] peptide sequence

~(Table 2)was subst1tuted by Leu (Peptlde 12), Vaﬂ‘(PepUde 3),
or Ala (Peptide 2). VP=valerophenone; HP=hexanophenone.
Conditions: - hnear gradient (2% B/min) where A =0.1% aq. TFA
and B= 0«05% “FFA in acetonftrﬂe(pH 2.0); flow-rate,l ml/min;
26 C,absorbance at 210 nm. '
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peptides and ;the support may participate in the adsorption
process (Pearson et al., 1983; Geng and Regnier, 1984a).
Desorption is accomplished through the introduction of an
organic solvent in the mobile phase. The organic solvent may
function 1n two ways: (1)displace the peptides by
interacting with both the hydrophobic matrix and the
peptides, and (2)disorder the structure of the water organic
solvent system so that the peptides may be eluted off the
column  (Fausnaugh et al., 1984). On the other hand, the
alkylphenones have smaller molecular size and favor
separation by a partitioning mechanism (Lochmuller and
Wilder, 1979). The al kylphenone molicrules partition between

the mobile and stationary phases without strong adsorption

\

on the non-polar ligates of a reversed phase support. In
\
. . . \ ‘ .
practice, it is preterable to use the compounds which are
\ ]

structurally similar to the sample of Xn&erest for rthe
accurate retention prediction. Therefore, peptide standards
are essential for prediction of peptide retention time and

N

cannot be substituted by non-peptide molecules.

H. Calculation of Peptide Retention Time A

In reversed-phase chromatography, the retention time of
a peptide can be predicted by summing values that rftlect
the contribution (in minutes) of each amino acid residue and
the p?ptide terminal groups to peptide retention time (see
Table 5). Severa} predictive methods can be applied for

different chromatographic conditions.
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(1) The predicted retention time 1is based on the
following operating conditions: a linear AB gradient, |f.e.
starting composition of 100% A, followed by increasing

concentration of B at 1X per minute (where A is 0.1% TFA in

water and B is 0.1% TFA in acetonitrile), a flow-rate of 1

ml/min, and a temperature of 26°C. " By introducing an
internal peptide HPLC standard, the predicted retention time
(r) for a peptide equals the sum of the retent ion

coefficients LR )} for the amino acid residues and the end
groups plus the time for elution of unretained compounds

(to) and the time correction for the peptide standard (t,):

T=LR¢* to * ot

These corrections (t.and t,) allow for the use of (a)any
HPLC apparatus, (b)reversed~phase columns of any length or
diameter, (c)reversed-phase packings of any n-alkyl chain
length and 1ligand density,. (d)any temperature, (e)any
flow-rate. This predictive method does not apply when using
different organic solventé, since the predicted retention
time of a peptide is not directly proportional to the
solvent polarity. For example, large selectivity differences
<
are observed when comparing the elution profile using a
water-acetonitrile mobile phase with the one using a

vater-methanol mobile phase (see Fig. 15). In general, it is

accepted that acetonitrile is the best solvent for most
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peptide separations.
T
(2) 1f gradient slopes other than 1% B/min are used,
the prediction should be .based on the predicted value at 1%

B/min:

7(“%) :(T_At(.])(]/x%) + t(]

-

-

vhere ty is the gradient elapsed time at the desired
flow-rate, determined at 1% B/min.

(3)1f anionic. counterions other than TFA are used in
the mobile phase, prediction of pept ide reggnt@on.time in
the second counterion system can be made in two ways:

(i)In the first approach, the calculation is based on the
predicted retention time in a TFA\counterion syétem plus the
correction factors , including t,, t, and t, (t, is defined
as the counterion correction factor and determined by
multiplying the number of positively charged groups of the

peptide by the average contribution of each positively.

charged residue to shift in peptide retention [nxaA/N]):
T=IRC+ to + t. + t|
(ii)The second approach, detailed in section C of this

Chapter, is based on the observed retention time in a TFA

counterion system plus the counterion correction factor
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Where R, is the observed retention time in a TFA counterjon

system.

