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Abstract

Our laboratory has investigated the relationship between amino acid sequence and
stability requirements for peptide folding into two-stranded o-helical coiled-coil
structures, a common structural motif in many naturally occurring proteins. In particular,
we examined a 14-residue ‘consensus trigger sequence' that was found in several different
coiled-coil sequences, as it relates to folding and stability. We demonstrated that the
presence of a 'consensus trigger sequence' does not guarantee folding of two-stranded
coiled-coils, and is not essential for folding but rather, any sequence that stabilizes
coiled-coil structure beyond a minimum threshold level will suffice. The high-resolution
X-ray crystal structure of a de novo-designed coiled-coil that lacks the ‘consensus trigger
sequence' reveals numerous stabilizing factors including a complex interchain ion-pairing
and hydrogen-bonding network across a destabilizing central asparagine residue located
in the hydrophobic core of the structure, as well as stabilization through hydrophobic
interactions of leucine residues located at the hydrophobic interface (positions e and g of
the heptad repeat, [abedefg],).

We have also performed structure-activity studies on 14-residue cyclic cationic
peptides to elucidate the key design features responsible for their selective toxicity
towards microbial organisms vs. mammalian cells, i.e. a high therapeutic index. Based on
the structural template of GS14, an amphipathic (nonpolar and polar residues localized to
opposite faces of the molecule) f-sheet cyclic cationic peptide, a diastereomeric analog
with D-Lys at position 4 (peptide GS14K4) showed greatly improved microbial specifity
with little toxicity to human red blood cells over GS14 (Kondejewski et al. 1999, J. Biol.

Chem 274: 13181-92) and was selected to carry out further studies. The D-Lys was
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positioned on the nonpolar face (vs. L-Lys on the polar face in GS14), disrupting p-sheet
structure and decreasing peptide amphipathicity.

Using the GS14K4 template, we investigated the effect of hydrophobicity on microbial
specificity by altering the amino acid sequence composition of the residues comprising
the nonpolar face. Analogs that were less hydrophobic than GS14K4 had alanine residues
substituted for the three valine and three leucine residues found in the native sequence,
while more hydrophobic analogs had phenylalanine residues substituted for tyrosine
and/or leucine residues subtituted for valines. Increased hydrophobicity tended to
increase both antimicrobial and hemolytic activity, while decreased hydrophobicity
decreased both antimicrobial and hemolytic activity relative to GS14K4.

A novel method that we call "temperature profiling in reversed-phase chromatography"
has been used to identify self-association of our 14-residue peptides in aqueous solution.
The technique consists of analyzing peptides on a reversed-phase HPLC column at
discrete temperature intervals over a range of 5 to 80°C. Loading onto the reversed-phase
matrix concentrates the sample and promotes intermolecular interactions causing self-
association. We hypothesize that self-association can be observed by an increase in
HPLC retention time with increased temperature, and that larger increases in retention
times indicate a greater extent of self-association. By studying a series of linear and
cyclic peptide analogs, we show that high and low degrees of self-association, as
monitored by this technique, are undesirable for optimal microbial specificity in these
peptides. The most efficacious peptide, GS14K4, showed an intermediate degree of self-
association as noted by the transition temperature, T,, of 20°C; in comparison, the least

efficacious peptide, GS14 had a transition temperature of 55°C.
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Chapter 1. Introduction 1

Chapter 1A. Introduction to coiled-coils.

Chapter 1-1. The protein folding problem. The protein folding problem can be
divided into two major parts: establishing rules for the prediction of the final three-
dimensional protein structure from primary sequence information, and the determination
of the kinetic pathways from unfolded to folded (or folded to unfolded) states. The
manner in which the primary amino acid sequence dictates the overall three-dimensional
fold of a protein has been an area of extensive study over the past several decades (Plaxco
et al. 1998; Hammarstrom et al. 2000; Daggett et al. 2003). The Anfinsen hypothesis,
which states that the primary amino acid sequence determines the three-dimensional
structure of proteins, was proposed after numerous demonstrations that globular proteins
such as ribonuclease and staphylococcal nuclease were able to refold into the same native
structure after being denatured and then returned to their starting environmental
conditions (Anfinsen 1973).

The other aspect of the protein folding problem related to the kinetics of
folding/unfolding pathways is summarized by Levinthal's paradox (Levinthal 1969). If a
protein must sample all possible configurations in conformational space to select the final
fold, there is an apparent paradox between the time it would take for an amino acid
sequence to sample (longer than the lifetime of the universe) and the actual time span
observed for protein folding (microseconds to seconds). Clearly, proteins do not sample
all conformational space but exhibit stages of folding where the progression to the final
folded state involves certain configurations that are held while other regions continue to
sample conformational space. The current view of protein folding has progressed from

the idea of an unfolded protein passing through a single intermediate structure before
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Chapter 1. Introduction 2

adopting the final folded (native) structure, to an energy l;andscape (or folding funnel)
model. All protein molecules in solution are thought of as an ensemble and treated in a
statistical manner, where individual molecules can follow different folding pathways yet
lead to the same final folded structure. Experimentally observed thermodynamically
stable protein folds that are intermediate between the native structure and the denatured
state (folding intermediates) are explained as a significant fraction of the total protein
ensemble that followed a kinetic pathway that led to conformation resulting in a local
energy minimum (a protein in a 'kinetic trap').

What makes both parts of the protein folding problem so difficult to answer is the fact
that both local interactions (residues in close proximity along the primary sequence) and
nonlocal interactions (residues in close physical proximity in the final folded structure but
distant in the primary sequence) contribute to the stability of the final folded state. The
prediction of secondary structure (i.e. a-helices, B-sheets, or loops) has been developed
using computer programs with only short sequence windows that evaluate local
interactions. However, the secondary structure of such short sequences is also dependent
on the surrounding environment, i.e. nonlocal interactions, as the same sequence has been
shown to adopt either an o-helix or B-sheet depending on the protein (referred to as

| "chameleon sequences” (Minor et al. 1996; Mezei 1998) or "structural cassettes" (Kwok
et al. 1998)).

In terms of folding kinetics, the relative order of local secondary structure and nonlocal
tertiary structure formation is an area of active debate. Some of the models explaining the
protein folding pathway include the framework model (Baldwin et al. 1999), where

secondary structure formation precedes tertiary structure; the hydrophobic collapse model
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Chapter 1. Introduction 3

(Dill 1985), where the hydrophobic residues collapse into the core before the formation
of secondary structure; and the nucleation-condensation model (Daggett et al. 2003),
which attempts to unify preexisting models by explaining that the importance of
preformed secondary structure and hydrophobic collapse in the folding pathway or a
particular protein is dependent on the degree of stabilization that tertiary structures
provide to secondary structures. For example, proteins with early preformed secondary
structure in agreement with the framework model would be described by the nucleation-
condensation model as having stable secondary structure with little stabilization required
by hydrophobic interactions.

The protein folding problem is studied through a combination of experimental and
theoretical techniques. Experimental analysis usually involves the thermodynamic and/or
kinetic characterization of the folding and unfolding of model proteins and mutants
(Daggett et al. 2003) using techniques such as differential scanning calorimetry (Izbarra-
Molero et al. 2001; Dragan et al. 2002), circular dichroism (CD) spectroscopy,
fluorescence spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy
(Holtzer et al. 1997; van Mierlo et al. 2000). Special devices are also typically required in
order to observe folding/unfolding kinetics at the millisecond timescale, such as stopped
flow, continuous flow, or quenched flow mixers; more rapid nonmixing techniques
include infrared nanosecond and picosecond temperature jumps for the refolding of cold-
denatured proteins. Importantly, these studies are complemented by the three-
dimensional structural determination of crystallized proteins and/or proteins in solution
by NMR spectroscopy (Wuthrich et al. 2001), which allows comparison of results from

the biophysical techniques with 3-D atomic coordinate data. Theoretical techniques for
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folding pathways include molecular dynamics simulations of protein unfolding kinetics,
typically on nanosecond to microsecond time scales. These simulations are limited by the
tremendous amount of computer processing time required even for small timescales
(nanoseconds), even though the fastest times for proteins to unfold from the native state
occur on a much larger (microsecond) timescale. Other theoretical techniques include
computer modelling of 3-D protein structures based on sequence homology and identity
to proteins whose structures have already been solved (Dill et al. 1997). Modelling
requires less time than a full structural determination by X-ray crystallography or NMR
spectroscopy, although the model cannot be verified until the structure has been
experimentally determined.

Chapter 1-2. Importance of studying the protein folding problem. A greater
understanding of the forces contributing to protein folding has relevant biomedical and
industrial applications. These include fundamental knowledge of prion-type diseases and
pathologies associated with misfolded proteins and peptides (amyloid pathologies such as
Alzheimer's, Parkinson's, Huntington's, and Creutzfeld-Jacob disease) which could
possibly lead to treatments that inhibit, disrupt, or abolish protein aggregation (Temussi
et al. 2003). The accumulation and availability of enormous amounts of genomic data has
also fueled the structural genomics initiative (Burley et al. 2002). The goal of structural
genomics is to solve the 3-D structures of large numbers of proteins, in the belief that
after a critical number of structures are solved, the structure of many protein sequences
can be accurately predicted based on similarity or homology to a protein whose structure
has already been determined. Three-dimensional protein structures are important in the

drug development process in the design or selection of molecules from a chemical library
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that would likely bind to the target protein (Schmid 2002). The design of proteins de novo
with new functions (Martin et al. 2000; Bolon et al. 2002) and the proper refolding of
insoluble recombinant proteins (inclusion bodies) in the biotechnology industry are other
applications which hold future promise (Clark 2001). Also, a better understanding of the
factors influencing protein folding and stability allows existing proteins with known
functions to be engineered for different conditions, e.g. enhanced thermostability or
altered functional pH ranges.

Chapter 1-3. Protein stability. Along with protein folding, researchers also study
protein stability. While "protein stability" is a broad term that is used to describe several
areas, including the in vitro stability of the fold against various denaturants (heat,
chemicals or pressure), in vivo stability against enzyme degradation, and industrial
stability related to shelf life (i.e. how long a protein formulation can remain in its native
fold before undergoing aggregation, hydrolysis, chemical decomposition or other
modification such as oxidation), our laboratory specifically examines in vitro protein and
peptide stability under reversible conditions. For example, mutant proteins with minor
changes compared to the native sequence can possess the same overall fold as the native
structure, yet the protein stability to denaturant may be drastically different. We
investigate how factors such as amino acid sequence or other structural modifications
(disulfide bonds and lactam bridges, for example) influence the folding and unfolding
equilibria of proteins and peptides. By comparing the stability of mutants or analogs vs.
native molecules, we can identify the thermodynamic contribution that specific residues

or interactions between residues make to protein or peptide stability.
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Chapter 1. Introduction 6

The in vitro stability of a protein fold is generally expressed in terms of the change in
the state functions for the reaction, including Gibbs free energy in transitioning from the
folded to unfolded state (AG,) under a given set of conditions, e.g. at a specified
temperature, pressure, protein concentration, and buffer condition. The AG, value could
also be explained as the amount of energy required to completely unfold a protein under
specified conditions, generally standard state (25°C, 1 atmosphere, 1 M protein/peptide
concentration in buffer of specified pH and composition). We study this stability by
denaturing the protein with heat, urea, or guanidium chloride and monitoring changes in
structure using spectroscopic techniques such as CD and fluorescence (Talaga et al.
2000).

The major sequence-dependent factors influencing protein stability involve the
presence of structural biases in the unfolded ensemble (e.g., restrictions due to the
disulfide bonds between Cys residues), the burial and packing of hydrophobic residues
away from bulk solvent (hydrophobic collapse), and the stabilization of secondary
through secondary structure propensity effects, ionic interactions, and hydrogen bonding.
Independent of the sequence, stability is also influenced by peptide or protein
concentration, pH, temperature, and the nature of the environment (aqueous or in the
presence of organic solvent, ion composition and salt concentration).

Chapter 1-4. The coiled-coil as a model protein structural motif. The o-helical
coiled coil is a model structural motif used by our laboratory and others to study protein
folding and stability. Two to five right-handed helices (clockwise turns from N- to C-
terminal) form a superhelix with a left-handed twist around the coiled-coil axis. The

major source of stability that favors the association of the helices comes from the
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Chapter 1. Introduction 7

continuous interface of predominantly hydrophobic residues (leucine, isoleucine,
methionine, and valine) found lengthwise along the surface where each helix contacts an
adjacent one. The side-chains of amino acids along this hydrophobic core are arranged
into a "knobs-into-holes packing". In other words, the side-chains from one helix pack
side-by-side with the side-chains from the opposite helix (Crick 1953; O'Shea et al.
1989). The first coiled-coil protein to have its amino acid sequence determined was the
two-stranded tropomyosin (Sodek et al. 1972). Manual examination of the tropomyosin
sequence revealed a repeating pattern of hydrophobic residues, commonly referred to as
the "heptad repeat” or "hydrophobic repeat”. At every first and fourth position in a seven-
residue pattern, hydrophobic residues occurred at higher frequency, hence the 3-4
(NXXNXXXNXXNXXX... where N is a non-polar residue) or '4-3'
(NXXXNXXNXXXNXX...) hydrophobic repeat (denoted abcdefg, where positions a
and d contain hydrophobes). The residues at positions a and d comprise the hydrophobic
core that contacts adjacent helices. Structural predictions based on the hydrophobic repeat
were confirmed in 1991 by the first high-resolution X-ray crystal structure of a two-
stranded coiled-coil region in the yeast transcription factor, GCN4, which showed the a
and d residues buried in the helix-helix contact surface (O'Shea et al. 1991).

There are many reasons why the coiled-coil is a model structure for studying protein
folding and stability. The coiled-coil structure possesses secondary structure (o-helical),
tertiary structure (secondary structure stabilized by nonlocal interactions, in this case the
left-handed supercoiled twist of helices) and quaternary structure (discrete subunits
associating together), which means that it contains the same levels of hierarchy observed

in naturally occurring globular proteins. Like globular proteins, the coiled-coil motif also
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contains buried hydrophobic residues shielded from aqueous solvent in the core, which
are a major source of stability. At the same time, solubility is generally excellent because
coiled-coils possess hydrophilic and charged residues exposed to solvent; therefore, they
do not aggregate or precipitate in aqueous solution, a phenomenon observed with
amphipathic B-sheet structures (Jelokhani-Niaraki et al. 2001). (For example,
tropomyosin has the highest charge density of any known protein making it extremely
soluble). Also, the coiled-coil structure can become virtually 100% helical in aqueous
solution due to the shielding of hydrophobic residues from bulk solvent (in contrast with
monomeric amphipathic o-helices which are never completely helical due to significant
end-fraying at N- and C-termini), and the biophysical structural characterization is well
understood by techniques such as CD (Hodges 1996; Kohn et al. 1998). The helical
secondary structure possesses a far-UV spectrum with local minima at 208 and 222 nm.
After the transition from o-helical coiled-coil to the unstructured state, the ellipticity
value at 222 nm becomes close to zero. Thus, an unfolding curve can be constructed and
protein stability can be determined by measuring the change in mean residue molar
ellipticity at this wavelength as a function of denaturant concentration. The repetitive
nature of the heptad repeat allows one to design coiled-coils containing essentially the
same repeated seven residue sequence, and to introduce multiple amino acid substitutions
at equivalent sites in the heptad repeat to enhance the magnitude of the substitution
effect. Assuming that the substitution sites are all equivalent, one can then divide by the
total number of substitution sites to determine the stability contribution of a single amino
acid to the coiled-coil at a given heptad position. The relatively small minimum length

requirement of two heptads for a stable folded molecule (Burkhard et al. 2002) means
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that short coiled-coils can be studied that are more sensitive to amino acid substitutions
than longer sequences. There is flexibility in the choice of synthesis methods for coiled-
coils; relatively short sequences (less than fifty amino acids) are suitable for solid —phase
peptide synthesis methodology, while larger sequences can be expressed as recombinant
peptides in bacteria or made by solid-phase chemistry in shorter segments and
subsequently ligated to make the full-length segment. Coiled-coils are also found in
regions of many proteins found in nature, e.g. viral fusion proteins, motor proteins, and
DNA binding proteins, so that one can select a sequence either by de novo design or
based on the sequence of a natural coiled-coil.

The coiled-coil is a minimalist structural motif that is relatively simple in its design,
synthesis, and characterization. Therefore, it is used to understand fundamental principles
of protein folding which would be more difficult to study in native globular proteins due
to the complex nature of the stabilizing interactions. While it cannot reveal all types of
stabilizing contributions to protein folding, it facilitates the establishment of general rules
for protein folding and stability, which should subsequently allow more complex model
proteins to be developed and studied that may represent the behavior of native globular
proteins more accurately in the future.

Chapter 1-5. Coiled-coils in de novo protein design. Knowledge of coiled-coil
folding and stability has been applied to the de novo design of peptides with new or
improved functions. The intermolecular interactions between the strands of coiled-coil
heterodimers allow each strand to act as a tag in purification and detection systems;
heterodimers have been used in biosensor systems, in vivo drug delivery vehicles, and

purification of expressed proteins by affinity chromatography (Hodges 1996; Yu 2002).
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Other designed coiled-coils include a retro- version of GCN4 with the N-to C-terminal
sequence order reversed (Mittl et al. 2000), right-handed coiled-coils (Harbury et al.
1998; Sia et al. 2001) and coiled-coils with enhanced stability from fluorinated aliphatic
residues in the hydrophobic core (Tang et al. 2001). These diverse examples of the
protein design process using coiled-coils demonstrate the utility of the structural motif
(Burkhard et al. 2001).

Chapter 1-6. Intrinsic sequence-dependent factors influencing coiled-coil stability,
specificity, oligomerization state and orientation. Although there are many sequence-
dependent factors influencing coiled-coil stability, the most important is the nature of the
residues in the hydrophobic core positions. Stability coefficients for residues in the a and
d positions have been determined, and while as a group hydrophobic residues are
generally more stabilizing than polar residues, there are stability differences between
residues at positions a and d among the hydrophobes, with Ile and Val B-branched
residues the most preferred at position a (Harbury et al. 1993; Zhu et al. 1993; Wagschal
et al. 1999a; Acharya et al. 2002) and Leu the most preferred residue at position d
(Moitra et al. 1997; Tripet et al. 2000). The preferences are due to differences in side-
chain packing effects between Leu and the B-branched Ile and Val residues. At position
a, the C,-C;, bond vector points away from the hydrophobic core such that beta-branched
amino acids such as isoleucine increases the packing efficiency; in position d, the C,-Cq
bond vector points towards the hydrophobic core such that the non-beta-branched leucine
packs more efficiently there. Therefore, although Leu and Ile are isomeric residues with

the same intrinsic hydrophobicity, they can affect coiled-coil stability differently due to
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the differences in side-chain packing at positions a and d (Harbury et al. 1993; Harbury et
al. 1994; Kohn et al. 1998).

In two-stranded coiled-coils, other factors that influence stability include the types of
amino acid residues in positions e and g of the heptad repeat. Positions e and g flank the
hydrophobic core such that g to ¢’ (i.e., i toi" + 5) side-chain interactions between helices
(interchain interactions) are possible. Residues at these positions in a two-stranded
coiled-coil reside in an environment that is neither fully solvent-exposed nor solvent-
excluded. While different groups disagree as to the extent that ionic interactions
contribute to coiled-coil stability (Lavigne et al. 1996), oppositely charged residues e.g.
Lys/Glu, Arg/Glu at the aforementioned positions can increase stability (Zhou et al.
1994a) through a combination of hydrophobic effects, van der Waals forces, hydrogen
bonding and/or ion pairing, while similar charged pairs such as ionized Glu/Glu’ can
decrease stability (Kohn et al. 1995b). Stabilizing hydrogen bonding effects have also
been observed, between interchain Gln-Gln’ pairs, as well as stabilizing hydrophobic
effects in uncharged Glu-Glu” pairs (Kohn et al. 1995a). Other less common interchain
electrostatic interactions include i to i’ + 1 and i to i’ + 4 ion pairs observed in the
cortexillin I crystal structure (Burkhard et al. 2000). Increasing chain length also tends to
increase stability (Lau et al. 1984; Su et al. 1994); there is a minimal chain length
requirement of three heptads (containing six hydrophobes at a and d positions) for model
coiled-coils containing an excellent hydrophobic core (Ile at all a positions and Leu at all
d positions), i to i + 3 and i to i + 4 intrachain electrostatic attractions, and i to i +5

interchain electrostatic attractions (Su et al. 1994). However, other de novo-designed
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coiled-coils were able to fold with as little as two heptads by adding additional stabilizing
interactions (Burkhard et al. 2002).

Factors that stabilize individual a-helices also influence coiled-coil stability, such as
intrachain i to i + 3 and i to i + 4 interactions (charged-charged, H-bonding, charged-
aromatic, charged-polar); N-terminal and C-terminal capping residues; hydrophobic
staples ; and helix dipoles (Baldwin et al. 1999).  Designed and naturally occurring
coiled-coil structures also vary in oligomerization state (Harbury et al. 1994; Beck et al.
1997; Wagschal et al. 1999b; Tripet et al. 2000; Burkhard et al. 2001), chain orientation
(parallel or antiparallel relative to N- and C-termini) (Monera et al. 1993; Monera et al.
1996; Oakley et al. 1998) and hetero- or homo-specificity (Lumb et al. 1995; Lavigne et
al. 1998). How does the amino acid sequence influence each of these characteristics of
coiled-coils? For oligomerization states, although the presence of polar residues in the
hydrophobic core decreases coiled-coil stability, they can influence oligomerization
states; for example, asparagine and lysine (Campbell et al. 2002) at position a favors
dimer formation while glutamine has been shown to form trimers in GCN4 analogs
(Gonzalez et al. 1996b; Eckert et al. 1998). Hydrophobic residues along the hydrophobic
core and/or interface (e and g positions) make a large contribution to stability but can
make the sequence more permissive to higher order oligomerization beyond the dimeric
form, e.g. trimers (Harbury et al. 1993; Harbury et al. 1994) because of increased
numbers of possible packing configurations in the hydrophobic core (Gonzalez et al.
1996a). Interchain ionic interactions can also influence oligomerization state, as in the
case of an arginine involved in an Arg-Glu ion pair (in the trimeric cartilage matrix

protein) changing oligomerization to tetramer when switched to glutamine (Beck et al.
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1997). In general, coiled-coil sequences with larger hydrophobic surfaces promote higher
order self-association.

Coiled-coil helix orientation is controlled primarily by ionic forces favoring either the
parallel or antiparallel arrangement. In antiparallel coiled-coils, the N-terminal for each
strand is associated with the C-terminal of the opposite strand, in contrast with the
parallel orientation where the N-termini of every helix are localized together at one end
of the coiled-coil and the C-termini are localized at the opposite end. At positions a and
d, the hydrophobic core 'knobs-into-holes' packing in antiparallel coiled-coils is a to d’
and d to a’ vs. a to a’ and d to d’ in parallel coiled-coils. At positions e and g, the
interactions at the hydrophobic interface in antiparallel coiled-coils are g - g’ and e - €’
rather than g - €’ in the parallel orientation; electrostatic g-e’ repulsions and attractive g -
g’ and e - € ion pairs can favor the antiparallel arrangement due to attractive forces
specific to a particular orientation (Monera et al. 1994; Myszka et al. 1994). Also, buried
polar residues (Oakley et al. 1998).or the location of Ala residues in the hydrophobic core
(Monera et al. 1996) can confer specificity to antiparallel orientation.