The second) approach 1is more accurate than the first,
since deviations between the prediqted and observed
retention times of pepdides in the counterion system used to
determine the retention coefficients are magnified when
predicting values in gnother system.

Retention'time is partially aependént on the molecular
wejight of a peptide. Tﬂe effeét of molecular weight on
retention is relatively unimportant inl small ’peptides but
becomes significant with largér ones. Thus, the accuracy of
pept}de retention time prediction- prpfoundly decreases
beyond about 20 residues. l

Peptide retention Sfediction can be applied to simplify

{
the identifiéation of Specified peptides in RP-HPLC! The
méjor advantage is that the pés;tion of a peptide(s) of
interest in the elution profile of a peptide mixture will be
narrowed down to a small section in the chromatogram, saving
much t ime and effort in ’ subsequent purification.

Furthermore, useful information about the relative order gﬁ

peptide elution of a complex mixture can be obtained by the



use of this predictive method.

-



V. USE OF PEPTIDE HYDROPHILICITY PARAMETERS IN PREDICTING
SURFACE REGIONS ON PROTEINS ’

Antigenic sites of proteins must be on the surface in
order to interact with antibodies. Therefore, these sites
are most ltﬁely to be hydrophilic. Indeed, Green et al. have
found that the entire surface of the hemaéglutinin molecule
was antigenic when the synthetic peptide fragments of the
protein surface were used as immunogens (1982). According to
this distinction, prediction of most antigenic sites from
amino acid sequences can be made on the ba%is'of the
hydrophilicity parameters of amino acid residUeé, The
ability to preaict possible antigenic sites on the surface
of a protein would be useful in immunolbgical studies.

A new set of hydropﬁi}écity HPLC parameters was derived
from the retention times of 20 model synthetic \peptides,
Ac—Gly—X*x~(Leu),-(Lys)z—amide, where X was substituted withv
the 20 amino acids found iﬁ’proteins. It was found that the
HPLC parameters ' obtained in this study at pH 7.0 could be
applied to predict the surface sites which were correlated
to the known antigeniF sites from immunological studies and
surface exposed residues determined by X-ray

!

crystallographic data for several proteins.

: .

A. Retention Coefficients and a Hydrophilicity Scale
It has been discussed in Chapter III that the retention
time of a peptide from reversed-phase chromatography is

related to the summed hydrophobicity and hydrophilicity of

112
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the amino acid residues in that peptide. Retention
coefficients at pH 7.0 were determined for 20 amino acids
from the HPLC retention data of a model peptide mixture on a
SynChropak C-18 column (for calculation methods see Chapter
ITII). It is noteworthy that addition of sodium perchlorate
(NaCl0.) to the mobile phase (A=ag. 10mM (NH,),HPO,/0.1 M
NaClO.; B=0.1 M NaClO., in 60% ag. acetonitrile) was found to
be essential to provide the excellent resélution shown in
Fig. 31 (Meek, 1980). In the absence of perchlorate, the
peptides exhibited high retention times and peak broadening
due to the ijonic interaction between ionized surface
silanols and basic residues on the peptides. This
interaction can be suppressed in the .presence of NaCloO,
salt. Impurities in the buffer salts were removed by passing
the pH 7.0 buffer A and the agueous component of buffer B
through a preparative column.‘ ]