Like the ionic forces controlling coiled-coil orientation, a similar rationale exists for
hetero- vs. homospecificity of strand association. Homostranded coiled-coils have
identical sequences in all associated helices, while heterostranded coiled-coils have
different sequences in each helix. The Hodges group specifies heterodimerization using
an approach similar to the Kim group's peptide 'Velcro' (Graddis et al. 1993; O'Shea et al.
1993; Zhou et al. 1994b; Litowski et al. 2002). One strand contains primarily anionic Glu
residues and another strand contains primarily cationic Lys residues at positions € and g

to specify the heterodimeric form through a combination of electrostatic repulsions in the
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parallel homodimer and electrostatic attractions in the parallel heterodimer. The same
reasoning is also observed in the a and d positions, e.g. a Lys repulsion at position a
disfavors homodimers in leucine zippers (Acharya et al. 2002). However, repulsive
electrostatic forces in heterodimers are sometimes tolerated, as observed by the Alber
group in comparing designed vs. in vivo selected heterodimeric coiled-coils (Arndt et al.
2002). In addition to controlling oligomerization by specifying the dimeric state,
asparagine at position a can also confer homotypic specifity over heterospecificity
(Campbell et al. 2002).

Chapter 1-7. Coiled-coil packing irregularities. Most coiled-coils in naturally
occurring proteins contain short sequence regions that interrupt the classical 4-3
hydrophobic repeat. These regions are known as stutters, stammers, and skips (Lupas
1996). Stutters are caused by an omission of three residues (the same as an insertion of
four residues, e.g. 3-4-3-4-4-3-4-3-4..) in the heptad pattern, causing disruption of core
packing and a local underwinding of the helix supercoil, leading to an increased coiled-
coil radius (Strelkov et al. 2002). In contrast, stammers are caused by an omission of four
residues and leads to overwinding of the superhelix, e.g., 3-4-3-3-4-3-4... (Brown et al.
1996). Skips are caused by an extra residue inserted in the heptad repeat, which changes
the helix geometry by introducing a wider turn locally in the helix, e.g. 3-4-(3+1)-4-3-4-
3-4... or 3-4-3-(4+1)-3-4....

Chapter 1-8. Double mutant cycle analysis. Although measuring the stability
difference between a wild-type protein and a mutant with a single amino acid change can
give the relative stability contribution of the single amino acid, this method cannot

identify what forces account for this stability difference. Double mutant cycle analysis is
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a tool to determine the energetic contribution of a particular interacting pair of amino
acids (Serrano et al. 1990). It involves the thermodynamic analysis of the wild-type
(native) molecule as well as three mutants (or 'analogs' in the case of synthetic peptides):
two with a single amino acid substitution, e.g., a substitution at position X in Mutant 1
and position Y in Mutant 2, and one with double amino acid substitutions at both
positions X and Y in Mutant 3 (Figure 1-1). By determining AG for the wild-type, two
single mutants and a double mutant, one can calculate AAG for the interaction energy
between the residue pairs. This analysis has often been employed to study the stability
contributions of salt bridges in proteins and peptides, and was used to examine the
strength of Glu/Lys’ interchain g-e” salt bridges in the coiled-coil described in Chapter 4.
However, there are two key assumptions that are made when using this technique
(Serrano et al. 1990; Makhatadze et al. 2003). One assumption is that the structure of the
single and double mutants are not significantly different from the native structure, or that
the structural changes cancel in the thermodynamic cycle. The second assumption is that
there are no interactions between the sites in the singly or doubly substituted mutants or
analogs. If either assumption is not valid, it is possible that factors other than ion pairing
contribute to the differences in stability between the native and mutant proteins.

The first assumption of no significant structural changes in mutants can be rationalized
based on the location of the substitution sites, e.g. a surface salt bridge that should not
disrupt hydrophobic core packing upon mutation, and also confirmed with structural data,
as the Fersht group did with a buried Arg/Asp salt bridge in barnase (Vaughan et al.
2002). As a control to validate that the coupling energy between the pair equals the

electrostatic contribution and that no other stabilizing effects contribute to the AAG value,
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-ionic attraction

AAG,=-1.23

EK* » BQ
[urea],,, = 3.47 : [urea],,, = 2.26
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m=1.04
+AAG g, ,q)
-10nic attraction AAG(E-—>Q)=2-16
AAG, =-1.53
v 4
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Fig. 1-1. Double mutant cycle analysis for the estimation of the net contribution of the
interchain ionic attraction to coiled-coil stability (figure and legend adapted from Zhou
et al. 1994a). A positive value means an increase in stability in the direction of the
arrow. The values of [urea],,, and m were determined in 0.1 M KCl, 50 mM PO, buffer
at pH 7 at 20°C. AAG was calculated by multiplying the difference of [urea},,, with the
average slope (AAG=A[urea),,*<m>) (Serrano et al., 1990).
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one can determining the stabilities of each protein in low and high salt (e.g., 1 M)
conditions. Since high salt tends to screen electrostatic attractions, the effect of
electrostatic effects between charged pairs in the native protein are nullified, leaving only
the remaining nonelectrostatic effects in the stability determination. Therefore, the
stability contributions of the single mutants should be additive in high salt, i.e. the AAG
value between the native protein and each of the single mutants should add up to the
same value as the AAG value between the native protein and the double mutant.

The second assumption of no interactions between substitution sites in the double
mutant is justified by the choice of a small amino acid in the substitutions. Typically
alanine is chosen for its small methyl side-chain and lack of polar groups that could
potentially form hydrogen bonds.

Chapter 1-9. Coiled-coil prediction programs.

One of the goals of the Hodges laboratory has been to quantitatively determine the
contribution of amino acids to coiled-coil folding and stability at various positions along
the heptad repeat in order to predict coiled-coil regions in protein sequences. Numerous
coiled-coil prediction programs exist to specifically identify two-stranded and/or three-
stranded coiled-coils; these include COILS (Lupas et al. 1991); STABLECOIL (Tripet et
al. 2001); PairCoil (Berger et al. 1995) and programs derived from it including MultiCoil
(Wolf et al. 1997), LearnCoil (Berger et al. 1997), and LearnCoil-VMF (Singh et al.
1999). As well, another program called 2ZIP specifically identifies leucine zippers, which
are parallel coiled-coil dimers that contain a characteristic leucine residue in seven-
residue intervals at position d of the heptad repeat (Bornberg-Bauer et al. 1998). The

window size is generally at least 28 residues in length as four heptads was considered to
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be the minimum chain length required for coiled-coil formation at the time that the
programs were developed (Lau et al. 1984).

PairCoil established pairwise residue correlations for a database of known two-stranded
coiled-coils. For example, positive pairwise correlations were made between L, (Ile at
position a and Leu at position d) and, to a lesser degree, V,L,, while negative correlations
were made with the L,L, pair. These correlations were then used to score a general set of
protein sequences in the Protein Data Bank to evaluate the program's ability to correctly
identify coiled-coils. The advantage of PairCoil over the COILS program is that pairwise
residue correlations eliminated false positive identifications of o-helical proteins
predicted by COILS to be coiled-coil structures. Modifications to PairCoil in the Kim
group led to the development of MultiCoil (which predicts two- and three-stranded
coiled-coils), LearnCoil (which uses an iterative approach to scoring sequences), and
LearnCoil-VMF (which identifies three-stranded coiled-coils in viral membrane fusion
proteins).

While the programs in the previous paragraph assign coiled-coil scores based on the
statistical occurrence of residues in the heptad repeat, STABLECOIL uses experimentally
determined values for coiled-coil stability at positions a and d and o-helix propensity to
calculate stability scores for regions along a protein sequence. Rather than giving an
overall score, it indicates regions of relatively high and low coiled-coil stability along the
sequence. The accuracy of the programs was tested against constructed databases of
protein sequences with solved structures known to contain coiled-coils. As a negative
control, programs were also tested against databases containing protein sequences lacking

coiled-coil structures.
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obtained at the level of individual amino acids. Changes in tryptophan emission
fluorescence indicate changes in the polarity of the surrounding environment at the level
of the individual aromatic side-chain packing, whereas changes in far-UV circular
dichroism at 222 nm indicate a change of helical secondary structure at the level of
protein backbone conformation (van Mierlo et al. 2000). Having three-dimensional
structural information on the coiled-coil also supports the claim of a fully folded structure
before denaturation takes place.

A peptide based on the coiled-coil sequence of GCN4 exhibits two-state unfolding as
observed by thermal and urea denaturations monitored by CD spectroscopy and
differrential scanning calorimetry (Izbarra-Molero et al. 2001). Part of this GCN4
sequence was used to design the GCN4/cortexillin I hybrid analogs described in Chapters
3 and 4. However, the unfolding curves of some proteins are not best fit to a two-state
model. Multiple transitions were observed by additional reductions in slope terms, as
described in a GCN4 coiled-coil analog (Asn moved from the central location in position
16a to the previous heptad at position 9a) that appeared to best fit a three-state model
(Zhu et al. 2001).

Chapter 1-11. Trigger sequences. Although the presence of hydrophobic residues at
positions a and d in the heptad repeat make a major contribution to the stability of the
coiled-coil fold, some protein sequences containing the hydrophobic repeat do not form
coiled-coils without a key region dubbed the 'trigger’ sequence (Figure 1-2) (Kammerer et
al. 1998; Steinmetz et al. 1998; Frank et al. 2000; Wu et al. 2000). Deletion analysis of
the coiled-coil regions of cortexillin I, human macrophage scavenger receptor, and

intermediate filaments revealed a lack of folding in the absence of the 'trigger sequence'.

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



Chapter 1. Introduction ’ 21

abcdefg

AYRAKEE-KARLESS-KNEMANR-LAGLENS -LESEKVS-REQLIKQ-
KDQLNSL-LASLESE-GAEREKR-LRELEAK-LDETLKN-LELEKLA -
RMELEAR—LAKTEKD—RAILELK—LAEAIDE—KSKLEQQ—IEATRIR

B Number of heptad repeats Coiled-coil?

Folded

Folded
Not folded

Folded
Folded

RMELEAR-LAKTEKD

Fig. 1-2. Design and preparation of N- and C-terminal deletion constructs from
cortexillin I (abbreviated as Ir; figure and legend adapted from Steinmetz et al. 1998).
(A) Amino acid sequence of Ir. Heptad repeats were assigned according to the COILS
algorithm (Lupas ef al., 1991) and are shown in blocks of seven amino acid residues
denoted abcdefg. Residues at heptad positions a and d are indicated in bold. The
amino acid trigger site crucial for coiled-coil formation is underlined. (B) Schematic
representation of Ir and various fragments thereof. The sizes of the polypeptide chain
fragments are denoted on top by numbers of heptad repeats. The trigger site for coiled-
coil formation is marked as a black box.
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Also, designed 31-residue peptides with an excellent hydrophobic core (2 Val, 5 Leu, 1
Met and 1 Asn) did not fold into coiled-coils unless a 13-residue 'trigger sequence' was
present (Kammerer et al. 1998). The 'trigger sequence' idea was further extended to other
two-stranded coiled-coils as a 13-residue ‘consensus trigger sequence' that may serve as a
local region of high stability to facilitate folding, as it contains many potential interhelical
and intrahelical ion pair stabilizing elements.

Chapter 3 addresses the trigger sequence idea as it relates to a consensus sequence used
to screen coiled-coil databases. We addressed the necessity of a consensus trigger
sequence in the folding of two-stranded coiled-coils by studying a series of designed
sequences containing stable hydrophobic residues in the core positions, with small
incremental differences in coiled-coil stability. We determined the increase in stability
required to get a nonfolding peptide with a good hydrophobic core to fold into a coiled-
coil, even without the presence of a 'consensus trigger sequence'.

Chapter 4 describes the X-ray crystal structure of a designed two-stranded coiled-coil
peptide (a GCN4/cortexillin I hybrid analog listed in Chapter 3 as Peptide 7) lacking the
consensus trigger sequence, as well as the thermodynamic analysis of alanine-substituted
peptide analogs. The coiled-coil structure of the hybrid analog reveals stabilizing
interactions responsible for the fold, with different ion pairing and hydrogen-bonding
interactions vs. the native GCN4 X-ray structure (O'Shea et al. 1991). We also
determined the stability contributions of leucine residues at positions e and g relative to
alanine, whose quantitative thermodynamic contributions at these positions had been

previously unreported, and identified a unique stabilizing hydrogen bonding-salt bridge
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complex across the central buried polar asparagine residues that is not present in the
native GCN4 X-ray structure.
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Chapter 1B. Introduction to antimicrobial peptides
Chapter 1-12. The antibiotic era and the development of antibiotic resistance

A major medical milestone was reached in the late nineteenth century upon the
discovery and development of modern antibiotics. The first natural antibiotic,
pyocyanase, was discovered in 1888 in bacteria called Bacillus pyocyaneus (now called
Pseudomonas aeruginosa) when E. de Freudenreich tested a solution that stopped growth
of other bacteria (Day 2001). The first effective antibacterial compount, Salvarsan, was
marketed in 1910. As an indication of the impact they had on humanity, three of the
Nobel Prizes in Medicine were awarded to pioneers in antibiotics research: Florey, Chain
and Fleming shared the award in 1945 for the discovery and synthesis of penicillin;
Domagk won in 1947 for the discovery of the antibiotic from industrial red dye, Prontosil
rubrum; and Waksman won in 1952 for discovering streptomycin. Before the large-scale
production of antibiotics such as penicillin, bacterial infections were difficult to treat or
contain and were a major cause of death worldwide. As more antibiotics were discovered
over the following decades, it appeared as though humankind had an abundant supply of
effective antimicrobial agents that could adequately control the spread of bacterial
infections. Consequently, research into developing new antibiotics dropped precipitously
in the latter half of the 20th century.

However, in recent years the pendulum appears to be swinging back in favor of the
microbes. The number of microorganisms resistant to one or more antibiotics has been on

the rise for the past several decades. Bacteria that are resistant to several different kinds
of antibiotics (i.e., multidrug resistant bacteria) have emerged that do not respond even to

the antibiotic of last resort, vancomycin. Bacterial strains such as vancomycin-resistant
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Enterococcus (VRE), methicillin-resistant Staphylococcus aureus (MRSA), and
vancomycin-resistant S. aureus (VRSA) have appeared in hospitals, causing many to
wonder if our current supply of effective antimicrobial agents is on the decline
(Heinemann 1999). Clearly there is a growing need to slow the emergence of antibiotic-
resistant bacteria, and an increased demand for the development and introduction of
novel antimicrobial agents into the drug pipeline.

Development of antibiotic resistance

Mode of action of conventional antibiotics. How do bacteria become antibiotic-
resistant? To answer this question, it is imperative to understand the mode of action of
conventional antibiotics. Antibiotics kill bacteria in a highly specific fashion, by entering
the cell interior and binding to a biomolecule both specific for the microorganism and
necessary for cell survival, such as a cell wall component or an enzyme involved in
transcription, translation, or intermediary metabolism. The specific molecule targeted by
the antibiotic is not present in human cells, so the antibiotic has lower toxicity to the
patient. Although killing is not immediate, the interruption of bacterial metabolic
processes eventually leads to cell death over the days following the intial antibiotic
treatment.

Antibiotic resistance. Antibiotic usage promotes the survival of resistant bacterial
strains by killing susceptible strains that would proliferate better than resistant strains
under ordinary growth conditions. Unfortunately, the same reason for the high specificity
of antibiotics (binding to a specific bacterial molecule) provides a way for bacteria to
become resistant to conventional antibiotics. If the mutations in the target reduce drug

binding, or the expression of the target molecule increases so that the population of
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molecules outnumbers the drug, the bacteria can survive antibiotic therapy. At the
molecular level, most antibiotic resistance mechanisms act either through exclusion of the
drug from the cell by reduction in drug permeability, alteration of the target molecule to
decrease antibiotic binding affinity (e.g. point mutation of the 50S ribosome to decrease
binding of erythromycin), chemical inactivation of the antibiotic (e.g. B-lactamases that
hydrolyze B-lactam antibiotics such as penicillin and methicillin), physical removal of the
antibiotic from the site of action (usually with a transmembrane efflux pump to remove
the drug from the cell interior), or overproduction of the target molecule. These resistance
mechanisms can develop either through random gene mutation during cell division,
chromosomal breakage or rearrangement, or by horizontal gene transfer (Heinemann
1999). In horizontal gene transfer, antibiotic-resistant microorganisms from one type of
bacteria pass on genes that code for protein(s) involved in resistance to a different strain
(antibiotic-sensitive strain of the same species) or a different species. This transfer allows
genetic information conferring resistance to an antibiotic to be shared quickly among
various bacterial populations. Surprisingly, gene transfer can also occur in bacteria that
cannot divide and may already be dead, but still contain components that allow gene
transfer to take place. Some antibiotics can promote this transfer of resistance genes; for
example, tetracycline can stimulate the transmission of a transposable element coding for
tetracycline resistance by 5- to 100-fold (Torres 1991).

Each class of antibiotics has limited scope in terms of its ability to target different the
classes of microorganisms, such as Gram-negative and Gram-positive bacteria. These two
categories of bacteria, classified according to their positive or negative staining by crystal

violet or methylene blue dye, have markedly different compositions and organizations of
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their cell walls, with Gram-negative bacteria being surrounded by a double membrane
and Gram-positive bacteria enveloped by a single cell membrane coated with a thick
peptidoglycan layer (Hancock 1997a). The outer membrane of Gram-negative bacteria
acts as a permeability barrier preventing some drugs from entering the cell cytoplasm.
Chapter 1-14. Discovery of antimicrobial peptides

In the latter half of the 20th century, a new class of antimicrobial compounds was
discovered in several different types of animals (frogs, moths, bees) as part of their innate
immune systems. These compounds were cationic antimicrobial peptides synthesized on
the ribosome and expressed by the host organism. Rather than acting on a specific
component of bacterial cells, the peptides were thought to act directly on the lipid bilayer
in a concentration-dependent manner, exhibiting rapid killing effects (seconds to minutes
vs. hours for conventional antibiotics) across a broad spectrum of Gram-positive and
Gram-negative microorganisms. Because the killing time was so brief and the mode of
action was to destabilize the cell wall structure rather than to target specific components
of the cell wall, it was thought that bacteria would become less likely to develop
resistance against these antimicrobial peptides.
Antimicrobial peptide description

Since the discovery of antimicrobial peptides in the frog skin of Bombina variegata in
1970 by Csordas and Michl (Csordas et al. 1970), a large number of peptides have been
isolated and characterized from several biological sources (plant and animal sequences
are found at http://www.bbcm.univ.trieste.it/~tossi/pagl.html). The definition of an
antimicrobial peptide is usually a sequence of amino acids with a molecular weight

between 1-5 kDa that exhibits concentration-dependent broad-spectrum bacteriostatic or
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bacteriocidal activity, generally at micromolar (uM) peptide concentrations. Many of
these peptides also possess other functions that will not be discussed here, such as
antifungal, anti-endotoxin, antiviral, anticancer, antiparasite, and wound healing
properties (Hancock et al. 2000). This definition of antimicrobial peptides does not
address toxicity to eukaryotic (e.g. mammalian) cells, a fundamental parameter in
developing a therapeutic for human use; many peptides classified as "antimicrobial" also
have strong hemolytic activity, i.e. are toxic to red blood cells (erythrocytes).
Antimicrobial peptides can be classified by whether they are produced by the ribosome or
made without ribosomes; the peptides made without ribosomes are produced almost
exclusively by bacteria, whereas peptides made by ribosomes are found in a variety of
organisms of bacterial, plant, and animal nature (Hancock et al. 1999).

Most antimicrobial peptides exhibit a net cationic charge, a large hydrophobic moment,
and some type of amphipathicity (a polar face and a nonpolar or hydrophobic face). Some
exceptions to these general rules include the anionic peptide, alamethicin (Martin et al.
1976); the hydrophobic channel-forming peptide, gramicidin A (Wallace 1998); and the
hydrophilic peptide, androctonin (Hetru et al. 2000). The basic residues in most
antimicrobial peptides (AMPs) are thought to promote initial electrostatic interactions
between the positively charged peptide and the anionic lipids found in bacterial
membrane. These electrostatic interactions may play a role in conferring specificity to
bacterial membranes, because the composition of eukaryotic membranes is primarily the
zwitterionic (both positively and negatively charged) lipid, phosphatidylcholine. The
hydrophobic side-chains of the peptide then become important in associating with the

hydrophobic acyl chain region of the lipid bilayer. Changes to the membrane occur as the
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peptide reaches a critical concentration, resulting in observable differences in parameters
such as phase transition temperature, electrochemical potential, membrane permeability,
and lipid bilayer flip-flop (Hancock et al. 2002).

Elucidating a mode of action common to all peptides has proven to be a difficult task
because they vary greatly in their three-dimensional structure in aqueous solutions as well
as in membrane environments. These structures in aqueous solution have been classified
into four categories for antimicrobial peptides found in nature: I) the linear o-helical
ciass, IT) the linear extended peptides with one overrepresented amino acid, III) the
looped structures, and IV) the disulfide-bridged f-strands (Hancock 1997b; Epand et al.
1999; van 't Hof et al. 2001). Epand and Vogel have added groups including cyclic
peptides with thioether groups (lantibiotics), lipopeptides terminating in an amino alcohol
(peptaibols), and macrocyclic cystine-knotted peptides (Epand et al. 1999). Recently,
designed peptides with supramolecular structures, e.g. stacked B-sheet cylinders
(Fernandez-Lopez et al. 2001) and peptides with unusual helical structure such as a 12-
helix (containing B-amino acids and named for the twelve-membered-ring hydrogen
bonds in the secondary structure) (Liu et al. 2001; Porter et al. 2002) have been added to
this initial structural classification list, and possess the added benefit of higher protease
stability. Generally, many antimicrobial peptides possess positive correlations between
peptide amphipathicity, hydrophobicity, and hemolytic activity - that is, the most
hydrophobic and amphipathic peptides tend to exhibit strong hemolytic activity (Oren et

al. 1997; Kondejewski et al. 1999; Avrahami et al. 2001).
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Chapter 1-15. Antimicrobial peptide mechanisms of action

What happens to the structure of the bacterial membrane when it interacts with
antimicrobial peptides? Studies with model membrane systems have shown that some
peptides affect the physical properties of the bilayer, such as curvature (tending to
increase positive or negative curvature depending on the peptide), thickness (decreased
thickness with increased peptide concentration), and fluidity (Epand 1998). Some
peptides can induce membrane fusion among unilamellar vesicles, cause intravesicular
aqueous dye release, or promote lipid flip-flop across the bilayer. In bacteria, electron
microscopy has also revealed peptide-induced surface morphology changes such as
'blebbing' (Hancock et al. 1999), where projections are observed on the outer surface.

Two prevailing models have been proposed for the appearance of the peptide-lipid
complex (Figure 1-3). One of these mechanisms is consistent with observations of pore
formation and depolarization of the cell interior, in the 'barrel-stave’ model. In this model,
peptides form multimeric a-helices oriented perpendicular to the lipid bilayer plane in a
bundle. Because of the perpendicular arrangement a pore is formed, causing membrane
depolarization. Another proposed mechanism allows the peptide to pass through the outer
membrane to the inner membrane of Gram-negative bacteria in a process termed by
Hancock as 'self-promoted uptake' (Hancock 1997b; Scott et al. 2000). Such a
mechanism is illustrated in the 'carpet’ model, where transient pore formation is observed
(Shai 1999). In this model, accumulation of peptides parallel to the membrane plane
causes detergent-like effects on the lipid bilayer (i.e. micelle formation) as the peptides

briefly reorient and traverse the membrane, decreasing local peptide concentration on the
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“barrel-stave” mechanism

Fig. 1-3. The 'carpet’ (left) and 'barrel-stave' (right) models suggested for membrane permeation (figure and legend
adapted from Shai 1999). In the 'carpet’' model, the peptides are bound to the surface of the membrane with their
hydrophobic surfaces facing the membrane and their hydrophilic surfaces facing the solvent (step A). When a
threshold concentration of peptide monomers is reached, the membrane goes into pieces (steps B and C). At this stage
a transient pore is formed. In the 'barrel-stave' model, peptides first assemble in the surface of the membrane, then

~ insert into the lipid core of the membrane following recruitment of additional monomers.
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outer monolayer and eventually stopping pore formation. Peptides oriented perpendicular
to the bilayer plane induce local lipid headgroup reorientation such that the headgroups
become pointed inwards towards the center of a toroidal pore. In this model, the peptides
not only disrupt the electrochemical potential through pore formation but also allow lipid
flip-flop since the toroidal pore connects the monolayers. Despite the differences in these
proposed modes of action, all antimicrobial peptides share the common trait that they first
encounter the bacterial cell wall; this interaction in some way directly or indirectly leads
to cell growth inhibition or cell death.

For many years, the most widely held view about the action of antimicrobial peptides
was that they acted primarily on the bacterial lipid membrane, to destroy bacteria through
membrane destabilization and disruption of the transmembrane electrochemical potential.
However, recent work by Hancock et al. suggests that during their course of action, some
antimicrobial peptides may interact not only with the bacterial cell wall, but also on one
or more other cellular targets. These targets may include membrane lipids and/or proteins
involved with the functioning of cellular respiration and/or intracellular components
including heat shock proteins and polyanions such as DNA and RNA (Hancock et al.
2002). As a result, other components of the adaptive immune system are activated by
antimicrobial peptides (Hancock et al. 2000; Zasloff 2002). These additional targets have
been the subject of investigation because of observations that complete bacterial lysis was
not always observed at the MIC (minimal peptide concentration required to inhibit
bacterial growth) (Friedrich et al. 2000). So, the model of membrane destabilization and

cell lysis at MIC concentrations (i.e. a 'lipid-only' mechanism) was not always supported
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by experimental results. If additional molecules beyond the lipid bilayer were targeted by
antimicrobial peptides, e.g. DNA binding to inhibit transcription, this 'multi-hit’
hypothesis might better explain the mode of action of peptides that appear bacteriostatic
(rather than bactericidal) at the MIC value.

Chapter 1-16. Drawbacks to peptide therapeutics. There are some fundamental
drawbacks to using cationic peptides in place of antibiotics, many of them common to
any peptide being developed as a drug. Because an important aspect of the mode of
action involves peptide-lipid interactions at the cell wall, there is a lower microbial
specificity with antimicrobial peptides (which can interact with lipids in both prokaryotic
and eukaryotic cells) vs. conventional antibiotics (which specifically interact with
biomolecules found only in bacteria and other microbes). Oral bioavailability is low
because all peptides and proteins composed of L-amino acids are susceptible to
enzymatic proteolysis in the gut. Since the majority of antimicrobial peptides require an
overall basic (cationic) charge, the presence of high salt concentrations tends to screen
the long-range ionic interactions between peptide and lipid, thus decreasing antimicrobial
activity in high salt environments such as the often-infected, mucus-covered lungs of
cystic fibrosis patients (Goldman et al. 1997). Still, there are laboratories designing salt-
insensitive versions of antimicrobial peptides (Friedrich et al. 1999; Tam et al. 2000) and
companies actively engaged in clinical trials with cationic antimicrobial peptides (Zasloff

2002).

Chapter 1-17. Large-scale industrial peptide production. There are tradeoffs
involved with each method of peptide production in large-scale quantities for therapeutic

applications. The two in common usage are the production of recombinant peptides in a

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



Chapter 1. Introduction 40

bacterial expression system, and chemical synthesis of peptides using solid-phase or
solution-phase methodology. Although the cost of peptide production for
commercialization would be reduced by expressing recombinant peptides in bacteria vs.
chemical synthesis, recombinant methodology has its own limitations in the types of
sequences that can be produced by the ribosome, i.e. linear sequences with free N- and C-
termini containing L-enantiomers of the twenty naturally occurring amino acids. With a
recombinant system, the directed formation of specific disulfide bonds in AMPs
containing multiple cysteine residues is not possible, whereas with solid-phase peptide
chemistry this task is achievable through the appropriate selection of side-chain blocking
groups during synthesis. There can also be solubility issues due to peptide self-
association/aggregation and the formation of inclusion bodies in a bacterial expression
system, especially in the case of highly amphipathic molecules such as cationic
antimicrobial peptides.

Chapter 1-18. Gramicidin S

Selection of gramicidin S for structure-activity studies. Our laboratory selected a
specific antibiotic, the cyclic antiparallel B-sheet peptide gramicidin S (GS), as the parent
molecule on which to base structure-activity studies. Gramicidin S was chosen because it
possessed several key features that made it an ideal compound. First, a rigid defined
structure (such as the B-sheet in GS) is more amenable to structure-function studies since
differences in both the structure and activity of peptide analogs could be easily compared
to the parent molecule. Second, its small size should allow easy synthesis and ultimately
should require fewer analogs to achieve the desired biological activities (strong

antimicrobial activity and weak hemolytic activity) due to the smaller number of
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theoretical amino acid substitution sites. Third, the cyclic nature of the peptide made it
resistant to proteolysis, an important aspect for future drug stability studies in vivo. The
fourth advantage, from our perspective, was the possibility of a “lipid-only”” mechanism,
an idea that brought the possibility of achieving microbial specificity based only on
differences in lipid composition between microbes and eukaryotic cells.

History of gramicidin S. Gramicidin S is a 10-residue cyclic antiparallel B-sheet
peptide isolated as part of a gramicidin complex in 1942 by the French microbiologist,
René Dubos. It was found in a 4:1 ratio of gramicidins (A,B, and C) to tyrocidines
(another group of cyclic decapeptide antibiotics) but had limited use because in addition
to its antimicrobial activity, it also had strong hemolytic activity (Kondejewski et al.
1996a). GS consists of the sequence cyclo-(Val-Orn-Leu-D-Phe-Pro),, where the
aliphatic residues (two valine and two leucine) comprise the nonpolar face, and the two
cationic ornithine residues comprise the polar face (See Appendix 1, Fig. 1). The
antiparallel B-strands formed by Val-Orn-Leu are connected by two type II' B-turns at the
D-Phe-Pro positions. Intramolecular hydrogen bonding occurs across the strands
between the carbonyl oxygen and amide proton of Val and Leu to stabilize the -sheet
structure.

Gramicidin S biosynthesis. Gramicidin S is produced by the Gram-positive bacteria,
Brevibacillus brevis (formerly called Bacillus brevis) (Shida et al. 1996), with a modular
multienzyme complex composed of gramicidin S synthetase 1 (GrsA) and gramicidin S
synthetase 2 (Grs B) (Marahiel et al. 1997). The complex consists of a total of five
modules, one on GrsA and four on GrsB, with each module containing a recognition,

attachment, and adenylation (activation) domain; a thiolation domain; and a condensation
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domain. After an amino acid is recognized and bound, it is adenylated using adenosine
triphosphate (ATP) as the substrate. This activation step allows subsequent thiolation to
occur to form a thioester attaching the amino acid to the thiolation domain. The
condensation domain then links the amino acid or polypeptide to the downstream C-
terminal residue on the adjacent module. The module that binds L-Phe is gramicidin S
synthetase 1, which also contains an epimerization domain to convert the amino acid to
the D-Phe enantiomer before linking it to L-Pro. Gramicidin S synthetase 2 contains four
modules that each recognize and bind to a specific amino acid (L-Pro, L-Val, L-Orn, or
L-Leu). Synthesis proceeds linearly from N- to C-terminal as the polypeptide is passed to
the C-terminal residue (Leenders et al. 1998), starting with D-Phe and ending with L-Leu.
Cyclization of two pentapeptides of the sequence D-Phe-Pro-Val-Orn-Leu occurs in a
head-to-tail fashion, completing the synthesis.

GS-resistant bacteria. Although there have been relatively few studies conducted on
the general likelihood of bacteria developing resistance to antimicrobial peptides
(Hancock 1997b; Lohner 2001), bacterial strains resistant to gramicidin S have been
cultured and studied in vitro. GS-resistant E. coli K12S (Gram-negative bacteria) binds
large quantities of GS, but the majority is attached to the outer membrane vs. the
cytoplasmic membrane where depolarization would occur in GS-sensitive E. coli
(Bulgakova et al. 1990). This observation suggests that sequestering of GS to the outer
membrane may be an effective strategy to prevent or inhibit cytoplasmic membrane
disruption in Gram-negative bacteria - a barrier to the 'self-promoted uptake' pathway. A
GS-resistant strain of Micrococcus lysodeikticus (Gram-positive bacteria) was less

sensitive to the membrane-disorganizing effects of GS (Bulgakova et al. 1989), and a
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resistant strain of Staphylococcus aureus 209P (Gram-positive) showed a thickened cell
wall relative to the antibiotic-sensitive strain (Bulgakova et al. 2000). Thus, it does
appear as though bacteria are capable of developing resistance mechanisms to
antimicrobial peptides, and that a strategy for GS resistance is through the alteration of
the cell wall composition in a way that counteracts the memBrane-disruptive action that
GS normally exhibits on Gram-positive and Gram-negative bacteria.

Peptide-lipid studies of GS. Many studies have described the interaction of gramicidin
S with lipid bilayers (see review by (Prenner et al. 1999b)). The interaction between GS
and the lipid membrane has been proposed to first consist of long-range electrostatic
interactions between the cationic peptide and the negative charges in the membrane
(phosphate head groups in eukaryotic cells, or lipopolysaccharide or peptidoglycan in
bacterial cells). Cationic peptides are also attracted by the inside negative electrochemical
potential found across the bacterial cytoplasmic membrane (-150 mV). In Gram-negative
bacteria, which contain both an outer membrane and an inner cytoplasmic membrane, GS
showed poor outer membrane permeabilizing ability and high accumulation at the inner
membrane, suggesting a 'self-promoted uptake' pathway where the outer membrane is not
greatly perturbed by the peptide as a result of traversal. The electrostatic attraction is
followed by partitioning of the hydrophobic side-chains into the nonpolar environment of
the membrane lipid acyl chains. Rather than being deeply buried in the hydrophobic core,
GS sits at the polar/apolar interfacial region at the bilayer surface (Prenner et al. 1997;
Lewis et al. 1999) such that the B-sheet is oriented parallel to the plane of the membrane
(Salgado et al. 2001). At a critical peptide concentration transient pore formation occurs,

leading to depolarization of the electrochemical potential (inside negative potential
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becomes less negative) and triggering of events leading to cell death. These events may
include decreasing activity of membrane-associated respiratory enzymes, and/or
disrupting interactions between lipids and other membrane proteins to disrupt function.
However, the depolarization event alone is not the cause for cell death, as maximal
depolarization occurs at a peptide concentration below the minimal inhibitory
concentration for Escherichia coli (Wu et al. 1999). GS has been shown to induce
negative curvature stress and promote the formation of nonlamellar phases that have been
suggested to play a role in the disruptive effect on membranes (Prenner et al. 1997). The
structure of the disrupted peptide-lipid complex is an inverted cubic phase, as determined
by X-ray diffraction studies with Acholeplasma laidlawii B and E. coli membrane lipids
(Staudegger et al. 2000). Gramicidin S is also capable of inducing lipid flip-flop between
bilayer leaflets and release of an aqueous dye, calcein, in studies with model unilamellar
liposomes (Zhang et al. 2001).

The peptide-lipid interactions of GS are highly dependent on the type of lipids studied.
Although GS exhibits a preference for binding anionic lipids such as
phosphatidylglycerol (PG), cardiolipin (CL), and phosphatidylserine (PS) due to its net
cationic charge, the electrostatic interaction is fairly weak and does not confer a large
specificity over zwitterionic lipids phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) in model membrane systems (Prenner et al. 1999a; Zhang
et al. 2001). Perhaps this is not surprising considering that GS does not exhibit high
microbial specificity over hemolytic activity (Kondejewski et al. 1996b). However,

cholesterol (found only in eukaryotic cells) decreases GS ability to disrupt model
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membranes (Prenner et al. 2001) which may partially explain the slightly lower
disruptive effects of GS on eukaryotic membranes vs. bacterial membranes.

The Hodges laboratory has carried out a long-term program to improve biological
activity, structurally characterize peptides, and define peptide specificity to microbial
membranes of gramicidin S and related peptides. These studies are reviewed in Appendix
1, which serves as a primer that provides a background leading into the work done in
Chapters 5 to 7. Chapter 5 describes the effect of modulating nonpolar face
hydrophobicity on biological activity and microbial specificity of 14-residue GS14K4
peptides. Chapter 6 describes the effect of introducing a single D- or L-amino acid
substitution at position 4 of GS14 on peptide structure, microbial activity, and bacterial
cell wall permeability. Chapter 7 introduces a novel method to evaluate the self-
association of amphipathic peptides in aqueous solution by conducting a series of
reversed-phase HPLC runs over a temperature range of 5 to 80°C.

Although this thesis appears to contain research pertaining to two distinct areas, there
are complementary aspects to the sections. Taken together, these studies encompass the
two main classes of secondary structure, the helix (in coiled-coil work) and the -sheet
(in the antimicrobial peptide work). Both sections also employ de novo design and
illustrate two different aims of design approaches. The first section provides new
understanding of fundamental aspects of protein folding, and the second section outlines
our development of a peptide compound effective against antibiotic-resistant
microorganisms and nontoxic to humans at therapeutic dosages.

Chapter 1-19. References
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Chapter 2: Materials and Methods
Chapter 2-1. Materials

Microbial strains. Strains used in the antimicrobial assays were selected to cover
several types of Gram-negative bacteria, Gram-positive bacteria, and fungi. Gram-
negative bacteria included wild-type and antibiotic-sensitive strains of Pseudomonas
aeruginosa (P. aeruginosa; strains H187 & HI188), Salmonella typhimurium (S.
typhimurium; strains C587 & C610), and Escherichia coli (E. coli; strains UB1005 &
DC2). Gram-positive bacteria included wild-type Staphylococcus epidermidis (S .
epidermidis), Enterococcus faecalis (E. faecalis), and Corynebacterium xerosis (C.
xerosis); wild-type and methicillin-resistant (SAP0017) strains of Staphylococcus aureus
(S. aureus); and an environmental isolate of Bacillus subtilis (B. subtilis). The fungal
strain was from the yeast Candida albicans (C. albicans).

Materials. All microbial strains were grown on Mueller Hinton broth (MHB) for
antibacterial assays, and Luria broth (LB) with no salt for NPN uptake and diSC,(5)
assays (Difco Laboratories, Detroit, MI). N%ert-butyloxycarbonyl (Boc) amino acids,
Boc-Pro-4-hydroxymethylphenylacetamidomethyl (PAM) resin, benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP), 2-(1H-
benzotriazole-1-yl) — 1,1,3,3 tetramethyluronium hexafluorophosphate(HBTU), and N-
hydroxybenzotriazole (HOBt) were from NovaBiochem (La Jolla, CA), with the
exception of Boc-Lys(formyl)-OH from Bachem (Torrance, CA). Trifluoroacetic acid
(TFA) was from Halocarbon (River Edge, NJ). Anisole, ethanedithiol (EDT), N, N-

diisopropylethylamine (DIEA), 1,1’-carbonyl-diimidazole (CDI), ninhydrin, polymyxin
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B, trifluoroethanol, bovine serum albumin (BSA), carbonylcyanide-m-
chlorophenylhydrazone (CCCP), N-phenyl-1-napthylamine (NPN) and
lipopolysaccharide (LPS) from E. coli UB1005 were from Sigma Chemical Co. (St.
Louis, MO). Dansyl-polymyxin B and 3,3'-dipropylthiadicarbocyanine iodide (diSQ(%))
were from Molecular Probes (Eugene, OR). Glucose, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), potassium cyanide, phenol, ammonium acetate,
ethyl ether, hydrochloric acid, ethanol, acetonitrile, methénol, dichloromethane (DCM),
and dimethylformamide (DMF) were from Fisher Scientific.
Chapter 2-2. Linear peptide synthesis, purification and analysis

This thesis describes two major types of peptide categories with slightly different
synthesis strategies. The peptides used in coiled-coil folding studies consisted of linear
peptides with N-terminal acetyl and C-terminal amide. The cyclic peptides used in
membrane activity studies were first made in the linear form, purified, then subsequently
cyclized in solution before final removal of side-chain protecting groups and purification.

All of the amino acid side-chain protecting groups for linear peptides with N-terminal
acetyl and C-terminal amides were selected so that they would be removed during
cleavage from the resin. However, in the case of peptides intended for cyclization, a
formyl group on the lysine side-chain was chosen so that the N*-amino group would
remain protected after cleavage. This protection of the lysines increased efficiency of the
subsequent head-to-tail cyclization reaction by preventing unwanted cyclization of the
linear peptide's carboxy terminus via the primary amino group on the lysine side-chain.
Removal of the lysine formyl groups was performed only after the cyclization reaction

was completed.
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Synthesis of the polypeptide chain on a solid resin support consisted of repeated cycles
of 1) N-terminal deprotection of Boc protecting groups, 2) resin neutralization, 3)
activation and coupling of the next amino acid, and 4) verification of complete coupling.
Because each amino acid was added to the free N-terminal of the growing polypeptide
chain, synthetic peptides were built from C-terminal to N-terminal, in contrast to the N-
to C-terminal order observed during ribosomal biosynthesis of proteins.

Peptides with N-terminal acetyl groups and C-terminal amides in the sequence were
synthesized by conventional Boc-amino acid solid-phase peptide synthesis methodology
using methylbenzhydrylamine resin, as described previously (Litowski et al. 1999). Boc
amino acid side chain protecting groups were Asn(B-xanthyl), Asp(B-cyclohexyl),
Glu(O-benzyl), Ser(O-benzyl), and Lys(Ne-2-Cl-benzyloxycarbonyl). For the addition of
each Boc-amino acid to the growing polypeptide chain, resin was deprotected 15 minutes
with 50% TFA in DCM to remove the Boc group from the N-terminal a-amino group,
neutralized with 5% DIEA in DCM, washed with DMF, and coupled with 0.4 mmol of
Boc-amino acid pre-activated with 0.4 mmol HBTU, 0.4 mmol HOBt, and 0.5 mmol
(1.2x molar excess) DIEA dissolved in DMF (0.5 M Boc-amino acid solution). Couplings
were monitored for completion by a qualitative ninhydrin test (Kaiser et al. 1970) but
were typically complete after 30 minutes. After completion of synthesis, resin was
neutralized with 10:90 (v/v) DIEA:DMF, and N-terminal amino groups were acetylated
with 25:75 (v/v) acetic anhydride:DCM.

Although Boc-L-Lys(formyl)-OH was commercially available, the Boc-D-Lys(formyl)-
OH enantiomer was unavailable and was synthesized in our laboratory by derivatizing the

side-chain of Boc-D-Lys-OH. Formic acid (20 mmol) dissolved in 10 ml acetonitrile was
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added dropwise to 20 mmol of 1,1’-carbonyl-diimidazole (CDI) in 20 ml acetonitrile at
0°C in a round bottom flask. The solution was allowed to stir at room temperature for 15
minutes for activation of formic acid. Activated formate ester was added to 20 mmol
Boc-D-Lys-OH (5 g) dissolved in acetonitrile/water, and allowed to stir for 1 hr at room
temperature. Completeness of the reaction was monitored by reversed-phase high
performance liquid chromatography (RP-HPLC). Solvent was removed by rotary
evaporation. The resulting oil was dissolved in ethyl acetate, transferred to a separatory
funnel, and washed three times with water acidified to pH 2 with potassium hydrogen
sulfate (KHSO,). Remaining water was dried with magnesium sulfate, and the ethyl
acetate was filtered into another round bottom flask, where the solvent was removed by
rotary evaporation. Finally, the mixture was dissolved in a minimal volume of ethyl
acetate and recrystallized in cold hexane, or dissolved in DMF to 1 mg/ml and purified by
preparative RP-HPLC. Purity was determined by analytical RP-HPLC.

Peptides intended for cyclization were first synthesized as linear peptides with free N-
and C-termini by solid-phase peptide synthesis using standard Boc chemistry (Litowski et
al., 1999). Boc- amino acid side-chain protecting groups were L-Asn(B-xanthyl), D-
Lys(formyl), L-Lys(formyl), D-Tyr(O-benzyl), and L-Tyr(O-benzyl). Boc-Pro-PAM
resin (0.1 mmol) was used as the starting material. For the addition of each Boc-amino
acid to the growing polypeptide chain, resin was deprotected 15 minutes with 50% TFA
in DCM to remove the Boc group from the N-terminal ¢oi-amino group, neutralized with
5% DIEA in DCM, and coupled with 0.4 mmol of Boc-amino acid pre-activated with 0.4
mmol HBTU, 0.4 mmol HOBt, and 0.5 mmol (1.2x molar excess) DIEA dissolved in

DMF (0.5 M Boc-amino acid solution). Couplings were monitored for completion by a
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qualitative ninhydrin test (Kaiser et al. 1970) but were typically complete after 30
minutes.

The Kaiser test for reactive amines involves a ninhydrin reaction at 120°C. Reaction
between ninhydrin, hydrindantin and free primary amines yields a blue/purple resin color
(Ruhemann's Purple; A,,,=570 nm), and reaction with secondary amines, e.g. proline,
gives an orange color (A ,,=440 nm). Both positive results indicate incomplete Boc-
amino acid coupling. The absence of free amines yields a yellow color (negative result).
Reagent A was 5 g ninhydrin in 100 ml ethanol, reagent B was 80 g liquified phenol in
20 ml ethanol, and reagent C was 2 ml of 1 mM potassium cyanide in 98 ml pyridine. To
test the coupling reaction for completeness, 50 ul of each reagent plus a small resin
sample were added to a test tube and heated at 120°C for 4-6 minutes. If the Kaiser test
was positive, the amino acid was recoupled to the remaining free amino groups on the
peptide using a new solution of activated amino acid (Boc-amino acid, HBTU, HOBt and
DIEA in DMF) for 30 minutes and the Kaiser test was repeated.