By comparing the retention parameters for pH 7.0 with
those for pH 2.0, significant changes in the fetention
coefficients are noted in the values for His, Arg , Lys, Asp
and Glu (Table 13). A histidine residue is deprotonated
above pH 6-6.5 and the effect of losing a positive charge is
shown by a large positive shift in retention coefficient
from pH 2.0«to pH 7.0. Higher retention coefficients of the
basic residues (Arg, Lys) at pH'7.0 atelprobably due to
ionic interaction with the negatively charged silanols above
pPH 3.5-4 that were not _completely supbressed by sodium

perchlorate. At pH 7.0, the side.- chains of the acidic

c
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Fig. 31. Chromatograms of the synthetic model peptides, having the

sequence Ac-G-X-X-L-L-L-K-K-amide, where position X is substituted
by the 20 amino acids found in proteins, at pH 7.0. Conditions:
column, SynChropak C-18 (250 x 4.1 mm 1.D.); linear AB gradient,
at pH 7.0, solvent A consisted of aq. 10 mM (NH4)2HP0410.1M NaC]O4

buffer and solvent B consisted of 0.1 M NaClO4 in 60% .aq. acetonitrile,
1.87% B/min (equivalent to 1% acetonitrile/min); flow-rate, lml/min,

, 26°C; absorbance at 210 nm. :
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residues (Glu, Asp) are completely ionized so that the
retention coefficients have a relatively large negative
shift. ) ‘
It is also important to examine the effect of pH on N-
and C-terminal. groups on a pept]dg (ﬁennett, 1983). When the
acetyl moiety was changed to a free a-amino group at pH 2.0,
a large decrease in retention time for the peptides (compare
" peptides AC and BC or AD and BD; Fig. 35, top panél) was
observed. An additional positive charge on N-terminal groups
at low pH is responsible for this decrease. In contrast, the
effect of changing the . C-terminal amide to an a-carboxyl
groublshowed a much smaller decrease in retention time
(compare ' peptides BC and BD or AC and AD; Fig. 32, top
panel). This is due to complete protonation of the
C-terminal a—carboxyi group under very acidic conditions (pH
2.9). A chromatogram of a mixture of the four peptides at pH
7.0 is shown in the bottom panel of F;gﬁ:gZ.‘Both retention
time and elution order are found to be different f{om those
at pH 2.0. The effect.of changing the acetyl moiety.at the
N-terminal to a free a-~amino group 1is shown by combaring
peptides AD and BD or AC and BC (Fig. 32, bottom panel). It
is common for the pka of a peptide a-amino group to be near
7  and this partial deprotonation Qould explain the smaller
effect at pH 7.0 compared to that observed at pH 2.0. In
confrast, a large decrease in retention time is expected as

the C-terminal amide is changed to an a-carboxyl group at pH

7.0 (compare AC and AD or BC and BD; Fig. 32, bottom panel).



TABLE 13. HPLC retention coefficients and a hydrophilicity scale

Amino Acid Retention Coefficients HPLC Hydrophilicity
pH 2.0  (min) pH 7.0 Scale based on pH 7.0
Retention Coefficients

Trp + 8.8 + 9.5 ~10.0
Phe + 8.1 + 9.0 - 9.2
Leu + 4.1 + 9.0 - 9.2
Ile + /.4 + 8.3 - 8.0
Met + 5.5 + 6.0 ~ 4.7
Val t 5.0 t 5.7 - 3.7
Tyr + 4.5 + 4.6 - 1.9
Cys + 2.6 + 2.6 + 1.4
Ala + 2.0 + 2.2 + 2.1
Pro + 2.0 t 2.2 t 2.1
His - 2.1 + 2.2 t 2.1
Arg -~ 0.6 + 0.9 + 4.7
Thr + 0.6 + 0.3 + 5.2
Lys ~ 2.1 0.0 t 5.7
Gly - 0.2 0.0 ) + 5.7
Gln 0.0 ~ 0.2 - t 6.0
Ser - 0.2 - 0.5 + 6.5

© Asn - 0.6 - 0.8 + 7.0
Glu "+ 1.1 - 1.3 + 7.8
Asp + 0.2 ' -~ 2.6 +10:
ol-amino 6.9, -3.0° 2.4, 0 Ao \_,gj
of-COOH - 0.8 - 5.2 14,3