The linear peptides were cleaved from the resin using anhydrous liquid hydrogen
fluoride (HF, 20 ml/g resin) containing 10% (v/v) anisole and 1% (v/v) 1,2-ethanedithiol
for 1 h at -4°C. HF was removed under reduced pressure, and peptides were precipitated
and washed with cold ethyl ether, extracted with 0.05% trifluoroacetic acid (v/v) in 50%
aqueous acetonitrile, and purified by RP-HPLC (Wagschal et al. 1999). Linear crude
peptides were purified on a Beckman System Gold HPLC, using a Brownlee Aquapore
RP-300 column, 250 x 7.0 mm 1.D. Peptides were eluted using a linear gradient (0 — 50%
B) at 0.25% B/min, where A=0.05% aqueous TFA, B=0.05% TFA in acetonitrile. The

flow rate was 2 ml/min. Elution profiles were monitored at 230 nm or 280 nm, depending
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on the absence or presence of aromatic amino acid side-chains (e.g., D-Tyr). Peptide
purity was verified by analytical reversed-phase HPLC and mass spectrometry on a
Fisons VG Quattro triple quadrupole mass spectrometer (Manchester, England) or Kratos
Analytical MALDI-MS (Manchester, England) using a CMBT matrix. Analytical RP-
HPLC was determined on a Zorbax 300 SB-C; column (150 X 2.1 mm I.D., 5 pm particle
size, 300 A pore size; Rockland Technologies, Wilmington, DE) using a Hewlett Packard
1100 chromatograph at 25°C with a linear AB gradient and a gradient rate of 1% B/min
(where solvent A was 0.05% aqueous TFA and solvent B was 0.05% TFA in acetonitrile)
at a flow rate of 0.25 ml/min. Peaks were detected by absorbance at 210 nm.
Chapter 2-3. Peptide cyclization, deformylation, and purification

Peptides intended for cyclization were synthesized as linear peptides by the solid-phase
method with Boc-amino acids, cleaved from PAM resin, and purified as described above
(Kondejewski et al. 1996). Pure linear peptides were then cyclized with 5 molar
equivalents (eq.) of DIEA, 3 eq. PyBOP and 3 eq. HOBt in DMF at 2 mg/ml peptide
concentration. Aliquots of the cyclization reaction were monitored at 1 hr. intervals by
analytical RP-HPLC, and the reaction was typically complete after 3 hrs. DMF was
removed by rotary evaporation, and the mixture was deformylated in 20% HCI in
methanol (2 mg peptide/ml) at 40°C for 12 hours. Solvent was removed by rotary
evaporation, and the peptide was solubilized in aqueous acetonitrile (up to 40%
depending on peptide solubility) for HPLC purification. Cyclized peptides were purified
with a 0.25% B/min linear AB gradient, with the starting and ending compositions

dependent on peptide solubility (elution conditions ranged from 20-70%B where solvent
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A was 0.05% aqueous TFA and solvent B was 0.05% TFA in acetonitrile), flow rate 2
ml/min. Purified fractions were lyophilized to a dry powder.
Chapter 2-4. Circular dichroism spectroscopy and equilibrium unfolding
measurements

CD measurements were obtained on a JASCO J-720 Spectropolarimeter at 5°C
(Easton, MD, USA) using ‘J700 for Windows Standard Measurement software’, Version
1.10.00 running on a Pentium IT under Windows 98 (4.10.2222A), or on a JASCO J-810
Spectropolarimeter at 20°C (Easton, MD, USA) using Spectra Manager™ software,
Version 1.10.00 running on a Pentium IIT under Windows 2000. Temperature was
controlled in a Lauda Model RMS-6 water bath (Brinkman Instruments, Rexdale,
Canada). Data were collected at 0.1 nm intervals at 5°C or 20°C from 190 to 250 nm for
wavelength scans, with the average of 4 or 8 scans reported. In the analysis of linear
peptides (Chapters 3 and 4), benign CD buffer was 50 mM potassium phosphate, 100
mM potassium chloride, pH 7; or 5 mM sodium phosphate, 150 mM sodium chloride, pH
7.4. In the analysis of peptides in Chapters 5 to 7, benign buffer was 5 mM sodium
acetate, pH 5.5. Peptide concentrations used in Chapter 7 were approximately 30 uM as
determined by amino acid analysis or UV absorbance at 280 nm (¢ = 2840 cm™ M from
two D-Tyr residues) of stock solutions. In the case of both linear and cyclic peptides,
analyses were performed in benign buffer in the presence or absence of 50% (v/v) TFE.
Ellipticity was reported as mean residue molar ellipticity ([0]) in degecm®sdmol™ using

the following equation:

[6] = 6(MRW)/(10lc)
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where 0 is the ellipticity in millidegrees, MRW is the mean residue weight (molecular
weight divided by number of residues), [ is the optical path length of the cell in cm, and ¢
is the peptide concentration in mg/ml. Alternatively, for ease of use the equation can be
rearranged to the following form:

[6] = 6/(10nc,, )
where 0 is the ellipticity in millidegrees, n is the number of residues in the peptide or
protein, c,, is the peptide concentration in mol/L, and [ is the optical path length of the
cell in cm. This form of the equation allows direct entry of ellipticity (in millidegrees)
and concentration (in M) values obtained from experiment, without requiring the mean
residue weight calculation.

Concentration dependence scans of linear peptides (Chapter 3) were performed by
measuring the mean residue ellipticity at 222 nm at 5°C, using peptide concentrations
ranging from 5 to 1470 uM. For the concentration dependence scans of peptide K19E
(Chapter 4), scans from 190 to 250 nm were performed in 50 mM potassium phosphate,
100 mM potassium chloride, pH 7 at 20°C using concentrations ranging from 4 uM to
2592 uM, and quartz cells and plates with path lengths ranging from 0.005 cm to 1 cm.

Thermal denaturation data were obtained from 5°C to 85°C in 0.1 cm cells at ~100 uM
peptide concentration in 5 mM sodium phosphate, 150 mM NaCl, pH 7.4 buffer (Chapter
3). Urea denaturation data were obtained by monitoring the ellipticity at 220 nm of
peptide solutions in a 0.02 cm quartz cell at 20°C (Chapter 4). Aliquots of ~10 mg/ml
peptide stock solution were diluted with the appropriate amount of CD buffer (50 mM
phosphate, 100 mM KCl, pH 7) and 10 M urea solution in CD buffer. Solutions were

allowed to equilibrate overnight at room temperature to give final urea concentrations
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ranging from O to 8 M in 0.5 M intervals and ~400 uM peptide concentration.
Concentrations of peptide solutions were determined by amino acid analysis on a
Beckman model 6300 analyzer (San Ramon, CA).

For each peptide analyzed by urea or thermal denaturation, ellipticity values were
converted to fraction folded values, using the equation

fe = ([6], - [6].)/( [0L.- [6].)

where f;is the fraction of the population folded, [0], is the observed mean residue molar
ellipticity at a given urea concentration or temperature, [0], is the peptide mean residue
molar ellipticity in the fully unfolded state, and [6], is the peptide mean residue molar
ellipticity in the native (fully folded) state. For each peptide, the [0], value was assumed
to be the same as [0], at 0 M or 5 °C, and the [0], value was assumed to be [0], at 8 M or
85 °C. However, for the hybrid 2 peptide (Chapter 4), the shape of the denaturation curve
did not indicate complete unfolding at 8 M urea and 85 °C and so the [0], value of -4000
deg cm® dmol” was obtained from the other peptides in the series that did appear to
approach a minimal [0], value at 8 M urea.
Chapter 2-5. Thermodynamic analysis

For the analysis of coiled-coil folding/unfolding equilibria, we operated under the
assumption of co-operative, reversible two-state folding. Also, in the case of peptide
analogs, we operated under the assumption that the native conformations were the same
for all analogs and the unfolded conformations were all the same amongst the analogs.

Fits for thermal denaturation curves in Chapter 3 were calculated using an in-house
fitting method (Lavigne et al. 1998). The method first establishes native and unfolded

baselines for each individual denaturation curve. For each temperature T in the curve, a
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spectroscopic value is assigned (in this case, mean residue molar ellipticity) that
corresponds to the condition when all peptide molecules in solution are either in the
native structure ([0],,x(T)) or in the fully unfolded conformation ([6],,,y(T)). By
definition, every data point from the denaturation curve is located somewhere between
[6],,x(T) and [0],,(T) at any given temperature. Then, all data points on the
denaturation curve are converted from mean residue molar ellipticity to the fraction of the
total peptide population that is unfolded at temperature T (fy(T)). The change in CD
signal at 222 nm at temperature T was fit to a two-state unfolding curve based on the
following equation (Shortle et al. 1988):
[0]222,(T)=(1-£(T)) ® [B] o5 () + £y(T) @ [B],(T)

where [0],,,(T) is the observed mean residue molar ellipticity at 222 nm at temperature
T, [0]y2,x(T) is the mean residue molar ellipticity of the fully folded (native) molecule at
temperature T, [0],,(T) is the mean residue molar ellipticity of the fully unfolded
(denatured) molecule at temperature T, and f(T) is the fraction of peptide in the unfolded
state at temperature T.

To determine f,(T), the previous equation was rearranged to give

fu(T)=([0122,o(T)-[0] 222 (TN ([0] 22,1 (T)-[0]0.(T))

The T, was obtained as the temperature showing the maximum value in the plot of the
first derivative of the f,(T) vs. temperature plot. The rationale is that since the slope value
of the denaturation curve is lowest when close to the fully folded and unfolded states and
gets larger towards the transition midpoint, the slope (positive in the case of f(T) vs. T)
should have a maximum value at the transition midpoint temperature, T,,. The T, is

needed for the next iterative cycle in the curve fitting method.
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After obtaining fi(T) from the experimental data, the change in free energy of
unfolding at temperature T was approximated by the following equation using an iterative
approach:

AGy(T)=AH,’(T,)e(1-T/T )+AC, ,(T-T,)-Teln(T/T)
where T, is the transition midpoint temperature, AH, °(T,)) is the change in molar enthalpy
at T,,, and AC,, is the change in molar heat capacity. The values for AH,(T,,) and AC,,
were approximated and the resultant AG(T) values were used to obtain fitted P (T)
values in the following equation:
P(T)=(exp(-AG,(T)/RT))/(1+exp(-AG(T)/RT))

The fitted P,(T) values were then compared to the experimentally obtained P (T)
values, and the AH,(T,) and AC,, were varied over subsequent iterative cycles until
there was close agreement between the fitted and experimental P (T) values over the
entire temperature range.

However, AGy(T) is dependent on peptide concentration. In order to normalize all
results to 1 M peptide concentration (denaturation was performed with uM peptide
concentrations), the molar Gibbs free energy change of unfolding at temperature T
(AG°(T)) was determined using the equation for a monomer to dimer equilibrium (Yu et
al. 1999):

AG,°(T) = AH,°(T,) ® (1-T/T,) + AC, (T - T,) - T(R * In 3.32[N] + AC,,* In (T/T,))
where AH,°(T,) is the change in molar enthalpy at the unfolding transition midpoint
temperature T,,, AC, is the change in molar heat capacity, R is the ideal gas constant,

and N is the dimer peptide concentration in mol/L.
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Also, to determine T,, at 1 mol/L peptide concentration, the following equation was

used:

d(In[N])/0(1/T)=-AH*(T,)/((n-1)*R)

where [N] is the dimeric peptide concentration, AH,°(T,,) is the standard state change in
enthalpy at T,, n=2 for a homodimeric reaction, and R is the ideal gas constant,
1.9872%10 kcalemol 'K (Yu et al., 1999). This equation gives a straight line that can be
used to extrapolate T, at 1 M concentration, given the fact that we had previously

determined T, at a lower peptide concentration.

The stability contribution of a specific amino acid substitution or set of substitutions
was calculated as the difference in the standard state change in free energy of unfolding
at a reference temperature of 50°C (AAG°y(50°)). For a given substitution or set of
substitutions A, the general equation is

AAG®y(50°)x = AG®y(50)xsy - AG°(50°)y
where Y represents all other amino acid substitution(s) in addition to those in X. For
example, in determining the stability contribution of the substitutions S6A, S13A, S27A,
let X = S6A, S13A, S27A and let Y = E19K, D20A. Thus, AAG®y(50°)sea. s13a, 5278 =
AG°y(50°)g 15k, p2oa, s6a, s13a, s27a = AG°H(50°)e10x, p20a (Chapter 3).

For each urea denaturation curve in Chapter 4, the midpoint of the unfolding curve
([urea],,,), the slope of the linear portion of the transition (m), and the stability
contribution of hybrid 2 relative to the analog (AAG,™), were determined as described
previously (Santoro et al. 1988; Serrano et al. 1989). The linear extrapolation equation for
the free energy change in unfolding as a function of denaturant concentration is

AG,([urea])=AG,"*°+m[urea]
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where AG,"™ s the free energy change in the absence of denaturant, m is the slope of the
line obtained from plotting AG,([urea]) values near the transition midpoint, and [urea] is
the urea concentration (Santoro et al. 1988). AG,([urea]) is calculated by
AG,([urea]) = -RTInK,
where R is the ideal gas constant, T is the temperature in Kelvin, and K, is the
equilibrium constant between folded and unfolded peptide at a given urea concentration.
In non-disulfide-bridged coiled-coils, stability increases with increasing peptide
concentration, thus the fraction of folded peptide (and thus the equilibrium constant) is
concentration-dependent (Zhou et al. 1992). The equation for determining K, is given by
K, =2[N] f.f;

where [N] is the concentration of monomeric peptide, f,is the fraction of unfolded
peptide, and f; is the fraction of folded peptide.

The change in the observed AG, is given by the equation

AAG,™=([urea],, , - [ureal;, 5)*(m,+mg)/2)(Serrano et al. 1989)

where [urea],, 5 is the urea concentration at the transition midpoint for peptide A,
[urea],,; is the urea concentration at the transition midpoint for peptide B, and m, and m;
are the respective slopes for peptides A and B obtained from the previous equation,
AG ([urea])=AG,*°+m[urea].
Chapter 2-6. Crystallization, data collection and processing

Crystals of the hybrid 2 peptide (Chapter 4) were grown in 24-well Falcon plates by
vapor diffusion using the hanging-drop method (McPherson 1982). The 1 ml well
solution contained 0.1-0.2 M ammonium acetate, 30% PEG,y, and 0.1 M sodium acetate

buffer at pH 4.6. The 4 ul drop contained 2 pl peptide at a concentration of 20 mg/ml and
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2 Wl of well solution. Crystals grew within 2 days to dimensions up to 0.3 x 0.3 x 0.5
mm’. The crystals belong to the space group C222, with unit cell dimensions a = 18.098
A, b=117.287 A and ¢ = 22.209 A and contain one monomer in the asymmetric unit
(Table 4-1).

The X-ray diffraction data set from the peptide crystals was collected at 100 K on the
X11 beam-line (EMBL, DESY Hamburg) at a wavelength of A=0.8033 A. The data set
was processed and scaled using DENZO and SCALEPACK (Otwinowski et al. 1997),
respectively.

Chapter 2-7. Model building and refinement

The structure of hybrid 2 (Chapter 4) was determined by molecular replacement
methods using the program AMoRe (Navaza 1994). A polyalanine model of a 30-residue
long coiled-coil fragment based on the structure of the GCN4 coiled-coil (RSCB
accession code 2zta) was used as a search model. The model of the peptide was refined
with the program SHELXL (Sheldrick et al. 1996) including anisotropic B-factor
refinement to an R-factor of 17.9% and R-free calculated with 10% of the data set aside
prior to refinement of 21.7%, at a resolution of 1.17 A. R.m.s. deviations from ideality in
bond lengths and angles are 0.009 A and 1.8°, respectively (Table 4-1). The final model
comprises one monomer, comprised of residues 3-31, and 32 water molecules in the
asymmetric unit. The first two residues at the N-terminus appeared to be disordered in the
crystal structure and displayed no interpretable electron density. The side-chains of
residues Leu 8, Ser 10 and Asn 15 were modeled in two alternative conformations. The
overall quality of the model was good as judged by the low R values, the low deviations

from stereochemical ideality, and the perfect appearance of the Ramachandran diagram
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with all residues in the most favored a-helical regions according to the program
PROCHECK (Laskowsky et al. 1993). Graphical representations were performed using
Insight II (Accelrys Inc., San Diego, CA).
Chapter 2-8. Calculation of solvent-accessible surface area

Solvent-accessible surface area is generally calculated by theoretically rolling a "probe
sphere" with the radius of a water molecule (1.4 A) along the surface of a protein or
peptide (Richards 1971; Connolly 1983). The accessible surface is the sum of two types
of surfaces: the contact surface in which the probe sphere contacts single protein atoms
(displayed as a convex surface on the protein), and the reentrant surface in which the
probe sphere touches more than one atom simultaneously (displayed as a saddle or torus).

Models for L7A and L26A were built by modifying the PDB file for the hybrid 2
peptide to substitute alanine residues for leucines (Chapter 4). Accessible surface areas
were calculated using GETAREA 1.1 (www.scsb.utmb.edu/getarea) (Fraczkiewicz et al.
1998). The program receives input in Cartesian coordinates in the Protein Data Bank
format, producing output that includes the calculated solvent-accessible surface area for
each amino acid in the protein or peptide. The value is expressed as a percent ratio,
relative to the average solvent-accessible surface area for residue X in the random coil
tripeptide Gly-X-Gly, in an ensemble of 30 random conformations. Residues are reported
as solvent exposed if the ratio is above 50%, and buried if the ratio is less than 20%.
Chapter 2-9. Sedimentation equilibrium analytical ultracentrifugation

Sedimentation equilibrium experiments were performed at 5°C on a Beckman XL-I
analytical ultracentrifuge with Rayleigh interference and absorbance optics (Wagschal et

al. 1999). Peptides were dissolved and dialyzed in centrifugation buffer (20 mM
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potassium phosphate, 100 mM potassium chloride, pH 7) at 4°C overnight at 1-2 mg/ml
stock peptide concentrations. Concentrations of peptide solutions were determined by
amino acid analysis on a Beckman model 6300 analyzer (San Ramon, CA) or by
Rayleigh interference. A 100 ul aliquot of each sample was loaded at three different
concentrations into a six-sector charcoal-filled Epon cell and spun for 48 hours at three
rotor speeds (34 000, 38 000, and 42 000 rpm for peptides in Chapter 3; and 42 000, 46
000, and 50 000 rpm for peptides in Chapter 4). The partial specific volume of each
peptide and the density of the solvent were calculated with the program SEDNTERP v.
1.05 (Hayes et al. 1998). By spinning each sample at three rotor speeds and three
concentrations, the oligomerization state was determined by globally fitting the data to
the best self-association model (e.g. single species dimer, monomer-dimer, monomer-
trimer, efc.) obtained with the program NONLIN v. 1.06 (Yphantis 1991).
Chapter 2-10. Measurement of antibacterial and antifungal activity (MIC assays)
Antibacterial assays were performed using the modified microtitre dilution method for
cationic antimicrobial peptides, as described by Hancock et al.
(http://cmdr.ubc.ca/bobh/MIC.htm). Notably in this method, rather than using
polystyrene microtitre plates that have been shown to bind cationic peptides and
influence results, polypropylene microtitre plates were used. Bacteria were grown
overnight at 37°C and diluted in Mueller Hinton Broth (MHB) to give 2 — 7 x 10° colony
forming units/ml. Peptides were dissolved and diluted in 0.01% acetic acid, 0.2% bovine
serum albumin. Bacterial aliquots of 100 ul were incubated 18-24 hrs at 37°C with 11 pl
peptide (2-96 pg/ml final concentration) in MHB. MIC (Minimum Inhibitory

Concentration) was defined as the minimum peptide or antibiotic concentration required
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to completely inhibit bacterial growth over 24 hours, as determined by visual inspection
of 96-well plates.
Chapter 2-11. Measurement of hemolytic activity

Freshly collected human blood with heparin was centrifuged to remove the buffy coat,
and the erythrocytes, i.e. red blood cells (RBC), were washed three times in 0.85% saline
and stored at 4°C. The hemolytic activity for each peptide was determined by making
two-fold serial dilutions of the peptide sample in a round bottom microtiter plate to a
final volume of 100ul, and adding 100ul of washed human erythrocytes in a 1%
suspension based on packed cell volume. Concentrations of peptide stock solutions were
determined by amino acid analysis on a Beckman model 6300 analyzer (San Ramon,
CA). Plates were incubated for 2 or 24 hours at 37°C and the minimal peptide
concentration for complete RBC lysis (determined visually) was considered to be the
hemolytic activity for that peptide, reported in pug/ml. There was never greater than a
two-fold change in activity for any peptide from 2 hours to 24 hours. A negative control
was determined from samples of 200 pl of 1% RBC with no peptide present.
Chapter 2-12. Displacement of dansyl-polymyxin from LPS

Dansyl-polymyxin (DPX) displacement from Pseudomonas aeruginosa
lipopolysaccharide (LPS) was measured to determine the binding of the affinity of the
peptides to LPS as described previously (Moore et al. 1986). DPX exhibited fluorescence
when bound to LPS, such that a decrease in fluorescence was observed upon addition of
peptide. Briefly, peptides were titrated into stirred cuvettes containing 3 pug of LPS per ml
and 2.5 pM dansyl-polymyxin (approximately 90% saturation of LPS binding sites) in 2

m] of 5 mM sodium HEPES buffer, pH 7.0, and the decrease in fluorescence was
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recorded. The fluorescence (excitation A 350 nm, emission A 420 nm) was measured as a
function of peptide concentration to calculate percent displacement of DPX, where the
percent displacement was calculated using the following equation:
% DPX displacement = F , /F,*100

where F is the observed fluorescence at a given peptide concentration, and F, is the
fluorescence of dansyl-polymyxin bound to LPS in the absence of peptide. Peptide
binding affinities were obtained by extrapolating to the x-intercept in plots of (% DPX
displacement)” against (peptide concentration)”, which gave highly correlated (R>0.99)
straight lines with positive slopes. A plot of the inverse of the percent inhibition as a

function of the inverse of inhibitor concentration gave a value for ISO, the inhibitor

concentration resulting in 50% displacement of dansyl-polymyxin from LPS (-1/x
intercept).

It is important to note that this assay was later discontinued by our laboratory due to
numerous issues surrounding assay reproducibility and accuracy. In an attempt to develop
an alternative assay to measure peptide-lipid binding affinity, we investigated isothermal
titration calorimetry and surface plasmon resonance. Although we obtained accurate and
reproducible results with both polymyxin B and GS14K4 using isothermal titration
calorimetry (data not shown), many of the peptides in Chapter 6 were insoluble at the
concentrations required for titration (mg/ml) and this method was also abandoned. Since
surface plasmon resonance required the smallest peptide quantities and lowest
concentrations (ug/ml), our laboratory is now attempting to optimize this method to
determine binding affinities of peptides to lipopolysaccharide monolayers coated on the

surface of the biosensor chip.

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



Chapter 2. Materials and Methods 68

Chapter 2-13. Permeabilization of outer membranes to NPN

The ability of peptides to increase outer membrane permeability of Gram-negative
bacteria was determined by measuring incorporation of the fluorescent dye 1-N-
phenylnapthylamine (NPN) into the outer membrane of E. coli UB1005 (Loh et al. 1984).
Permeabilization studies were carried out as described previously (Hancock et al. 1993;
Ono et al. 1987). Briefly, Escherichia coli UB100S cells were suspended in 5 mM
sodium HEPES buffer, pH 7.0, containing 5 mM glucose and 5 mM carbonyl cyanide m-
chlorophenylhydrazone. NPN was added to 2 mL of cells in a quartz cuvette to give a
final concentration of 10 uM and the background fluorescence recorded (excitation A 350
nm, emission A 420 nm). Aliquots of peptide were added to the cuvette and fluorescence
recorded as a function of time until there was no further increase in fluorescence.

As outer membrane permeability is increased by addition of peptide, NPN incorporated
into the membrane causes an increase in fluorescence. Values were converted to % NPN
uptake using the equation

% NPN uptake = (F,,-F)/(F,0-F;)*100
where F,; is the observed fluorescence at a given peptide concentration, F; is the initial
fluorescence of NPN with E. coli cells in the absence of peptide, and F,,, is the
fluorescence of NPN with E. coli cells upon addition of 10 pg/ml polymyxin B, which is
used as a positive control in this assay because of its strong outer membrane
permeabilizing properties (Hancock et al. 1984). The peptide concentration leading to
50% NPN uptake was reported as the Py, value.