-~

*
The charged ol-amino group on an N-terminal Arg residue had a

smaller effect than it did on N-terminal residue with an

uncharged side chain,

’
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-Fig. 32. Cﬁfomatograms of four synthetic peptides with thgmsequence
Y-G-L-L-L-L-L-K-K-Z, where Y=N‘-acetyl (A) ord-amino 8!& and
Z=*carboxy1-amide (C) or g-carboxyl (D). Conditions: SynChropak
C-18 (250 x 4.1 mm 1.D.); at pH 2.0.(top) and pH 7.0 (bottom);
Tinear AB gradient; at pH 2.0, solvent A consisted of 0.1% aq. TFA
and solvent B of 0.1% TFA in acetonitrile, 1% B/min; flow-rate,

1 ml/min; 26°C. At pH 7.0, solvent A consisted of aq. 10 mM
(NH4)2HP04—0.1 M NaC]O4 buffer and solvent B consisted of 0.1 M

NaCl10, in 60% aq.acetonitrle, 1.67% B/min (equivalent to 1% acetonz
itri]g/min); flow-rate, 1 ml/min; 26 C; absorbance at 210 nm.

'
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In this case, the C-terminal a-carboxyl group would be
completely ionized (ecoo ) under these conditions "(pH 7.0)
and would be expected to have a large effect on the
hydrophobicity of the peptide. Thus, at pH 7.0 the
a-carboxyl group is fully ionized and at Jlower pH the
a-amino group is fully protonated. These charged end groups,
in contrast to blocked and wuncharged end groups, can
drastically affect the retention time of a peptide.

To test the effect of different organic solvents on the
retention coefficients at pH 7.0, the model peptide mixture
was chromatographed in pH 7.0 buffer containing isopropanol,
acetonitrile and methanol (Fig. 33). As seen in Fig. 33, the
relative elution order of the peptides wusing all three
solvents is almost identical. The discrepancies observed for’
a few residues are probably due to differences in column
selectivity and column aging. However, " much superior
resolution and selectivity are observed with acetonitrile as
the elut{ng organic solvent compared to the alcohols. The
retention coefficients of amino acid residues derived from
the acetonitrile solvent system were used to derive the
hydrophilicity scale.

A hydrophilicity scale was determined as follows: the
amino acid residue with the maximum retention coefficient
was assigned a h&drophilic value of -10 and the amino acid
residue with the minimum retention coefficient a hydrqphilic.
value of 410 (see Table® 13). The remaining amino acid

residues were scaled proportionally. In a similar manner,
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Fig. 33. Chromatograms illustrating the effects of three different
organic solvents on the separation of the 16 synthetic model
peptides at pH 7.0. Conditions: column, SynChropak C-8
(250 x 4.1 mm 1.D.); at pH 7.0. Organic solvents: top, isopro-
panol; middle, acetonitrile; bottom, methanol, linear gradient

(1.67 B/m1n), where A= aq. 10 mM\NH4)2HP04/ 0. lM NaClO buffer and

solvent B= 0.1M NaC1d an one of- the above thiee organ1c solvents. 2
flow-rate, 1 ml/mln 96 C; absorbance at 210 nm.
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" other hydrophilicity pérameters were scaled for a direct

cgﬁparison. The result® are summarized in Table 14. The

large discrepancies among the parameters may result from

n

. ‘ . . . t
different experimental methods in which the parameters were

degtermined.

B. Determination of a Protein Surface Profile

in the folded protein, hydr&bhobic residues tend to be
buried in the interijor with polar residues at or near the
surface. Some amino acid residues have more of a <hance to
become accessible residues than others. Since antigenic
siteéaare likely L; be on the surface of a protein,
hydrophilicity parameters have been wused to predict
‘antigenic sites. ’ :

The surface profile for a protein was determined by
ksumming the parameters for each residue of a seven resi%ye
segment and assigning this sum to the fourth residue. This
procedure was repeated. by shifting the segment by one
residue  from the N- to the C-terminus. A seven res@?d@bﬁ
segment was found to be an appropriate unit to generate a
reasonéblé -surface profile. The summed values were then
plotted against fﬂe residue number to provide a protein
surface pfofile which described the relative hydrobhilic as
well ag hgfrophobic régibns on a /protein. To objectively
interpretvgﬁe profileé, the féllowing arbitrary set %% rules

have been defined:

1. The average surface hydrophilicity is defined ;% the
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\

the mean of the profile values for a protein using a
.particular parameter set.