Chapter 2-14. Di-SC;(5) release assay
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To measure the ability of peptides to disrupt the electrochemical potential across the
bacterial cytoplasmic membrane, the release of the membrane-associated probe, diSC;(5),
from E. coli DC2 cells was monitored by fluorescence spectroscopy as described
previously (Wu et al. 1999). Fluorescence of the dye is quenched upon initial
incorporation into the cytoplasmic membrane; as peptide is added, the membrane is
depolarized (inside becomes less negative) and the dye is released into the aqueous
medium, resulting in increased fluorescence (Sims et al. 1974). The E. coli mutant DC2
strain was used because its increased outer membrane permeability allows the dye to be
incorporated into the inner cytoplasmic membrane. Luria broth was inoculated with an
overnight culture of cells, grown at 37°C to mid-logarithmic phase (ODgy 0.5-0.6) and
pelleted in a centrifuge. The cells were washed with 5 mM HEPES, pH 7.2, 5 mM
glucose buffer and resuspended in the same buffer to ODg,, ~0.05. Addition of aliquots of
0.4 uM DiSC,(5) was monitored at 670 nm until reduction of fluorescence due to
quenching was maximal. Potassium chloride was added to a final concentration of 100
mM to equilibrate the cytoplasmic and external K* concentrations. Suspensions of 2 ml
were added to a 1 cm quartz cuvette and the fluorescence was continuously monitored
(excitation A 622 nm, emission A 670 nm) upon addition of peptide on a Perkin Elmer
model LS-50B.

Chapter 2-15. Curve fits for RP-HPLC temperature profiles

Temperature profiling data (Chapter 7) were fit to either a first-order nonlinear least-
squares equation, a fourth-order polynomial, or a smooth fit using Kaleidagraph v. 3.52
(Synergy Software, Reading PA). Transition temperature values (T,) were defined as the

temperatures at which the maximum retention times were experimentally observed, i.e.,
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in 5°C increments, and were not determined by maxima obtained from fitted curves. If
more accurate data are required, we recommend that the analysis be performed in 3°C
increments from 5°C to 80°C if sample quantity and run time are not limiting factors.
Chapter 2-16. Analytical reversed-phase analysis of peptides

Peptides in Chapter 7 were analyzed on an Agilent 1100 Series liquid chromatograph
(Little Falls, DE, USA). Runs were performed on a Zorbax 300SB-C8 column (2.1 mm
I.D. x 150 mm, 300 A pore size, 5 um particle size) from Agilent Technologies using a
linear AB gradient (0.5% B/min) and a flow rate of 0.35 ml/min, where solvent A is
0.05% aqueous trifluoroacetic acid (TFA), pH 2 and solvent B is 0.05% TFA in

acetonitrile. Analyses were performed in 5°C increments, from 5°C to 80°C.
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Chapter 3: Are trigger sequences essential in the folding of two-stranded o-helical

coiled-coils?

A version of this chapter has been published. Lee, D. L., Lavigne, P., and Hodges, R. S.

2001. Journal of Molecular Biology. 306: 539-553.

Chapter 3-1. Introduction

The protein folding problem remains one of the most challenging problems in
biochemistry. How does the primary amino acid sequence dictate the three-dimensional
tertiary and quaternary structures of proteins in solution? Despite intensive work
addressing this question, the capability of predicting three-dimensional protein structures
based on protein sequence information alone has not yet emerged. The ability to predict
structure from sequence will have tremendous value in applications including de novo
protein design, protein engineering, and for protein sequences identified by recent
genomic and proteomic initiatives.

A minimalistic structural motif well suited to protein folding studies is the two-stranded
a-helical coiled-coil. Two amphipathic o-helices form a rod-like structure by coiling
around each other into a left-handed superhelix stabilized by continuous interhelical
contacts between the hydrophobic faces of the helices. In the case of the two-stranded
coiled-coil, the hydrophobic positions were identified at regular intervals in a 4-3 (or 3-4)
hydrophobic repeat (Sodek et al. 1972), where positions @ and d in the heptad repeat,
denoted by (abcdefg),, represent hydrophobic amino acids. The a and d side chains in the

hydrophobic core pack against each other in a “knobs-into-holes” fashion predicted by

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



Chapter 3. Trigger sequences in coiled-coil folding 74

Crick (Crick 1953) and verified by the first high resolution X-ray crystal structure of a
two-stranded coiled-coil in the yeast transcription factor, GCN4 (O'Shea et al. 1991).
Diversity within this motif is observed in the helix orientation (parallel or antiparallel),
oligomerization state (two to five helices), and oligomerization specificity (homo- or
hetero-oligomerization) (Hodges 1996; Kohn et al. 1998a; Micklatcher et al. 1999;
Woolfson et al. 1995). The appeal of the two-stranded o-helical coiled-coil motif in
studying protein folding lies in its simplicity. It contains only one type of secondary
structure, the o-helix, and only two o-helices are required to introduce tertiary and
quaternary structure. Because it can autonomously fold with a relatively short sequence
(as short as three heptads) (Lau et al. 1984; Lumb et al. 1994; Su et al. 1994), peptides
and analogs containing amino acid substitutions can be rapidly synthesized and
characterized, with the magnitude of substitution effects augmented by the short sequence
length. The burial of hydrophobic surfaces between helices of the coiled-coil mimics the
burial of interhelical hydrophobic side chains in globular proteins, thus providing a model
protein with folding characteristics similar to native coiled-coils and globular proteins. In
other words, all of the non-covalent interactions involved in stabilizing a given protein
fold are involved in stabilizing two-stranded o-helical coiled-coils.

Numerous studies of helices, coiled-coils and globular proteins have led to an
understanding of the factors affecting coiled-coil and protein stability in general,
including polypeptide chain length (Fairman et al. 1995; Lau et al. 1984; Lumb et al.
1994; Su et al. 1994), stability contributions from residues in the hydrophobic core (@ and
d) positions (Tripet et al. 2000; Wagschal et al. 1999a; Wagschal et al. 1999b), side chain

van der Waals packing effects (Eriksson et al. 1992), side chain rotational entropy (Yu et
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al. 1999), interchain and intrachain electrostatic interactions (Kohn et al. 1995a, 1998b;
Yu et al. 1996; Zhou et al. 1994a), side chain helical propensities (O'Neil et al. 1990;
Zhou et al. 1994b), helix dipole effects (Sali et al. 1988), N- and C-terminal helix capping
effects (Aurora et al. 1998; Lu et al. 1999), and several different types of intrahelical
side-chain:side-chain interactions (Baldwin et al. 1999; Huyghues-Despointes et al. 1997,
Smith et al. 1998). Of these effects, the burial of the hydrophobic core is one of the major
contributors to coiled-coil stability (Hodges 1992; Talbot et al. 1982).  Recently, an
intriguing study by Kammerer et al. (Kammerer et al. 1998) demonstrated that the
stability of the hydrophobic core alone is not always a reliable determinant of protein
folding. A 31-residue sequence based on sequences from the two-stranded parallel coiled-
coil domains of the yeast transcriptional activator GCN4 and the actin-bundling protein
Dictyostelium discoideum cortexillin I failed to dimerize even though it contained a stable
hydrophobic core. Kammerer et al. proposed that a ‘trigger sequence’ exists within the
coiled-coil domains of GCN4 and cortexillin I that is essential for their self-assembly.
The idea was first proposed as a possible explanation to why truncated versions of the
coiled-coil regions in cortexillin I and myosin II failed to fold (Steinmetz et al. 1998;
Trybus et al. 1997). In cortexillin I, only deletion constructs containing a 14-residue
sequence (Arg 311-Arg324) dimerized. This sequence was dubbed the ‘trigger sequence’
because of its necessity in triggering folding, and was later identified in two-stranded
coiled-coil domains of other proteins including the oligomerization domain of GCN4,
kinesin, myosin, tropomyosin, Tpr and Clipl170. As a result, a 13-residue ‘consensus
trigger sequence’ (xxLExchxcxccx, where x is any amino acid, L is leucine, E is

glutamic acid, c is a charged residue and h is a hydrophobic residue), was introduced
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based on its identification in these proteins, and was hypothesized to nucleate the folding
pathway of coiled-coils through collision of pre-formed o--helical structure (Kammerer et
al. 1998). The X-ray crystal structure of the 18-heptad coiled-coil in the cortexillin I
oligomerization domain revealed numerous salt bridges stabilizing the trigger site,
suggesting that the trigger site possibly induces folding by increasing dimer stability via
electrostatic interactions (Burkhard et al. 2000). Similarly, the identification of a 7-
residue trigger sequence in the three-stranded human macrophage scavenger receptor
coiled-coil domain further supported the idea of a trigger sequence stabilizing the coiled-
coil in order to allow the folding process to take place (Frank et al. 2000).

In this study, we addressed the question of whether a consensus trigger sequence is
essential for folding to occur. Is there something unique about trigger sequences that
causes folding, or can any sequence achieve the same result if it increases the stability of
the coiled-coil beyond a threshold value? Starting with a peptide sequence that had a
stable hydrophobic core but failed to form a two-stranded homodimeric parallel coiled-
coil, we attempted to induce folding through a variety of amino acid substitutions that
increased overall coiled-coil stability. We used a hybrid sequence from the coiled-coil
regions of GCN4 and cortexillin I that did not contain any consensus trigger sequence, to
demonstrate that peptide folding could be induced by amino acid substitutions without
the presence of a consensus trigger sequence. Because we were investigating only the
effect of sequence-dependent parameters on folding and stability, other factors including
peptide chain length, peptide concentration, pH, and ionic strength were kept constant in
this study. By varying combinations of helical propensity, interchain electrostatics,

intrachain electrostatics, and hydrophobicity outside the hydrophobic core, we have
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shown that a specific ‘trigger sequence’ is not essential for coiled-coil formation. Instead,
we conclude that any sequence that increases overall coiled-coil stability beyond a
threshold level under given conditions allows folding to occur.
Chapter 3-2. Results
Peptide Design

Of fundamental importance to our study was the design of a coiled-coil sequence
(referred to as peptide 1 or parent peptide) that was not stable enough on its own to fold
into a two-stranded a-helical coiled-coil, but contained a sequence of hydrophobic
residues at the @ and d positions that are known to form stable two-stranded coiled-coils
in native sequences. For example, a 31-residue peptide from the coiled-coil region of
GCN4 (Fig. 3-1) is known to form a stable two-stranded o-helical coiled-coil with a T, of
53°C (Kammerer et al. 1998). Positions a and d contain § large hydrophobes (4 Leu, 3
Val, 1 Met) known to make significant contributions to the stability of coiled-coils
(Moitra et al. 1997; Tripet et al. 2000; Wagschal et al. 1999b). The only exception to the
excellent hydrophobic core in GCN4 is an Asn residue at position a in the centre of the
sequence. Asparagine is a polar residue buried in the hydrophobic core of the wild-type
GCN4 sequence (O'Shea et al. 1991) to specify dimerization versus higher order
oligomerization (Gonzalez et al. 1996a; Gonzalez et al. 1996b; Gonzalez et al. 1996¢;
Harbury et al. 1993). Thus, our design goal was to maintain a central asparagine at an a

position and an identical hydrophobic core for all the analogs of the parent sequence.
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2 9 16 23 _ 30
a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c¢

consensus trigger sequence

*x~-X~L-E-x-¢-h-X-c-x-¢c-c-x

GON4-p1 ACK—QE—D—KE—EL—S—K N Y—HE—N—EA—RK-K—LJ-E—amide

15 22 29
a—b—c— ~e-f-g a—b—c— ~e-f-g a-b-c-d-e-f-g a-b-c-d- d-e-f-g a-b
peptide  ac[M}p-ofL}n-s- tfr}a-sii] SiE s-Efn}x- QE D K.E E.L S- K-.G E amide
1 R  cortexillin 1 270-282 GCN4-pl 3-15 M_,sS
* * * *
X-¥X-L~E-x-c-h-x-c-X-Cc~-C-x
* *

x-X-L-E-xX-c-h-x-¢c-x-c-c-x
* ok

x-x-L-E-x-c-h-x-¢-x-c-c~-x
Peptide AcD-QN@—A—SE@EK—QKE—EL@KG—E-amide
* +* * *

*x-X~L-E~x-c-h-x-¢c-x~Cc~-C-X
* * *

x-X-L-E-%x-c-h-x-c-x~c-Cc-Xx
* * *

x-Xx-L-E-x~-c-h-X-¢-x-c-c-x

peptide  acfM}p-ofL}n-s-rfr}a-sf{rie-s-ef}x-of]e-p-xfvie-efL{R@® kv Jo-E-amide

11
x-X-L~E~-X-Cc-h-X-¢-X-c~C~X

* *
x-x-L~E~-x~-c-h-x-c-x-c-Cc-X
* * * *

X-X-L~E~X~Cc-h-X-Cc-X-C-C-X

Figure 3-1. Comparisoh of peptide sequences in this study with the consensus trigger

sequence proposed by Kammerer ef al. (Kammerer et al. 1998). The 13-residue consensus

trigger sequence is xxLExchxcxccx, where x is any amino acid, c is a charged residue, L is
leucine, E is glutamic acid, and h is a hydrophobic residue. Boxes indicate residues involved
in the hydrophobic core between the helices during coiled-coil formation (positions @ and d of
the heptad repeat abedefg). Circles indicate amino acid substitutions relative to peptide 1, the
parent sequence (see Fig. 3-2). Asterisks above the consensus sequence indicate amino acid
differences between the consensus trigger sequence and the peptide sequence. Top, the
sequence of a 33-residue peptide from the coiled-coil region of wild-type GCN4 (GCN4-pl)
(O'Shea et al. 1991) showing the position of the consensus trigger sequence (Kammerer et al.
1998). Second panel, comparison of peptide 1 with the consensus sequence shown in the three
possible registrations along the length of the parent sequence. The sequence for peptide 1 was
derived from coiled-coil regions of the actin-bundling protein cortexillin I and the yeast
transcription factor GCN4 (open rectangles). Hatched rectangles indicate the sequence of the
coiled-coil region of GCN4-pl (residues 2-32, numbered 1-31 in peptides from this study)
used as a framework in which to insert the 13-residue sequences from cortexillin I (270-282)
and GCN4-pl (4-16). Alignments of peptide 7 and peptide 11 (Fig. 3-2) with the consensus
trigger sequence are shown in the third and fourth panels.
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Kammerer et al. used a GCN4/cortexillin I hybrid coiled-coil sequence that failed to
fold but contained a hydrophobic core sequence similar to wild-type GCN4, where the
only difference was a leucine replacing a valine residue at an a position (Kammerer et al.
1998). This single substitution was not expected to have a significant effect on coiled-coil
stability (Wagschal et al. 1999b). Similarly, in this study we used a 31-residue
GCN4/cortexillin I hybrid sequence for our parent peptide that kept the same amino acids
in position @ and d as the Kammerer peptide (Figs. 3-2 and 3-3, top). The parent was
largely an unfolded monomer, as determined by far-UV CD spectroscopy (Fig. 3-4A),
and sedimentation equilibrium (Table 3-1). Although the parent peptide did not fold, it
was represented as a folded coiled-coil in a helical wheel diagram to indicate the location
of potential electrostatic repulsions if the parent were to adopt a parallel two-stranded
coiled-coil conformation (Fig. 3-3, top).

The other goal in the design of the parent was to choose a sequence that did not match
the 13-residue ‘consensus trigger sequence’ proposed by Kammerer et al. (Kammerer et
al. 1998). Our parent sequence differed from the consensus trigger sequence in the three
regions of the 31-residue parent sequence where the consensus sequence could possibly
be placed: N-terminal (2-14), central (9-21), and C-terminal (16-28) (Fig. 3-1). Since
only 7 of the 13 residues in the consensus trigger sequence designate specific residues
(xxLExchxcxcex), the peptide sequences chosen for this study contain departures from
the trigger sequence in at least 2 of 7 possible sites (= 28% difference). Substitutions in
peptide analogs were made in the positions e, f, and g to raise the stability of the peptide
via numerous approaches, including modification of 1) electrostatic interactions, 2) o

helical propensities of amino acids, and 3) hydrophobic interactions outside the core a

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



80

Chapter 3. Trigger sequences in coiled-coil folding

Peptide # Substitution(s) Sequence

1 8 15 22 29

a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c-d-e-f-g a-b-c
1 None acPdp-oftin-s-r{r}a-s{oE-s-8{v}x -0 Vle-e{L} L-s-k{v}G-E-amide
2 E19K AcHM{D-Q4LtN-S-L-HLtA-SHL1E-S~E-{N{K-Q- VHE-E-HL}L-S-K{V{G-E-amide
3 D20A AC{M4{D-Q4IL{tN-S-L-HLtA-SHL1E-S-E4N1K~Q V4E-E-{L{L-S-K{V{G-E-amide
4 E19K, D20A AcHMAD-QH{LIN-S-L-HLtA-S{L}E-S-E-{N{K-0 V4E-E4LtL-S-K{V{G-E-amide
5 S6A, S13A, SZTA AcHM{D-04LIN-B) LL1A-S-L1E-B) E-{N{K-0 V4E-E-L}+LA)}K{V{G-E-amide
6 D20A, S6A, S13A, S27A AcdM4D-Q4LiN-@A)}L-4L1A-SHLTE-RYE{N{K-0 ViE-E4L{L-@A)YK{V{G-E-amide
7 E19K, D20A, S6A, S13A,S27A | AcHMAD-Q4LIN-@)}L-L{A-SHL+E-B)E{NTK-0Q VIE-E4{L}+L-@)K{V1G-E-amide
8 L7K,EI9K - ACHMAD-Q{LIN-S-K)L1A-SHL{E-S-E4NtK-Q+ VHE-E-L}L-S-K-{V{G-E-amide
9 L7A, E19K Ac{M4D-Q4LtN-S-@N)LtA-SHL1E-S-E-{N1K~Q-] V4E-E-{L{L-S-K{V{G-E-amide
10 L7E, EIZK, E19K Ac{M{D-Q4LIN-S-ENL1A-SHL LK)} S-E-{N1K-0 VHE-E-L}L-S-K4V{G-E-amide
11 L26K, S27E Ac{M{D-Q{L}{N-S-LL{A-S-|L}E-S-E{N{K-0 V] E-E{LIEXE) K{V{G-E-amide

Figure 3-2. Amino acid sequences of the peptides used in this study. All peptides were N-terminal acetylated and
C-terminal amidated. Peptides are named according to their amino acid substitutions in the parent peptide (peptide 1).
Substitutions are indicated by the residue number and one-letter amino acid code, e.g. E19K corresponds to an analog
with a glutamic acid (E) to lysine (K) substitution at position 19. Circles denote substituted amino acids. Boxes
indicate residues involved in the hydrophobic core between the helices during coiled-coil formation (positions @ and d
of the heptad repeat, abcdefg).
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Figure 3-3. End view of possible parallel homodimeric o-helical coiled-coils,
viewed from the N-terminus. Top, the parent peptide sequence (peptide 1) and
below, the analog E19K, D20A (peptide 4, Fig. 3-2). Open two-headed arrows
denote hydrophobic interactions between residues @ toa”and d to d’ in the
hydrophobic core. Dashed two-headed arrows denote putative electrostatic
repulsions (intrachain and interchain) between similarly charged residues. Solid two-
headed arrows denote putative electrostatic attractions between oppositely charged
residues. Substitutions at positions 19 and 20 are boxed for peptide E19K, D20A.
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Figure 3-4. Far-UV CD Spectra of representative peptides. (a): Peptides L.26K,
S27E (solid line), parent (@) and D20A, S6A, S13A, S27A (V) were in benign buffer
(5 mM sodium phosphate, 150 mM NaCl, pH 7.4); peptides L26K, S27E (dashed
line), parent (O) and peptide D20A, S6A, S13A, S27A (V) were in equal volumes of
benign buffer and 50% TFE at 5°C (see Fig 2 for sequences). Peptide concentrations
were 250, 206, 203 and 203 pM. (b): Parent peptide (@), D20A (M), S6A, S13A,
S27A (#), E19K (A), and E19K, D20A, S6A, S13A, S27A (+) in 5 mM sodium
phosphate, 150 mM NaCl, pH 7.4 buffer at 5°C (See Fig. 3-2 for sequences). Peptide
concentrations were 206, 237, 220, 323, and 176 pM.
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Table 3-1. CD spectroscopy and sedimentation equilibrium results for peptides used in this study

Peptide Substitution(s) [6],2,° [0],,0/[0]05° % helix®* MW, ¢ MW_S°

obs
benign  TFE benign TFE

1 None -6200  -29000 0.62 091 18 4202 (M-D) 3532
2 EI%K -23500 -27700 1.00 0.92 68 7493 (D) 3529
3 D20A -9300 -25000 0.80 0.92 27 4147 M-D) 3488
4  EI9K, D20A 27100 -27700 1.04 0.92 79 6977 (D) 3487
5  S6A,S13AS27A -15400 -27500 1.00 0.92 45 4931 M-D) 3484
6  D20A, S6A, S13A, S27A -26500  -28500 1.04 0.92 77 6618 (D) 3438
7  EI9K,D20A, S6A, S134A, S27A -24400 -27300 1.05 0.92 71 6698 (D) 3439
8§ L7K,E19K -25100  -27100 1.02 0.94 73 6691 (D) 3544
9 L7A,EI9K -17100  -25400 0.92 0.90 50 5957 M-D) 3487
10 L7E,E12K, E19K -26300 -27500 1.03 0.89 76 7178 (D) 3544
11

L26K, S27E -4100  -25600 0.51 0.91 12 ndf 3589

* Mean residue ellipticity of CD spectra at 222 nm in benign buffer (5 mM PO,, 150 mM NaCl, pH 7.4) and in equal volumes of benign buffer
and 2,2,2-trifluoroethanol (TFE). Peptide concentrations ranged from 176 to 323 uM and spectra were measured at 5°C.

P Ratio of mean residue ellipticity at 222 nm and 208 nm in the same solvents used in a.

¢ Percent helix calculated from [0]y, where 100% helical content was based on the equation [0]g"=[0];"(1-k/n). [6]y" is -37400
degreesecm?edmol! for a helix of infinite length, # is the number of residues in the helix and k is a wavelength-dependent constant (2.5 at 222
nm). For a 31-residue peptide, the theoretical value for 100% helix was —34,384.

9 Observed molecular weight as determined by sedimentation equilibrium. Data was best fit to a monomer (M), dimer (D), or monomer to dimer
equilibrium (M-D).

¢Calculated molecular weight of the monomeric 31-residue peptide.
n.d., not determined.
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and d positions. Substitutions were not confined to a particular region along the length of
the peptide and were located at positions 6, 7, 12, 13, 19, 20, and 27 in various analogs
(Fig. 3-2). The position of these substitutions emphasize that raising stability anywhere in
the sequence can help to induce folding without the necessity of introducing a specific
‘consensus trigger sequence’. These substitutions also did not bring the sequences in
closer agreement with the consensus trigger sequence (see peptide 7, Fig. 3-1). In
addition, we designed a peptide (with only two changes to the parent sequence) that
introduces the consensus trigger sequence to show that the presence of the trigger
sequence does not guarantee the folding and formation of the coiled-coil (peptide 11,
Figs. 3-1 and 3-2).
Removal of Electrostatic Repulsions

The effect of electrostatic interactions in stabilizing coiled-coils remains controversial
(Hendsch et al. 1994, 1999; Lavigne et al. 1996; Lumb et al. 1995; O'Shea et al. 1993).
Nevertheless, in the X-ray crystal structures of both coiled-coil regions of GCN4 and
cortexillin I, interchain ionic interactions have been observed between side chains in g
and e’ positions (i, i’+5) while intrachain ionic interactions within o-helices have been
observed between i, i+3 positions and i, i-+4 positions (Burkhard et al. 2000; O'Shea et al.
1991). With our analogs we have measured the effect of removing the classical
interchain and intrachain electrostatic repulsions on coiled-coil folding and stability.
Examination of the parent peptide revealed possible interchain repulsions between acidic
residues Glul4 and Glul?’, intrachain i, i+3 repulsions between Asp20-Glu23, and
intrachain i, i+4 repulsions between Glu19-Glu23 and Asp20-Glu24 (Fig. 3-3, top). One

or a combination of these interactions may have destabilized the parent peptide to prevent
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significant folding, as observed by CD spectroscopy and sedimentation equilibrium
studies (Peptide 1, Table 3-1; Fig. 3-4A). Thus, we examined the effect of removing the
interchain electrostatic repulsion with the E19K substitution, and the effect of removing
the intrachain electrostatic repulsion with the D20A substitution (peptide E19K, D20A;
Fig. 3-3, bottom).
E19K

The E19K substitution on its own eliminated the Glu-Glu” (g-e’) repulsion between
residues 14 and 19 and also added a Glu-Lys’ (g-e’) interchain attraction in the middle of
the sequence (Peptide 2, Fig. 3-2). In addition, this substitution also removed an
intrachain i, i+4 Glu-Glu repulsion and added an intrachain i, i+4 Lys-Glu attraction
between residues 19 and 23. This single substitution resulted in a significant increase in
folding (Table 3-1, Fig. 3-4B). The far-UV CD spectra, [0],,,/[0],; ratio in benign buffer,
and sedimentation equilibrium data were characteristic of results observed for a two-
stranded coiled-coil (positive band at 190 nm, local minima at 208 and 222 nm;
[0],,,/[6]s ratio >1; MW, approximately double the calculated monomer MW).
Previous work determined the contribution to coiled-coil stability from elimination of a
Glu-Glu’ interchain repulsion to be 0.45 kcalemol™ (Kohn et al. 1995b), and the addition
of a Glu-Lys’ interchain attraction to be 0.37 kcalemol’ (Zhou et al. 1994a). The
experimentally derived increase in stability for the E19K substitution relative to the
parent peptide, 2.89 kcal mol”, determined by the difference in molar free energies of
unfolding between peptide 6 and peptide 7 (Tables 3-2 and 3-3), closely matched the

predicted stability increase of 2.84 kcal mol™ (Tables 3-4 and 3-5).
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Table 3-2. Thermodynamic data for peptides used in this study
[Peptide]*  Experimental T’ T, ,»° AH°(T,)* AC, AG,°(50°)

Substitution(s) (uM) (°C) (°C)  (kcalmol?) (kcalemol'K™") (kcalemol?)
E19K, D20A, S6A, S13A, S27A 88 70 149 34 0.40 7.43
E19K, D20A 115 56 144 28 0.45 5.98
L7E, E12K, E19K 117 40 131 25 0.44 4.63
E19K 128 37 120 17 0.55 4.55
D20A, S6A, S13A, S27A 121 40 122 27 0.42 4.54
L7K, E19K 106 38 125 26 0.50 4.34
S6A, S13A, S27A 110 (876)* 34%* &5 30% 0.50% 241%
L7A, E19K 158 (1054)* 40%* 92 30%* 0.50* 3.02*

Chapter 3. Trigger sequences in coiled-coil folding

*Peptide concentration (monomer).

* Experimentally determined temperature at which the first derivative of the magnitude of the slope in the thermal denaturation
curve reaches maximum at peptide concentrations shown. Asterisks (*) indicates peptides that had thermodynamic parameters
obtained at higher concentrations (shown in parentheses) to increase accuracy of the determination of T, and other parameters.

¢ Ty calculated at 1 M peptide concentration (monomer). Values were calculated using the equation J(In[N])/0(1/T,)=-
AH*(T)/((a-1)*R), where [N] is the dimer concentration, AH®(T,,) is the standard state change in enthalpy at T, n=2 for a
homodimeric reaction, and R is the ideal gas constant, 1.9872*10° kcalsmol 'K (Yu et al.1999a).

4 Change in molar enthalpy at T,,.
*Change in molar heat capacity, obtained from curve fit.

'Change in Gibbs free energy of unfolding at a reference temperature of 50°C, 1 M peptide concentration.
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Table 3-3. Thermodynamic contribution of amino acid substitutions to coiled-coil stability

Substitution Ionic Ionic Helical Hydropho- AAG,°(50°) Substitutions per AAG,°(50°)

attractions® repulsions® propensity bicity at g° peptide? coiled-coil® substitution®

(kealemol™) (kcalemol ™)
E19K T d T - 2.89 2 1.45
D20A \ l T - 1.43 2 0.71
S6A, SI3A, S27A . - T - 1.45 6 0.24
L7K T ; l d -0.21 2 -0.10
L7A ] } 0 l 1153 2 -0.76
K7A ! - T T -1.32 2 -0.66

K7E, E12K -f - - - 0.29 2t 0.15

*Change in the number of ionic attractions (interchain or intrachain) caused by substitution.

"Change in the number of ionic repulsions (interchain or intrachain) caused by substitution

‘Change in the hydrophobicity at heptad repeat position g caused by substitution.

9Stabilizing effect of substitution(s) on the change in molar free energy of peptide unfolding at 50°C.
‘Number of substitutions in a two-stranded o-helical coiled-coil.

'Stabilizing effect of a single substitution on the change in molar Gibbs free energy of unfolding at 50°C.

TK7E, E12K substitutions are a change in orientation of the salt bridge from K-E to E-K and are counted as a single

substitution.
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Table 3-4. Predicted relative contributions of interactions to coiled-coil stability

Stability AAG? AAG,°
a-helical i, i+4 1,145 Leu ate or coefficients relative to relative to
propensity*  intrachain® interchain® g ata andd® Total score’ parentper  parent per

Peptide (kcalsmol) (kcal*mol™) (kcalemol™) (kcalemol™) (kcalsmol™) (kcalemol®) peptide chain® coiled-coil®
(kcalemol™)  (kcalemol™)
E19K, D20A, S6A, S13A, S27A 6.46 0.6 0.37 1.38 31.16 39.97 2.74 5.48
GCN4p-wt' 5.57 0.4 0.74 0.69 31.78 39.18 - 1.95 3.90
E19K, D20A 5.51 0.6 0.37 1.38 31.16 39.02 1.79 3.58
E19K 5.14 0.6 0.37 1.38 31.16 38.65 1.42 2.84
D20A, S6A, S13A, S27A 6.26 0.2 -0.45 1.38 31.16 38.55 1.32 2.64
L7K, E19K 5.08 0.6 0.74 0.69 31.16 38.27 1.04 2.08
S6A, S13A, S27A 5.89 0.2 -0.45 1.38 31.16 38.18 0.95 1.90
L7A, E19K 5.21 0.6 0.37 0.69 31.16 38.03 0.80 1.60
L7E, E12K, E19K 5.08 0.2 0.74 0.69 31.16 37.87 0.64 1.28
D20A 5.32 0.2 -0.45 1.38 31.16 37.61 0.38 0.76
Parent 4.94 0.2 -0.45 1.38 31.16 37.23 0.00 0.00
126K, S27E 3.88 -0.2 -0.90 0.69 31.16 34.63 -2.60 -5.20

*Sum of the o-helical propensity AAG, values relative to glycine for residues in positions beefg in each peptide sequence. Values of the a-helical propensities
in a monomeric o-helix (Zhou et al. 1994b) were divided by two to obtain helix propensities for amino acids in a two-stranded coiled-coil (Kwok et al. 1999).
*Sum of the i, i+4 intrachain electrostatic contributions to stability in each peptide sequence. A value of 0.2 kcalemol™ was used for attractions (Zhou et al.
1993) and 0.2 kcalemol™ was used for repulsions (Kohn et al. 1995b). _
°Sum of the i, i’+5 interchain electrostatic g-e” contributions to stability in each peptide sequence. A value of 0.37 kcalsmol” was used for Glu-Lys or Lys-Glu
attractions (Zhou et al. 1994a) and —0.45 kcalemol™ was used for interchain repulsions (Kohn et al. 1995b).
Sum of the contributions to stability from the hydrophobic effect of Leu at positions e or g in the hydrophobic interface. A value of 0.69 kcalemol™ was used
based on results obtained from this study.
*Sum of the stability coefficients from residues in the @ and d positions in each peptide sequence (Tripet et al. 2000; Wagschal et al. 1999b).
'Sum of AAG, values in columns a to e.
SAAG, relative to the parent stability score, calculated as AAG, = total score of selected peptide — total score of parent peptide.
BAAG, for the coiled-coil, calculated as the AAG, per peptide chain x 2 chains per coiled-coil.
Peptide 31-mer from the coiled-coil region of wild-type GCN4 containing the ‘consensus trigger sequence’ (Kammerer et al. 1998).
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Table 3-5. Predicted and experimentally derived relative coiled-coil stabilities of peptides used in this study

Peptide Predicted AAG,°(50°)* Experimentally derived AAG,°(50°)° T 100
(kcalemol™?) (kcalemol™) °C)
E19K, D20A, S6A, S13A, 5.48 5.77 71
S27A
GCN4p-wt 3.90 n.d.! 53°
E19K, D20A 3.58 4.32 55
E19K 2.84 2.89 34
D20A, S6A, S13A, S27A 2.64 2.88 39
L7K, E19K 2.08 2.68 38
L7E, E12K , E19K 1.28 2.97 39
S6A, S13A, S27A 1.90 145 21
L7A,E19K 1.60 1.36 25
D20A 0.76 143 n.d.
Parent 0.00 0.00 n.d.®

“Relative predicted stability of peptides based on side chain stability coefficients in positions @ and d in kcal'mol™ as calculated in
Table 3-4.

*Experimentally derived peptide stability relative to the parent peptide, based on AAG,°(50°) values in Table 3-3.

“Transition midpoint of peptides at concentrations corrected to exactly 100 uM in 150 mM NaCl, 5 mM PO,, pH 7.4. Values were
calculated using the equation d(In[N])/d(1/T,)=-AH°(T,)/((n-1)*R), where [N] is the peptide dimer concentration, AH°(T,,) is the
standard state change in enthalpy at experimental T, n=2 for a homodimeric reaction, and R is the ideal gas constant (Yu et al.
1999a). Peptides listed above the dashed line exhibited significant folding at 100 uM peptide concentration.

Not determined.

°T,, value of a 31-mer peptide from the coiled-coil region of wild-type GCN4 (Kammerer et al. 1998) determined at 75 pM peptide
concentration in 150 mM NaCl, 5 mM sodium phosphate buffer, pH 7.4.
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D20A

The D20A substitution replaced an Asp with an Ala at an f position near the middle of
the sequence (Fig. 3-2). Asp20 has potential anionic intrachain repulsions with Glu23 and
Glu24 and a potential intrachain attraction with Lys16 (Fig. 3-3, top). Substitution of
Asp20 by Ala was expected to affect not only intrachain electrostatic interactions, but
also to raise stability via alanine’s higher o-helical propensity (O'Neil et al. 1990; Zhou et
al. 1994b). This substitution alone did not induce significant o-helical content (Table 3-1,
Fig. 3-4B), but D20A combined with the E19K substitution resulted in an increase in T,
from 34°C to 55°C between peptides E19K and E19K, D20A at 100 uM concentration
(Table 3-5). Our experimentally derived value for the stability contribution from D20A,
1.43 kcalemol™, was greater than the predicted value of 0.76 kcalsmol™ by 0.67 kcalemol”
per coiled-coil (Table 3-5).
Helical Propensity

Only one set of substitutions (S6A, S13A, S27A) specifically examined the effects of
increased helical propensity on coiled-coil folding and stability in the parent peptide in
the absence of other effects. Because of its small nonpolar methyl side chain (-CH,),
alanine will not provide additional steric, hydrogen bonding, or electrostatic interactions
with neighboring side chains, such that any changes in peptide stability can be attributed
strictly to helical propensity differences between serine and alanine.

The three serine residues that were switched to alanine were selected for three reasons.
1) The serines were located along the entire length of the sequence and were not localized

to a specific region, e.g. N-terminal or C-terminal. By making substitutions spread along
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the whole length of the sequence, we wanted to show that increased local stability was
not the only way to induce protein folding, a strategy one observes with insertion of a
‘trigger sequence’. 2) All serines were at f positions, away from the hydrophobic core a
and d positions and away from the hydrophobic interface e and g positions. Therefore, the
locations for the substitutions would not influence either the packing or the
hydrophobicity of the hydrophobic core and/or interface. 3) Serine has a relatively low
helical propensity versus alanine (O'Neil et al. 1990; Zhou et al. 1994b).

The S6A, S13A, S27A substitutions increased the fraction of folded molecules within
the total population of peptide molecules, but could not induce the entire population to
fold at 110 uM peptide concentration (Fig. 3-4B, Table 3-1). A second denaturation was
performed at 876 uM to increase folding and stability to accurately calculate the T, at
100 uM peptide concentration (21°C, Table 3-5). The energetic contribution of the Ser to
Ala substitutions was obtained by subtracting the change in Gibbs free energy of
unfolding values for the two peptides E19K, D20A, S6A, S13A, S27A and E19K, D20A
(Table 3-2). The overall contribution to stability was calculated to be 1.45 kcalemol, or
0.24 kcalsmol™ per Ser to Ala substitution (six substitutions in the coiled-coil), assuming
that each serine along the sequence contributed equally to stability, i.e. no positional
dependence to stability (Table 3-3).

Hydrophobicity Effects

The burial of nonpolar residues is generally accepted as one of the principal forces
driving the folding of protein tertiary structure (Hodges 1992; Talbot et al. 1982). In two-
stranded coiled-coils, burial of hydrophobes occurs at a and d positions; thus, residues at

these locations are a major contributor to coiled-coil stability through hydrophobic and
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packing effects (Hodges 1996; Tripet et al. 2000; Wagschal et al. 1999b; Yu et al. 1999).
However, we did not alter the composition of the hydrophobic core in our analogs
because the core residues of the parent sequence were already strongly stabilizing
hydrophobes, having similar stabilizing contributions as core residues observed in wild-
type GCN4 coiled-coils (O'Shea et al. 1991; Tripet et al. 2000; Wagschal et al. 1999b).
How did the hydrophobic effect at the g-e” positions compare to the interchain
electrostatic contribution to folding and stability? We specifically examined the stability
contribution of the residues at position 7 (g position). A subset of three peptides was
constructed, all containing the E19K substitution to induce folding but with different
amino acids at position 7 (Leu, Lys or Ala; peptides 2, 8, and 9 in Fig. 3-2). In the parent
peptide, position 7 contained a hydrophobic residue (Leu) and position 12 contained an
acidic residue (Glu). Replacement of the Leu7 with Lys7 eliminated a hydrophobe from
the g position, but introduced an interchain electrostatic Lys-Glu” attraction across the
interface (peptides 2 and 8, Fig. 3-2). This substitution was carried out to increase
stability in a similar manner to the E19K, via attractive Glu-Lys ion pairing. Thus, the
peptide L7K, E19K results in four g-e”interchain electrostatic attractions per coiled-coil
(two attractions between Lys and Glu at positions 7 and 12, and two attractions between
Glu and Lys at positions 14 and 19). However, both peptides E19K and L7K, E19K
folded to a similar extent and had similar stabilities, indicating that the hydrophobic Leu7
contributed to folding and stability to approximately the same extent as the Lys7-Glu12’
salt bridge (peptides 2 and 8, Table 3-1 and Table 3-2). To further demonstrate the
importance of the Leu as a stabilizing hydrophobe in position g, peptide E19K (T, 100 ym =

34°C) had an increase in 0-helical content and greater stability relative to peptide L7A,
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E19K (T, 1004 = 25°C) as observed by a T, difference of 9°C (Table 3-5). The net
destabilizing effect of L7A indicated that the loss of hydrophobicity and packing effects
from the Leu at position g is more detrimental to folding than the stabilizing effect of
increasing helical propensity from switching Leu to Ala. The difference in helical
propensity between Ala and Leu was reported as 0.15 kcalemol™ for a single-stranded
amphipathic a-helix (Zhou et al. 1994b), but Kwok ez al. reported that the helical
propensity contribution to stability in coiled-coils is approximately half the value in
monomeric helices (Kwok et al. 1999). Taking the helical propensity value for a Leu to
Ala substitution as 0.075 kcalemol™ (0.15 kcalemol ™+ 2) and subtracting this from the
0.76 kcalemol™ for the L7A substitution gave the hydrophobic effect for a Leu at position
g, 0.69 kcalemol™. This value was greater than the stabilizing interchain electrostatic
effects from the Lys7-Glul2 salt bridge (0.53 kcalemol') in L7K, E19K by 0.16
kcalemol™ per chain.

Hydrophobic effects from burial of nonpolar residues have been previously shown to be
stabilizing relative to a buried salt bridge triad in the Arc repressor protein and in a hybrid
LexA/Jun protein (Schmidt-Dorr et al. 1991; Waldburger et al. 1995). Computational
analysis of the GCN4 coiled-coil also indicated that the proximity of charged residues to
the hydrophobic core (positions a and d) resulted in a desolvation penalty for the
formation of ion pairs at the e and g positions (Hendsch et al. 1999). The results of these
studies support the view that hydrophobic side chains at the flanking e and g positions of

two-stranded coiled-coils are stabilizing relative to ion pairs.
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Orientation of Interchain Electrostatics

Other analogs examined the effect of orientation of electrostatics at the g-e” interface
between residues 7 and 12 (Leu7 and Glul2 in the parent sequence). Peptides L7K, E19K
and L7E, E12K, E19K (peptides 8 and 10, Fig. 3-2) both contained the Glu-Lys salt
bridge between positions 14 and 19, with another salt bridge between positions 7 and 12
in either the Glu-Lys (peptide 10) or Lys-Glu (peptide 8) orientation. Peptides 8 and 10
exhibited similar folding and thermostabilities, with % helix values of 73% and 76%, and
T., 100 um values of 38°C and 39°C, respectively (Table 3-1 and Table 3-5). Our data is in
agreement with previous work that determined that the orientation of the Glu-Lys’ ion
pair in peptide L7E, E12K, E19K is slightly more stable versus the Lys-Glu’ orientation
in peptide L7K, E19K (Kohn et al. 1998b).
Oligomerization State

Residues in the both the a and d positions can affect the oligomerization state of coiled-
coils. Studies with the coiled-coil region of GCN4 indicate that an asparagine located in
the a position of the hydrophobic core is important in maintaining the dimeric state.
Substitution of the asparagine with glutamine, longer by a single methylene group, gives
a mixture of dimers and trimers (Gonzalez et al. 1996¢). The crystal structure of the
GCN4 coiled-coil showed that the asparagine hydrogen bonds with the asparagine in the
hydrophobic core of the other coiled-coil strand and disfavors the trimer configuration
through side chain packing effects (O'Shea et al. 1991). Other substitutions in the @ and d
positions with leucine, isoleucine, and valine produced dimers, trimers and tetramers

(Harbury et al. 1993).
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The oligomerization domains from GCN4 and cortexillin I both form parallel
homodimeric coiled-coils. Because we wanted to confer the dimeric form for all analogs
and ensure a 2monomer<dimer equilibrium folding pathway without higher order
oligomers, we kept the asparagine in the a position in our hybrid sequence. All peptides
in the study were analyzed by sedimentation equilibrium at different peptide
concentrations and rotors speeds and the apparent molecular weights were globally fit to
either a dimer, or distribution of monomer-dimer forms (Table 3-1). Thus, substitutions
in positions e and g did not appear to confer oligomerization states in our peptide analogs
higher than the dimeric form.

The extent of oligomerization was concentration-dependent in all peptides, with dimers
favored at higher concentrations according to the law of mass action (Fig. 3-5).
Consistent with the far-UV circular dichroism results, the peptides that exhibited
significant folding (peptides 2, 4, 6, 7, 8, 10, Table 3-1) were best fit to dimers at the
concentrations analyzed (~200 uM), indicating that nearly the entire population of
molecules had folded into two-stranded coiled-coils. The parent (peptide 1) and peptides
3 (D20A), 4 (S6A, S13A, S27A) and 9 (L7A, E19K) were best fit to a monomer-dimer
equilibrium, supporting the CD spectroscopy results indicating a partial population of
folded dimers in equilibrium with unfolded monomers. This is based on the two-state
unfolding model, i.e. molecules in an all-or-none 2monomer<>dimer equilibrium with
unfolded monomer or folded coiled-coil dimer, with some disorder at the N- and C-
termini caused by end-fraying. In support of this model, we observed co-operative

denaturation curves consistent with two-state unfolding, and recooling of peptides to 5°C
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Figure 3-5. Concentration dependence of helicity in representative peptides. Plot of
mean residue ellipticity at 222 nm versus the logarithm of the monomer peptide
concentration for peptide S6A, S13A, S27A (A) and peptide D20A, S6A, S13A,
S27A (@) in S mM sodium phosphate, 150 mM NaCl, pH 7.4 buffer at 5°C (see Fig.
3-2 for sequences).
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after thermal melting gave molar ellipticities similar to those obtained before
denaturation (data not shown).
Coiled-Coil Stability

Although both external and internal (sequence-dependent) factors affect coiled-coil
stability, we chose to examine only how the variation of internal parameters 1) interchain
electrostatic effects, 2) intrachain electrostatic effects, 3) helical propensity, and 4)
hydrophobicity outside the hydrophobic core a and d positions influenced coiled-coil
folding and stability.

Protein stability is usually determined based on measuring changes in folding at
increasing levels of denaturant such as urea, guanidium hydrochloride, or heat. Although
urea and guanidium hydrochloride are often selected for chemical denaturation, we chose
thermal denaturation of our peptides because this technique can be used to monitor
unfolding of proteins with lower stabilities, such as the coiled-coil peptides used in this
study. Between temperatures of 5°C and 85°C, we observed a broad range of stabilities
for different peptides, with T, 14 Values ranging between 21 and 71°C (Table 3-5). A
reference temperature of 50°C was chosen to report the change in molar free energy of
unfolding, AG,°(T,), because this temperature was close to the middle of the range of T,
100 uu values for peptides in this study. Molar ellipticity data collected at 222 nm is
consistent with a reversible, co-operative two-state helix-coil transition (Fig. 3-6A, 6B).
The AG,°(50°) values were then used to calculate AAG,°(50°), the contribution to stability
for specific effects or substitutions at 50°C (Table 3-3). Because the parent peptide did

not fold, we could not calculate the AAG,°(50°) for substitutions by simply taking the
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Figure 3-6. Thermal unfolding curves for coiled-coil peptides. Representative plots
of fraction folded at given temperatures. Fraction folded is
([6] —[01)/([6); —[61,), where [0]is the observed molar ellipticity, [6],is the molar
ellipticity of the unfolded peptide and [0];is the molar ellipticity of the folded peptide.
(a) Peptides S6A, S13A, S27A (#), D20A, S6A, S13A, S27A (V), E19K (A), E19K,
D20A (M), and E19K, D20A, S6A, S13A, S27A (+). (b) E19K analogs. Peptides L7A,
E19K (0), L7K, E19K (V), L7E, E12K, E19K (O), E19K (A), and E19K, D20A,
S6A, S13A, S27A (+). Data was collected from 5 to 85°C at 5° intervals in benign
buffer (5 mM sodium phosphate, 150 mM NaCl, pH 7.4). Peptide concentrations
ranged from 88 to 158 uM. '
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difference between unfolding energies of the analog and the parent peptides,
AG, (T e anatog DG, (Trep)parenr-- Instead, we determined the change in unfolding energy for
an analog containing the sum of several substitutions that stabilized the coiled-coil
(peptides 4 and 7, Fig. 3-2) and then determined AAG,°(50°) values for substitutions by
taking the difference in AG,°(T,.;) between peptides 4 or 7 and lesser substituted analogs
(see Materials and Methods). Thus, we were able to calculate AAG,°(T,.) for substitutions
without directly measuring the stability of the parent peptide.