2. Any ;esidues with a profile value greater than 25%
above the average surface hydrophilicity value are
def ined as‘ surface sites. The 25% value is
calculated as 25% of the difference between the

"maximum value in the plot and the average surface
hydrophilicity vélue.

3 In determining the protile of a protein with a free
N-terminal amino group or a C-terminal carboxyl
group, the experimental value of 9.7 (amino group)
and 14.3 (carboxyl group) is added directly to the
value for the N- or C-terminal amino acid residue.
The coefficients listed in TableIIB were calculated
.for Ehe Na-acetyl and Ca-amide groups. For all
parameters other than the HPLC parameters determined
in this study, no acgount is made for free N- or

C-terminal residue.

The surface profiles for lysozyme are sﬂown in Fig.
34A, 34B and 34C which were determined by applying the HPLC,
Janin accessibility and Karblusl and Schuli mobility
parameters respectively. Table 15 sﬁows the hydrophilicity
scales derived from the accessibilit} and mobility
parameters; The accessibility parameters, determined 'from

X-ray crystallographic data, describe the fractions of
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buried and accessible residues in 22 proteins. The mo$ility
parameters were derived from the X-ray crystallographic data
of the average temperature values of all Ca-atoms of each
amino acid in 31 proteiqs. A couple of points can be drawn
from the results: Firstly, the intensity of all the maximum
profile values varies with every parameter set. To compare
these profiles with antigenic sites on the proteins, a
criterion was made for the profiles derived from different
sets of parameters. In this study, residues 25%, 50% and 75%

above the average surface hydrophilicity (see rules) were

chosen as possible antigenic sites. Secondly, no single
parameter set is able to predict all antigenic sites. For
example, strong antigenic sites for residues 98-102 and

.

115-120 ?ere assessed by both HPLC parametefs and those of
Karplus and Schulz (Fig. 34A and 34C) compared to very weak
antigenic sites for\the same regions predicted by the. Janin
parameters (Fig. 34Bl. Another example is shown by comparing

I'd

the profiles for residues 15-22. A strong antigenic site was
bredicted by the Jan{Q parameters but a very weak antigenic
site predicted in the samé region using the HPLC parameters
and the Karplus and Schulz parameters did not show a value
above the 25% cut-off. S%milar surface profiles were also
determined for the aother three proteins, myoglobin,
cytochrome ¢ and influenza\haemagglutinin.

To improve the accukacy of prediction of antigenic:

\\
sites, three parameters wi:e combined to generate a

composite surface profile. Th%y were the HPLC hyarophilicity
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Fig. 34. Surface profile plots for lysozyme. Panel A: A surface profile
calculated with the HPLC parameters (Table 13). Panel B: A surface
profile calculated with the accessibility parametergh(Table 15).

Panel C: A surface profile calculated with the B-vallle parameters

(Table 15). The dotted line represents the mean protein hydrophili-

city value and the solid line represents the 25% cutoff value’ described
in this thesis. The hatched areas defines those regions pf the primary
sequence used to obtain the composite surface profile plot (see Fig. 35),

showing the predicted surface sites of lysozyme.
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Table 15. Hydrophilicity scales for amino acid

residues derived from the accessibility and mobility

parameter

S

e -
. _Parameters S,

Amino Ag&esx\bilitya B»valuest) -

Acids set ] set? set 3
Trp +3.2 -10.0 -5 -10.0
Phe +0.5 ~9.6 -5.6 ~-1.2
Leu -0.3 -6.5 ~1.3 ~0.7
Ile ~-3.4 ~-3.7 ~7.3 -4.6
Met +1.9 -8.2 -10.0 -9.9