The changes in stability as indicated by AAG,°(50°) values correlated well with the
increase in folding as measured by far-ultraviolet CD spectroscopy in benign conditions
(Tables 3-1 and 3-3, Fig. 3-4B). Taken together, the order of relative stability
contributions to coiled-coil folding from the interactions examined in this study are
interchain ionic attractions + loss of interchain ionic repulsions from Glu to Lys
substitution > Ala to Leu at g > Glu-Lys’ (g-e”) ion pair > Lys-Glu’ (g-e”) ion pair > loss
of intrachain electrostatic effects + Asp to Ala gain in helical propensity > Ser to Ala gain
in helical propensity > re-orientation of Lys-Glu’ (g-e”) salt bridges.

The prediction of relative contributions of various interactions to coiled-coil stability of
the parent are reported in Table 3-4, in the order of decreasing stability. The residues
comprising the hydrophobic core (a and d positions) were the major contributor to overall
stability, adding >31 kcalemol® to stability relative to alanine (Tripet et al. 2000;
Wagschal et al. 1999b). However, this contribution was the same in all GCN4/cortexillin
I peptides as the hydrophobic core was kept the same in all sequences. The single Leu to
Val difference in the a position of wild-type GCN4 was predicted to increase its stability

over the GCN4/cortexillin hybrids by 1.24 kcalemol™ per coiled-coil (Wagschal et al.
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1999b). The greatest differences in predicted stability among the GCN4/cortexillin I
peptides came from differences in helical propensity and interchain electrostatic
interactions. A difference of 3.04 kcalemol™ per coiled-coil (2x1.52 kcalemol') was
predicted between the helical propensity scores of the individual helices of E19K, D20A,
S6A, S13A, S27A (6.46 kcalemol ™) and the parent peptide (4.94 kcalemol ™), while a 2.38
kcalemol™ difference per coiled-coil (2x1.19 kcalemol™) was predicted between peptides
with the most (0.74 kcalemol®) and least (-0.45 kcalemol™) stabilizing interchain
electrostatic effects per helix.

Table 3-5 showed a general agreement between the predicted contributions to stability
reported in Table 3-4 and the experimentally derived stability contributions obtained
from thermal denaturation of peptides in this study. Listed in the order of decreasing
experimentally derived stability, the peptides can be grouped into three general
categories: very stable and folded, stable and folded, and unstable and not fully folded.
Very stable peptides had transition midpoint values at 100 pM above 50°C, stable
peptides had T, 14 v Values between 34° and 40°C, and unstable peptides had T,,, 190 uu
values at or below 25°C. The largest difference between predicted and experimentally
derived stability contributions was for peptide L7E, E12K, E19K, with a difference of
1.69 kcalemol™ per coiled-coil (2.97 - 1.28 kcalsmol, Table 3-5). It may be possible that
some intrachain repulsions predicted to destabilize this peptide do not occur, but even
taking this into account does not explain the discrepancy.

Chapter 3-3. Discussion
We have demonstrated here that it is not necessary to have a consensus trigger

sequence for the folding of two-stranded ct-helical coiled-coils. We deliberately avoided
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including the trigger sequence in the peptides used in this study to demonstrate that
although the sequence may be necessary for folding in cortexillin I and GCN4, the
formation of two-stranded coiled-coils is not solely dependent on the presence of a
trigger sequence. Instead, we have hypothesized that folding depends on the overall
stability of the entire sequence. Thus, the trigger sequence may simply be a method that
nature has developed to raise the local sequence stability and in turn increase the overall
sequence stability past a threshold level needed for coiled-coil folding. Kammerer et al.
previously introduced the ‘trigger sequence’ as a way to explain why deletion mutants
from the dimeric coiled-coil region of cortexillin I would not fold into coiled-coils unless
a specific 14-residue ‘trigger sequence’ (Arg311-Arg324) was present (Kammerer et al.
1998). The high-resolution crystal structure of cortexillin I showed that 5 interchain ion
pairs and 4 intrachain ion pairs stabilized the trigger sequence, and that the trigger
sequence was the most stable region of the coiled-coil (Burkhard et al. 2000). In contrast,
the crystal structure did not contain any interhelical or intrahelical ion pairs in Asp270-
Glu282, the region of cortexillin I incorporated into our cortexillin I/GCN4 parent
peptide.

Perhaps the addition of a stabilizing region compensates for regions of lower stability
simply by increasing the overall stability of a sequence. Does this stabilizing region need
to be near the regions of lower stability, or concentrated in the form of a ‘trigger
sequence?’ Based on our results from peptide S6A, S13A, S27A, the answer seems to be
no. The computer program STABLECOIL (Tripet et al. 2001) predicted the region

surrounding the central asparagine at an @ position to be destabilized (Fig. 3-7), a result
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Figure 3-7. Influence of Asnl15 on coiled-coil stability. Prediction of coiled-coil
stability using STABLECOIL (Tripet et al. 2001). Scores were assigned to 7-residue
windows along the sequence of the parent peptide based on helical propensity values
for residues at positions b,c,e f, and g (Zhou et al. 1994b) and stabilities for residues
at positions a and d (Tripet et al. 2000; Wagschal et al. 1999b). The residue number
on the horizontal axis corresponds to the amino acid in the centre of the 7-residue
window. Upper case letters indicate one letter amino acid code for the parent
sequence, with Asnl5 boxed to highlight its predicted destabilizing effect.
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supported by NMR spectroscopy studies of GCN4 and GCN4-like coiled-coils (Holtzer
et al. 1997). However, S6A, S13A, S27A contained substitutions along the entire length
of the sequence and was still able to induce folding even though two of the substitutions
at Ser6 and Ser27 were not near the Asnl5. Although we assumed that each serine
contributed equally to coiled-coil stability, it would be interesting to determine whether
the serine closer to Asnl5 (Serl13) was a greater contributor to stability versus the serines
further from the middle of the sequence (Ser6 and Ser27).

Based upon our results in this study, we hypothesize that sequences must have proper
stabilizing interactions in order to fold into a two-stranded coiled-coil, but these
interactions are not confined to a specific trigger sequence. Therefore, one cannot simply
include a trigger sequence and expect folding to occur without closer examination of the
many sequence-dependent interactions governing coiled-coil folding. In further support
of this hypothesis, we designed a peptide that contained the consensus trigger sequence
and did not form a two-stranded coiled-coil (peptide 11, Figs. 3-1 and 3-4A; Table 3-1).
This clearly demonstrated that the consensus trigger sequence itself is not adequate for
the folding of two-stranded coiled-coils if there is insufficient stability in the trigger
sequence region. In this case, peptide 11 is predicted not to fold because of the interchain
and intrachain electrostatic repulsions introduced by the L26K and S27E substitutions
(Table 3-4). In general, trigger sequences are simply one way to increase overall stability
to achieve coiled-coil folding. Though they are not essential to induce folding, they could
be important in nature’s design to regulate the timing of folding during ribosomal protein
synthesis. The concentrated higher local stability of the trigger sequence could also be an

important way to allow conformational change in coiled-coils to affect protein-protein
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interactions. The regions of higher local stability could compensate for other regions of
lower local stability to maintain the overall folded coiled-coil state, yet the structure of
these lower stability coiled-coil regions could be more easily disrupted to possibly

interact with other proteins.
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Chapter 4: Unique stabilizing interactions identified in the two-stranded o-helical

coiled-coil: Crystal structure of a cortexillin I/GCN4 hybrid coiled-coil peptide

A version of this chapter has been published. Lee, D. L., Ivaninskii, S., Burkhard, P., and

Hodges, R. S. 2003. Protein Science 12:1395-1405.

Chapter 4-1. Introduction

The rodlike o-helical coiled-coil is one of the simplest yet most common structural
motifs occurring in proteins. Consisting of two to five a-helices twisted into a left-
handed supercoil, the occurrence of this structure is well documented, occurring in a wide
variety of proteins including motor proteins, DNA binding proteins, extracellular
proteins, and viral fusion proteins (Burkhard et al. 2001; Kohn et al. 1997; Lupas 1996).
The presence of a continuous interface of hydrophobic amino acids along the length of
the helices provides a major source of stability to the fold as the hydrophobes pack in a
knobs-into-holes fashion shielded from the bulk solvent (Crick 1953). The pattern of
repeating hydrophobic residues at positions a and d of the heptad repeat (denoted
abcdefg) that are responsible for coiled-coil formation was first identified by Hodges et
al. (Hodges et al. 1972) from the amino acid sequence of tropomyosin. This 3-4 or 4-3
hydrophobic repeat allows for the prediction of coiled-coils based on statistical

occurrence of residues in these positions (Berger et al. 1997; Berger et al. 1995; Singh et

al. 1999; Wolf et al. 1997), and more recently, with STABLECOIL, an algorithm based
on experimentally derived stability data (Tripet et al. 2000; Tripet et al. 2001; Wagschal

et al. 1999). However, deletion and/or mutational analysis of some protein sequences
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(such as GCN4, cortexillin I, macrophage scavenger receptor and intermediate filament
chains) has revealed that the presence of heptad repeats does not always guarantee the
formation of coiled-coil structure (Frank et al. 2000; Kammerer et al. 2001; Lee et al.
2001; Steinmetz et al. 1998; Wu et al. 2000). The absence of a key region of only one or
two heptads (dubbed the 'trigger sequence') prevented folding, while its presence induced
folding of the coiled-coil structure. We previously took a 31-residue peptide that did not
fold even with an excellent hydrophobic core, and then introduced stabilizing amino acid
substitutions to induce dimeric coiled-coil folding without matching a proposed
'consensus trigger sequence' to prove that such a sequence is not necessary for coiled-coil
folding (Lee et al. 2001). While trigger sequences may be important for folding in
naturally occurring coiled-coils of substantial length, we proposed that any sequence with
enough stability above a critical threshold will fold, whether the stability is distributed
evenly along the coiled-coil sequence or concentrated heavily in distinct regions. Thus,
the ability to induce coiled-coil folding is not limited to a consensus trigger sequence, but
should belong to any peptide sequence with sufficient individual helix and/or coiled-coil
stability (Burkhard et al. 2002; Burkhard et al. 2000b).

Here we have determined the crystal structure for the most stable folded peptide from
our previous study, which did not contain a 'consensus trigger sequence'. This stable
peptide contained potentially stabilizing design elements over the nonfolding sequence,
including increased helix propensity, elimination of ionic repulsions and introduction of
jonic attractions. These stabilizing elements are identified in the 1.17 A crystal structure.
We also quantify the previously unreported stability contribution of three interactions

using thermodynamic analysis of urea denaturation curves of peptide analogs: a unique
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complex hydrogen bonding - electrostatic network involving i to i’ + 5 electrostatic
interactions and hydrogen bonding interactions with Asn in the hydrophobic core, and
hydrophobic packing of leucine residues at positions e (d-¢’ interaction) and g (g-a’

interaction).

Chapter 4-2. Results

Peptide design

Our previous results showed that the native peptide (Hybrid 1) did not fold, even
though it had an excellent hydrophobic core (Fig. 4-1) (Lee et al. 2001). This sequence
was based primarily on the coiled-coil regions of the transcription factor, GCN4, and the
actin bundling protein, cortexillin I. The N-terminal (residues 2 to 14) contains cortexillin
I 270-282 (Burkhard et al. 2000a), while the C-terminal (residues 16-28) contains GCN4-
pl residues 3 to 15 (O'Shea et al. 1991). Both segments were inserted into the GCN4-pl
sequence 2-32, labelled as 1-31 in Fig. 4-1. In the middle of this peptide sequence,
residue 15 is a polar asparagine (a position) buried in the hydrophobic core. Polar
residues in core a and d positions reduce coiled-coil stability (Akey et al. 2001; Tripet et
al. 2000; Wagschal et al. 1999; Zhu et al. 2000) versus more hydrophobic amino acids,
but asparagine was left in the GCN4 template to specify dimerization over higher order
oligomerization states such as trimers or tetramers (Harbury et al. 1993). This central
asparagine is analogous to the central Asn observed in the coiled-coil structure of GCN4-

pl (O'Shea et al. 1991).

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



112

Chapter 4. Coiled-coil crystal structure

# |Peptide 1 8 15 22 29
abcdefgabcdefgabcdefgabcdefgabc
GCN4-pl| Ac -{MKQLEDKV[EE[L YHLENEVARLKKLVGE-amide
Hybrid 1| Ac-MDQLNSLLIA S[LE KQLEDKVEELLSKVGE-amide
1| Hybrid 2| Ac-MDQLINALLA ST, KQLKRAKVEEHLLAKVGE-amide
2| L7A Ac-MDQLINAAILA S|, KQLKAKVEELLAKVGE-amide
3| L26A Ac-MDQLNALLA S|L KQLKAKVIEHL®AKVGE-amide
4| E14A Ac-MDQLNALLA SLiE KQLKAKVEHLLAKVIGE-amide
5/ K19Aa Ac-MDQLNALILIA S KQLAAKVEHLLAKVIGE-amide
6| E14A, Ac-MDQLINALILIASTE KQI@AKVEHLLAKVIGE-amide
K19A
7| K19E Ac-MDQLNALLASLEAENKQUBAKVIERLLAKVIGE-amide

Figure 4-1. Sequences of peptides used in this study. Peptides are denoted by one letter code and are
labelled peptides 1 to 7. The sequence of GCN4-pl (O'Shea et al. 1991) residues 2-32 is shown for
comparison, where Met 2 of GCN4-pl1 is labelled residue 1. Hybrid 1 is a GCN4-cortexillin I hybrid
that did not fold into a coiled-coil, while Hybrid 2 formed a stable coiled-coil (Lee et al. 2001). The a
and d positions of the heptad repeat abedefg are boxed. Bolded residues indicate amino acid
substitutions in Hybrid 2 relative to Hybrid 1. The circled and bolded residues in peptides 2 to 7
indicate amino acid substitutions relative to the Hybrid 2 peptide sequence. The residues 2-14 in the
Hybrid 1 sequence are from cortexillin I residues 270-282 and residues 16-28 contain GCN4-p1 2-14,
where both segments are inserted into the GCN4 template 1-31.
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Because Hybrid 1 did not fold, we introduced amino acid substitutions into Hybrid 1
that would induce folding independently of a 'consensus trigger sequence'. The result was
Hybrid 2, whose structure was determined in this manuscript. Hybrid 2 exhibited
increased coiled-coil folding and stability over Hybrid 1 because of five amino acid
substitutions: S6A, S13A, D20A, S27A, and E19K. Hybrid 2 contains four alanine
residues in the f positions (A6, A13, A20, and A27) not found in GCN4 or cortexillin I,
in order to increase o.-helix propensity (Fig. 4-2). Also, a lysine replaced a glutamic acid
at position 19 (e position), which eliminated a potential i to i’ - 5 ionic repulsion with Glu
14’ (g’ position) in the original nonfolding peptide, and could instead form a potential

interhelical i to i’ - 5 salt bridge across the hydrophobic interface (Fig. 4-2).

Overall fold

The x-ray crystal structure of Hybrid 2 (Table 4-1) is a parallel two-stranded coiled-coil
(Fig. 4-3). The dimer of the coiled-coil is built up from an internal two-fold crystal
symmetry element. Two core residues at the dimer interface (Leu 8 and Asn 15), each in
a positions of the heptad repeat, show two rotamer conformations (Figs. 4-4 and 4-5).
Asn 15 adopts the two most preferred rotamer conformations (Lovell et al. 2000) with
x1/x2 torsion angles of -82° /14° and 169°/-90°, respectively. In contrast with the two-
fold symmetry observed in Hybrid 2, the crystal structure of another coiled-coil, GCN4-
pl (O'Shea et al. 1991) (sequence in Fig. 4-1) does not show two-fold symmetry but still

shows Asn 15 in two different conformations (in and out).
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Figure 4-2. End-on view of the hybrid peptide analog, viewed from N- to C-
terminus. Solid arrows denote predicted interchain (i to i’ + 5) and intrachain (i to i +
3;ito i+ 4) ion pairing between residues. Open arrows denote the hydrophobic
interactions between residues a and a’ or d and d’.
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Table 4-1. Data collection and refinement statistics

Space group C222,

Unitcell a,b,c(A) 18.098, 117.287, 22.209
o, B, v (%) 90, 90, 90

Monomers / au 1

Data collection statistics

Resolution (A) 1.17

Observed reflections 263880

Unique reflections 8183

Completeness (%) 97.8

Rsym” 0.037

Refinement statistics

R factor (%)" 17.9

A oo (%) 21.7

Mean B factor protein atoms (A2) 15.1

Mean B factor water atoms (A2) 31.3

rmsd bond distances (A)¥ 0.009

rmsd bond angles (°)# 1.8

*Rsym=% |1/,
IR factor=Y,| | Fobs |-] Feale| 172 I Fcalc l.

#Root-mean-square deviation.

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



Chapter 4. Coiled-coil crystal structure

Figure 4-3. Space filling representation of the GCN4/cortexillin Hybrid 2 structure.
Residues in positions a and d along the hydrophobic core are displayed in orange
and green, respectively, with the exception of Asn 15 (a position) in light blue. Leu 7
(g) and Leu 26 (e) side chains are displayed in yellow. Glu 14 (g) and Lys 19’ (¢)

side chains are displayed in red and dark blue, with the i to i’ + 5 interchain
interaction shown in white.
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Figure 4-4. Cross-sectional view of the region surrounding the Asn 15 (a) core in
Hybrid 2. Hydrogen bonds are denoted by dashed yellow lines. Oxygen atoms are red,
nitrogen atoms are blue. The C, helix backbone is shown in white (ribbon
representation). The two interconverting conformers of Asn 15 and Asn 15° ('in' or
'out") are inside the pink boxes of panels A and B. Panel A: Asn 15 is 'in’' (lower helix);
Asn 15 is 'out' (upper helix). Panel B: Asn 15 'is 'out' (lower helix); Asn 15 is 'in'
(upper helix).
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Figure 4-5. Cross-sectional comparison of g-a packing and d-e packing of leucines
in the hydrophobic core of the hybrid peptide analog, viewed from N-terminus to C-
terminus. The C, helix backbone is shown as white sticks, while hydrogen atoms are
depicted as white balls. Panels A and B, Leu 7 (g) and Leu 7’ (g") side chains are
shown in yellow; Leu 8 (a) and Leu 8’ (a’) side chains are shown in orange. The two
conformations of Leu 8 (a) and Leu 8’ (a’), labelled from left to right, are a) 'out/in

and b) 'in/out'. Panel C, packing of Leu 25 (d) (green) and Leu 26 (e) (yellow) in the
hydrophobic interface.
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Interactions in the Asn 15 core region

The two asparagines in core a positions (Asn 15 and Asn 15%), together with the two
Glu (14 and 14’) and two Lys (19 and 19”) residues, form an extended network of
hydrogen bonds with a total of five (four interhelical and one intrahelical) hydrogen
bonds not previously observed in the structures of coiled-coils (Fig. 4-4). The amide and
carbonyl groups of the two Asn 15 side-chains are 3.1 A apart from each other. The N,
atom from asparagine with the 'out' conformation also forms a 2.8 A hydrogen bond with
the carboxyl group oxygen of Glu 14 (Fig. 4-4a) and Glu 14’ (Fig. 4-4b). Glu 14 - Lys 19
and Glu 14’ - Lys 19 form the two interhelical salt bridges with an N, to O,, distance of
3.2 A on both sides of the coiled-coil. The lone intrahelical hydrogen bond occurs

between the Oy of Asn 15 in the 'out’ conformation and the N, of Lys 19.

In the GCN4-p1 coiled-coil, there is an interchain electrostatic interaction on only one
side of the coiled-coil with an interatomic distance of 3.7 A. But, there is no interaction
with the nearest Asn residue in the hydrophobic core. On the other side of GCN4-p1, the
side-chains of Lys and Glu are 6.1 A apart (Fig. 4-6b) and thus are too far apart to
interact with each other, or with Asn 15 (indicated by the red X's in Fig. 4-6b). This can
be explained by the fact that in the GCN4-p1 peptide, the charged residues are in opposite
positions, and due to the stereochemical restraints, the favorable hydrogen bonding
pattern as observed in the Hybrid 2 structure cannot form. This is a clear indication that
the configuration with Glu in the g position and Lys in the e' position (as it is in Hybrid
2) is more stabilizing to the coiled-coil than the opposite arrangement, if Lys is in the g

position and Glu is in the €' position (as it is in the GCN4-p1 coiled-coil).
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Figure 4-6. Comparison of the region around the central Asn (a) in Hybrid 2 (Panel A) and GCN4
(Panel B) coiled-coils. The numbering of residues in GCN4 have been aligned to the hybrid sequence
in Fig. 4-1. Oxygen atoms are red; nitrogen atoms are blue. Hydrogen bonds are denoted by dashed
yellow lines. The C, helix backbone is shown in white (ribbon representation). Solid yellow lines with
ared 'x' denote a lack of noncovalent bonding between atoms.
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Crystal contacts

Surprisingly, none of the proposed intrahelical salt bridges are formed in the crystal.
Instead, all residues thought to form such interactions are involved in crystal lattice
contacts. Lys 21 and Glu 24 (potential i to i + 3 ion pair) form salt bridges with the
residues Glu 24 and Lys 21 from a symmetry related molecule; the distance between
these residues is approximately 4 A. Glu 12 is involved in an interaction with Asn 15 of a
symmetry related molecule, and does not form an i to i + 4 intrahelical salt bridge with
Lys 16. Glu 23 forms a salt bridge with Lys 28 from a symmetry related molecule,
despite the possibility that these residues could each form intrahelical salt bridges with
Lys 19 (ito i+ 4) and Glu 31 (i to i + 3), respectively. Also, three hydrophobic alanine
residues in b and f positions - Ala 6(f), Ala 9(b), and Ala 13(f) - pack against identical
residues from a crystallographically related molecule. Thus, crystal packing forces may
disrupt intrachain interactions that would be very important in solution, in favor of

intermolecular interactions in the crystal.

Comparison with GCN4

The peptide backbone can be superimposed upon the GCN4-pl coiled-coil dimer,
giving an rmsd of 0.71 A for C,, atoms from residues 3 to 30. The largest differences in
the positions of the C, backbone atoms occur at the N-terminus. In contrast, the C, atoms
of the C-terminal portion of the coiled-coil (residues 15-29) can be superimposed with an
rmsd of only 0.36 A. Hybrid 2 has a leucine residue in an N-terminal a position (Leu 8)
compared to a smaller valine residue in GCN4-pl that may explain the difference in the
C, backbone between GCN4-pl and Hybrid 2. The C,-C,, distance between Leu 8 and

Leu & at position a is 6.3 A, while in the GCN4-p1 structure the Val 8 and Val 8’ C,
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carbons are separated by 5.5 A (see Fig. 4-1 for sequences). According to the program
TWISTER (Strelkov et al. 2002), the coiled-coil radius of Hybrid 2 increases towards the
N-terminus and also the coiled-coil pitch of Hybrid 2 increases, indicating a local |
unwinding of the coiled-coil (Fig. 4-7): the C,-C, distance between the two Leu 4
residues at position d gets as high as 8.4 A, whereas in GCN4-p1 it is only 6.3 A. Clearly,
packing the larger Leu residue instead of Val at position a results in the increase in
coiled-coil radius, as position 8 has the only residue that is different in the hydrophobic a
and d positions of GCN4-pl vs. Hybrid 2.