v Val ~2.5 ~-5.3 ~-4.2 -1.3

Tyr +8.0 ~7.0 -4.0 -7.3
Cys -10.0 -7.1 -8.6 -0.4
Ala. +2.7 -0.5 -2.6 -3.0
Pro +7.5 +0.6 +9.6 +0.1
His +6.7 -5.3 -2.1 -2.8
Arg . +9.8 ~0.7 +4.6 ,"2'3
Thr +7.1 +2.1 +6.6 +0.3
Lys .+10.0 +3.8 +9.4 +10.0
Gly +2.3 +7.8 +5.8 -0.5
Gln +8.9 +9.6 +4.6 -3.5
Ser +6.7 +10.0 +6.4 -0.5
Asn +8.4 +5.7 +2.7 0.0

Glu 48.9 +3.8 45.3 0.7
Asp +8.4 -1.1 +10.0 " +0.1

PP :

a9

anin (1979).

These parameters are derived from protien data.

b Karplus and Schulz (1985).
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(this study),' Janin accessibiliﬂy and f-value parémeters

(Karplus and Schulz). For example, a composite surface plot

for lysozyme was made by rescaling the surface sites

(hatched areas in Fig. 34A, §4B and 34C) for each profile

from 0 to 100 where the maximum surface site value in each .
plot was set equal to 100 and thg 25% surface site value was

set to 0 (Fig. 35). Each scaled plot was superimposéd on the

other. Tables 16 and 17 list the predicted surface sites for

lysozyme and cytochrome ¢ derived from the composite surfacd
profiles. When compa;ing the surface sites with the

antigenic sites derived from immunological studies in Tables
16 and 17, predicted surface sites generally correlate to

the antigénic sites. Obv?ously; some exceptions are

observed. For example, the N- and C-terminal antigenic siteé

.were dissed for ’lysozymg and two surface sites (15-30,

68-78) other than the known antigenic sites were predicted

for cytochrome ¢ lby using the composite surface profile.

‘Moreover, the predicted surface sites are comparable’ to the

surface accessible residues 1determined by X-ray

crystallography shown in Tables 16 and 17. In ggneral, there

‘is a good correlation of the predicted"surfacq,siteé between
these tw2 meth@?st ‘

In summary, the composite‘profi{es which combined the
HPLC, accessibility and mobility parameters provided a
better predictive method for some proteins. The predicted
surface sites for lysozyme and cytochrome ¢ Qere found to

A :
correlate well with the known antigenic and X-ray determined
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Fig. 35 A predicted combosite surface profile for lysozyme. The
profile was obtained by combining the hatched areas in Fig. 34A,
34B ‘and 34C. The surface sites for each profile in Fig. 34A, 34B
and 34C were scaled from 0 to 100 where the maximum surface si*e
value in each plot was set equal to 100 and the 25% surface site
value was equa] to 0 in this compos1te profile.
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Table 16 Comparisons of predicted surface residues of lysozyme

with immunologiéa] and X-ray crystallographic data.

PREDICTED
SURFACE

RESIDUES

EXPERIMENTAL ANTIGENIC
SITES DETERMINED BY

IMMUNOLOGICAL STUDIES®

SURFACE ACCESSIBLE
RESIDUES DETERMINED
BY X-RAY DATAP

’

12-13, 15-24
34-52

60

66-73

85-88

94, 100-104

113-119

.

1, S, 7
13-14, 19—24//]

33, 34, 45, 48

62

64-80

87-89

93-97, 102, 103

113, 114, 116, 117-121

125

1-2
13-14, 18-22 °©
33-34,.43-48 (
61-62

67-68

85-87

101, 103

112-114, 116-119

125-126, 128-129

a Atassi (1984); Benjamin et. al., (1984); Amit et.al., (1985)

b.  Brookhaven Data Bank, # 253 (RS16 Hen Egg-White Lysozyme)
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accessible sites.
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