Biophysical characterization of peptides

To quantitatively determine the extent that residues in the e and g positions stabilize the
coiled-coil structure of Hybrid 2, we synthesized a set of analogs substituted at various e
and g positions along the sequence (peptides 2 to 7 in Fig. 4-1). We characterized the
secondary structure, oligomerization state, and thermodynamic stability of the peptides
by circular dichroism (CD), sedimentation equilibrium, and chemical unfolding
experiments (Figs. 4-8 and 4-9; Table 4-2). All peptides formed a-helices in benign
medium and are fully folded as a-helical coiled-coils based on the following
characteristics: high negative molar ellipticity values in benign medium, with double
minima at 208 and 222 nm and a maximum at 190 nm; and a high o-helix content such
that the addition of 50% trifluoroethanol (TFE) does not significantly increase the o-helix
content (determined at 222 nm) (Table 4-2). Furthermore, the ratio of molar ellipticities

at 222 nm and 208 nm suggest that all of the peptides studied formed coiled-coils: the
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Figure 4-7. Coiled-coil pitch (solid lines) and coiled-coil radius (dashed lines)
plotted against the residue number for the Hybrid 2 (@) and the GCN4-p1 peptide
(O). The residue number is according to the Hybrid 2 peptide in both sequences, i.e.

in GCN4-p1 they are shifted by one residue.
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[6],,,/[B],5 ratio for coiled-coils in benign medium is usually greater than 1.0 (Lau et al.
1984) and this value decreases to 0.90 in the presence of the monomeric helix-inducing
solvent, trifluoroethanol. Also, results from sedimentation equilibrium experiments
indicated that most of peptides in this study were globally fit to a single dimeric species
in benign medium, with observed molecular weights that are approximately double the
calculated weight of the monomers (Table 4-2). Peptides E14A and E14A, K19A
exhibited higher order oligomerization in benign medium, but when the runs were
repeated in 2 M urea (a denaturant concentration high enough to disrupt higher order
oligomerization but low enough to not cause significant unfolding of the coiled-coil as
shown in Fig. 4-9), they were observed to exist as either a single dimeric species (E14A,

K19A) or in a monomer-to-dimer equilibrium (E14A).

By monitoring the folded state of the coiled-coil as a function of denaturant
concentration using CD spectroscopy, we obtained values for the urea concentration at
the transition midpoint ([urea],,), the slope at the transition midpoint (m), and the
stability contributions for Hybrid 2 relative to less stable analogs (AAG,™) (Fig. 4-9 and
Table 4-3). Peptides were analyzed at ~400 uM concentration to ensure that the total
population of the entire set of peptides was essentially fully folded in the absence of
denaturant; the effect of peptide concentration on the CD spectra of the least stable
peptide in this study, K19E (peptide 7 in Fig. 4-1), is shown in Fig. 4-8. Although K19E
shows an increase in negative molar ellipticity from 426 uM to 2600 uM, indicating
greater helicity at higher concentrations, it was calculated to be 91% helical at ~400 uM

by comparing [0],,, values in benign conditions and in 50% TFE (Table 4-2).

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



Chapter 4. Coiled-coil crystal structure 129

0 T T T 1T T T I LI A B | [T T T T T

IIII'IIIIIIIIIIIIIIIIIII'IIII]IIIIIIIII

[6] x10”° (degecm’sdmol™)
8
LR I TTTT I T 1T I TF1T I TTTT l LIR IR L) ‘ [IRIRARI I LILER L

_40l||x|||1|l||||||||||||||l|||||J|1|

190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 4-8. CD spectra of the peptide K19E obtained at 20° C in 50 mM phosphate,
100 mM KCl, pH 7.0 buffer (benign). Peptide concentrations were 2592 uM (@),
432 uM (A), 86 pM (@), 22 uM (V) 4 uM (M) and in 1:1 (v:v) benign buffer and
TFE at 432 uM (A).
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Figure 4-9. Chemical unfolding curves of the Hybrid 2 peptide and analogs. Fraction
folded was plotted against denaturant concentration for Hybrid 2 (®) and peptides
E14A (V); K19A (+); L7A (O); L26A (x); E14A, K19A (A); and K19E (#).
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Table 4-2. Biophysical characterization of hybrid peptide and analogs

Peptide (6], [0]:02/[0],0s [0]:2/[01,0s  Percent Helical residues® m,. Mg
(x10° deg cm®*dmol™)*  benign”® TFE® helix? (Da)! (Da)®
Benign TFE Benign
Hybrid2  -31.5 -30.6 1.00 0.86 103 33 3439 6698(D)"
L7A -29.9 -31.8 1.02 0.87 94 29 3397 6556 (D)
L26A -29.8 -31.1 1.03 0.90 96 30 3397 6266 (D)
E14A -294 -29.7 1.03 0.89 99 31 3381 6162 (M-D)"
K19A -30.8 -30.3 1.03 0.89 102 32 3382 6383 (D)
E14A,KI19A -31.3 -33.0 1.02 0.89 95 29 3324 6524 DY
K19E -27.7 -30.3 1.01 0.88 91 28 3440 6618 (D)

"Molar ellipticity at 222 nm at 20° C in benign buffer (50 mM potassium phosphate, 100 mM KClI, pH 7.0), 400 uM peptide
concentration. For samples containing trifluoroethanol (TFE), the above buffer was diluted 1:1 (v:v) with TFE.

PRatio of molar ellipticities at 222 nm and 208 nm in benign buffer.

‘Ratio of molar ellipticities at 222 nm and 208 nm in a mixture of 1:1 (v:v) benign buffer and trifluoroethanol.

%The percent o-helix was calculated by taking 100% o.-helix as the [0],,, value obtained in 50% TFE (the maximum inducible
a-helical structure).

“The number of o-helical residues was calculated by multiplying the percent a-helix (Column d) by the number of residues in
the polypeptide chain, 31.

fCalculated molecular mass of monomeric peptides based on average isotopic masses.

#0bserved molecular mass based on global fits of sedimentation equilibrium data (see Methods). Data was best fit to a
monomer to dimer equilibrium (M-D), or dimer (D). Values labelled with an asterisk (*) were determined in the presence of
2 M urea to eliminate higher order oligomerization observed in benign buffer; peptide E14A was originally fit to a monomer-
trimer (MW, 8087) and E14A, K19A was fit to a monomer-tetramer (MW, 9896) in benign conditions.

"Previously determined sedimentation equilibrium values (Lee et al. 2001).
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All the other peptides were more stable and more helical than K19E (Fig. 4-9) at 400 pM
concentration in benign conditions (Table 4-2) . Hybrid 2 was the most stable peptide in
this study, so AAG,*™ was reported as a positive value, i.e. a stabilizing contribution, by
calculating the stability difference of Hybrid 2 over the less stable analog (Table 4-4).
The choice of substituting the residues by alanine to eliminate g to €’ interchain effects
such as ionic interactions or hydrophobic interactions also affects another parameter that
influences coiled-coil stability: o-helix propensity. Alanine has the highest intrinsic helix
propensity among the twenty naturally-occurring amino acids (O'Neil et al. 1990; Blaber
et al. 1993; Monera et al. 1995; Myers et al. 1997; Pace et al. 1998) and so the difference
in helix propensities between Ala and the substituted residue was applied in the final
column of Table 4 as a correction to the stability contribution. Alanine is an ideal residue
to carry out substitutions in our case because it does not disrupt the o-helical coiled-coil
structure, as it might if one were inserting it into an alternate nonhelical structure (Minor
et al. 1994). After correction, the average value for the strength of a g to €’ ion pair was
0.79 kcal mol™ (averaged over the AAG,”™ values of single substitutions E14A; K19A;
and double substitutions E14A, K19A). Leucine was not corrected for helix propensity,

although its value has previously been shown to be similar to Ala (Pace et al. 1998).
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Table 4-3. Urea denaturation data

Peptide® Heptad  [Peptide]  [Ureal,, m AAG,™
position®  (UM)° )¢ (kcal mol™™)°*  (kcal mol™)’
Hybrid 2 i 341 6.9 0.67 3
L7A g 350 4.6 0.70 1.58
L26A e 465 5.0 0.78 1.38
El4A g 450 53 0.88 1.24
K19A € 316 4.8 0.67 1.41
El14A, g, e 375 53 0.92 1.28
KI19A
K19E e 460 2.8 0.85 241

*The sequences are given in Fig. 1.

*The position of the substituted residue within the heptad repeat, abcdefg.

“Amino acid analysis of stock peptide solutions was used to determine the total peptide
concentration in solutions analyzed by CD spectroscopy.

Denaturant concentration required to achieve a 50% reduction of the folded state or loss
of a-helical content as measured by [0],,,.

*Slope term in the equation AG,([urea])=AG, **°+m[urea], where AG,"*° is the Gibbs free
energy change of unfolding in the absence of denaturant (Santoro and Bolen 1988). The
AG,™ value for hybrid 2 was 9.3 kcal mol ™.

'AAG,™ is the observed change in AG,, the free energy change of unfolding, between
hybrid 2 and the peptide analog in column 1, and is calculated AAG,**=([urea],,, hybrid 2 =
[urea];,, anatog) ™ (Mybria 21 Manatog)/2 (Serrano and Fersht 1989).

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



134

Chapter 4. Coiled-coil crystal structure

Table 4-4. Contributions of a-helix propensity, hydrophobic and electrostatic interactions to coiled-coil stability

Peptide comparisons AAG ™ Description of stabilizing contribution AAG, ™ AAG,™
More stable  Less stable  coiled-coil per substitution  corrected -
coiled-coil  coiled-coil  (kcal mol™) (kcal mol™) (kcal mol™)
Hybrid 2 L7A 1.58 Hydrophobic contribution of Leu (g) vs. Ala 0.79 0.79
Hybrid 2 1L.26A 1.38 Hydrophobic contribution of Leu (e) vs. Ala 0.69 0.69
Hybrid 2 E14A 1.24 Electrostatic attraction uncorrected for o- 0.62 0.82
helix propensity
Hybrid 2 K19A 1.41 Electrostatic & H-bond attractions 0.71 0.71
uncorrected for a-helix propensity
Hybrid 2 E14A, 1.28 Electrostatic & H-bond attractions 0.64 0.84
KI19A uncorrected for a-helix propensity
E14A, K19A 0.40° Helix propensity of Ala vs. Glu (g) 0.20 ‘ -
K19A
El14A, El4A 0.00 Helix propensity of Ala vs. Lys (e) 0.00 -
K19A
K19A K19E 1.52° Removal of electrostatic repulsions 0.76 0.56
uncorrected for o-helix propensity
Hybrid 2 K19E 241° Removal of electrostatic repulsions and - -
replacement with electrostatic & H-bond '
atfractions

*The o-helix propensity effect of E14 to Al4 is calculated from the equation AAG,”™ = ([urea],,(E14A, K19A) - [urea);,(K19A)) * (mgys, x10a
+mig19,)/2 (from Serrano and Fersht 1989).

The stabilizing effects of removing two electrostatic repulsions is calculated from AAG,™ = ([ureal,,(K19A)-[urea]; ,(K19E)*(mg oa+mmg9p)/2
(from Serrano and Fersht 1989).

“Observed values of AAG,, coiea con=2.41 kcal mol”! can be compared with the calculated corrected values from the loss of two electrostatic
repulsions 2*(0.56), plus the gain of the average value for two electrostatic attractions and H-bonding 2*(0.79), =2.70 kcal mol™. .

SAAG,™ corrected is the AAG,™ per substitution corrected for o-helix propensity effects. The a-helix propensity of Ala compared to Glu is 0.20

kcal mol1 which means the stabilizing effect of an electrostatic & H-bond attraction is the AAG,* value of 0.64 kcal mol™ plus 0.20 kcal mol to
give 0.84 kcal mol™.
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Interactions of leucine residues at positions e and g

Peptides L7A and L26A contain destabilizing substitutions by replacing leucine
residues at positions g and e respectively with the shorter, less hydrophobic alanine side-
chains. L7A reduced stability by 0.79 kcal mol” while L26A reduced stability by 0.69
kcal mol™ per substitution. Overall, leucine residues at e and g each contributed 0.7 to 0.8
kcal mol™ to stability relative to alanine, while the interchain Glu-Lys’ salt bridge
involved in the hydrogen bonding network contributed 0.8 kcal mol™ to stability after

correction for helix propensity.

Chapter 4-3. Discussion

Unlike the a and d positions in the hydrophobic core, the environment of side-chains
located at the e and g positions in a two-stranded coiled-coil is partially solvent-excluded
but also partially solvent-exposed (Fig. 4-2). Therein lies the controversy over the effects
of interchain ion pairs located at these positions, as the stabilizing benefit of an
electrostatic attraction must outweigh the energy penalty from both desolvation and the
presence of charged residues in a hydrophobic environment. Similarly, hydrophobic
residues such as the aliphatic chains of leucine and isoleucine, while gaining a favorable
energy contribution to stability in the hydrophobic environment may suffer a penalty

because of their solvent accessibility at the e and g positions.
Electrostatic interactions at positions e and g.

In comparison with other values for interchain Glu-Lys’ attractions (ranging from 0.4 to
0.5 kcal mol™) (Krylov et al. 1998; Zhou et al. 1994) and Glu-Glu’ repulsions (0.45 kcal

mol™) (Kohn et al. 1995) in g-¢’ positions of coiled-coils, our values for each electrostatic
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effect in this study are approximately double. This difference can be explained by the two
hydrogen bonds (Fig. 4-4a) in the Asn core region (one from E14 to N15’, the other from

K19’ to N15") which contribute the added stability.
Hydrophobic residues at positions e and g.

Hydrophobic residues at positions a and d in the hydrophobic core and their
contributions to stability have previously been studied in detail. Here we examined Leu
packing and stability at positions e and g, and found similar stability values in both
positions. The side-chain packing of Leu (Fig. 4-5) in both cases are adjacent to another
Leu, either g-a” (Leu 8) or d-¢’ (Leu 25). Our values of 0.7 and 0.8 kcal mol’ for leucine
in positions e and g are less than half the stability contribution at the a and d positions
(1.75 and 1.90 kcal mol™) (Tripet et al. 2000; Wagschal et al. 1999). The stability
differences between Leu at a or d vs. e or g positions match the differences in solvent-
accessible surface area: after calculating accessible surface area in the Hybrid 2 structure
using GETAREA 1.1 (Fraczkiewicz et al. 1998), we observed that Leu 26 and Leu 7 at
positions e and g were 48% exposed to solvent, while Leu 8 and Leu 25 at positions a
and d were only 7% exposed at position d, and 9% ('in' conformation) or 20% (‘out'
conformation) exposed at position a. Thus, the more that leucine was shielded from
solvent (in positions a or d), the more it contributed to stability via the hydrophobic
effect.

How does side-chain packing affect the stability of hydrophobes in positions e and g?
Fig. 4-5 shows the g-a’ packing of Leu 7 and Leu 8, and the d-e’ packing of Leu 25 and
Leu 26. With two conformations of Leu 8 in each helix of Hybrid 2, two possible

combinations for the coiled-coil are shown in panels A and B: 'out/in' and 'in/out'. These
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conformations would satisfy both the packing of the hydrophobic core as well as
interactions with the neighboring Leu 7 at position g and could cause the coiled-coil
radius to increase towards the N-terminal as observed. The neighboring Leu 7 (g) may
stabilize Leu 8 (a) in the 'out' conformation, as none of the other hydrophobic residues in
a or d positions (Val or Leu) show more than one rotamer conformation in the X-ray
structure. For example, Leu 25 (d) and Leu 26 (e) adopt a stable packing conformation,
where the side-chains at position d are densely packed in the hydrophobic core and also
make close contact with the side-chains at position e (Fig. 4-5C).

If a hydrophobic residue such as leucine at positions e and g contributes the same
amount of stability to a two-stranded coiled-coil as an ion pair, should we expect to see
the same statistical occurrence of hydrophobic residues as charged amino acids in these
positions? The database of two- and three-stranded coiled-coil proteins from GenBank
showed that at positions e and g, charged residues were heavily favored over hydrophobic
residues by over a factor of four: 51.7% of residues at positions e and g were charged,
while only 11.8% were hydrophobic (Lupas et al. 1991). What can explain the preference
for charged residues over hydrophobes at these positions? First, having hydrophobes vs.
polar side-chains at positions e and g reduces protein solubility in an aqueous
environment. Second, hydrophobes at positions e and g have been shown to affect
oligomerization state and allowing higher orders of self-association (trimers and
tetramers) (Harbury et al. 1993; Potekhin et al. 1994). So, if one decides to incorporate a
relatively small number of hydrophobes in the e and g positions of de novo designed
coiled-coils, these residues can increase overall stability but possibly at the cost of

reducing solubility and decreasing specificity for the dimeric state. Nevertheless, despite
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the relatively low occurrence of leucine at positions e and g in two-stranded coiled-coils,
it would not be possible to predict overall protein stability or the variations of stability
along the sequence of coiled-coils without understanding the quantitative contributions of
the leucine residues at positions e and g.
Chapter 4-4. Conclusions

The crystal structure of the GCN4/cortexillin I peptide (Hybrid 2) contains key details
helping to explain its stability. In addition to the hydrophobic residues found in the core a
and d positions are the alanine residues in the f positions, the leucine residues in the e and
g positions of the hydrophobic interface, the interchain ionic Glu-Lys’ salt bridges on
both sides of the two central Asn 15 core residues and the complex hydrogen bonding
network in the surrounding region. Although structurally similar to GCN4, Hybrid 2
possesses more ionic and hydrogen bonds in the vicinity of the central asparagines
(especially at the Asn in the 'out’' conformation), and has a larger coiled-coil radius near
the N-terminal due to the alternate packing conformers of leucine in an a position.
Biophysical studies have shown the importance of Glu 14 and Lys 19 in establishing g-¢’
ionic interactions, as well as the contributions of Leu 26 and Leu 7 at positions e and g to
coiled-coil stability. To our knowledge, this work is the first reported biophysical
quantification of the stability contributions of d-e¢’ or g-a’ leucine packing in a two-
stranded coiled-coil, as well as the first identification of a unique network of hydrogen
bonds involved in the ion pairs from g-e¢’ and the Asn residues in the hydrophobic core
due to the reversed ion pairing compared to GCN4-pl. The results provide further

information to assist in the de novo design of coiled-coils (Burkhard et al. 2002;
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Burkhard et al. 2000b) and understanding the folding and stability of coiled-coils, in
ways that do not necessarily require the inclusion of a consensus trigger sequence.
Accession number

Coordinates have been deposited with the Research Collaboratory for Structural
Bioinformatics under the accession code 1P9I.
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Chapter 5: Optimization of microbial specificity in cyclic peptides by modulation of

hydrophobicity within a defined structural framework

A version of this chapter has been published. Kondejewski, L. H., Lee, D. L., Jelokhani-
Niaraki, M., Farmer, S. W., Hancock, R. E. W., and Hodges, R. S. 2002. Journal of
Biological Chemistry. 277:67-74.

Chapter 5-1. Introduction

The cationic antimicrobial peptides represent a potentially new class of antibiotics to
combat microorganisms that have developed resistance to the traditional antibiotics and
as such, their structure-activity relationships have been actively pursued (Hancock 1997,
Hancock et al. 1998). While their mode of action is not fully understood, it is well
established that these peptides must interact with the plasma membrane of susceptible
microorganisms, where either their accumulation in the membrane causes increased
permeability and loss of barrier function or they cross the membrane to access
cytoplasmic targets (Hancock et al. 1998). Studies with gramicidin S have indicated that
this peptide is very membrane active (Zhang et al. 2000a). The concept that the site of
action of certain peptides is the cell membrane (as opposed to microbial enzymes) is
consistent with observations of rapid (minutes to hours), concentration-dependent action,
with the development of resistant microbial strains being reduced or eliminated (Oren et
al. 2001). Moreover, some cationic peptides also displayed toxicity to higher eukaryotic
cells, an unsurprising result if the target is indeed the cell membrane. Differences in the
lipid composition and the membrane potential gradient between prokaryotic and higher
eukaryotic cell membranes have been used to explain the differences in specificity of
these peptides (Matsuzaki et al. 1995). Since it is believed that killing with peptides like

gramicidin S after peptide interaction with membranes, efforts have been made to
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enhance specificity to provide the greatest discrimination between prokaryotic and higher
eukaryotic membranes.

Two major classes of the cationic antimicrobial peptides are the o-helical and the f-
sheet peptides (Andreau et al. 1998; Matsuzaki 1999; van 't Hof et al. 2001). The -
helical class (e.g. cecropins (Holak et al. 1988), magainins (Bechinger et al. 1992 ; Zasloff
1987), and melittin (Bazzo et al. 1988)) consists of linear peptides that exist as disordered
structures in aqueous media and become helical upon interaction with hydrophobic
solvents or phospholipid vesicles. Unlike the o-helical peptides, B-sheet peptides are
cyclic peptides constrained in this conformation either by disulfide bonds (tachyplesins
(Kawano et al. 1990; Nakamura et al. 1988), protegrins (Harwig et al. 1995; Storici et al.
1993), and polyphemeusins (Miyata et al. 1989; Zhang et al. 2000b)) or by cyclization of
the backbone (gramicidin S (Khaled et al. 1978) and tyrocidines (Kuo et al. 1980)).

From structure-activity relationship studies of cationic antimicrobial peptides, a number
of factors important for antimicrobial and anti-eukaryotic cell activity have been
identified. These fundamentally important characteristics include the presence of both
hydrophobic and basic residues, an amphipathic nature which describes the relative
positioning of the basic and hydrophobic residues, and secondary structure, either
preformed or inducible in lipid-mimicking environments (Hancock 1997; Hancock et al.
1998; Izumiya et al. 1979; Pathak et al. 1995). The difficulty in interpreting results from
such studies is that it is difficult to systematically study one variable while holding other
variables constant, since sequence changes generally lead to structural changes which
affect amphipathicity. Conformationally constrained peptides have the advantage that
sequence changes alter conformation to a lesser degree than in their linear counterparts,
and thus facilitate the dissection of the relative contributions of each property.

In structure-activity studies on cyclic peptides related to gramicidin S (GS), we have
previously found that amphipathicity plays a critical role in defining the scope of

biological activities in these peptides (Kondejewski et al. 1996; Kondejewski et al. 1999;
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Mclnnes et al. 2000). Furthermore, it was seen that antimicrobial activity could be
dissociated from hemolytic activity and that the differences between these two activities
could be maximized by the selection of the appropriate amphipathicity (Kondejewski et
al. 1999). It was seen that a high amphipathicity is not desirable in these peptides, as this
results in high hemolytic activity coupled with low antimicrobial activity. Through
systematic reduction of amphipathicity utilizing enantiomeric substitutions within the
framework of the highly amphipathic B-sheet peptide, GS14 [cyclo(VKLKVd-
YPLKVKLd-YP), where d- denotes a D-amino acid], it was possible to define the
optimum amphipathicity leading to the highest therapeutic index (Kondejewski et al.
1999). In the present study, we have utilized the structural framework of the GS14
diastereomer possessing the highest therapeutic index, GS14K4 [cyclo(VKLd4d-KVd-
YPLKVKLdJ-YP)], and have systematically altered the hydrophobicity in order to define
the optimal hydrophobicity leading to the greatest antimicrobial activity and specificity
within this structural framework.
Chapter 1-2. Results
Peptide design

In a previous study we defined the optimum amphipathicity leading to a high specificity
for microorganisms over human erythrocytes through the use of systematic enantiomeric
substitutions within the framework of a 14-residue head-to-tail cyclic peptide
(Kondejewski et al. 1999). In the present investigation we have attempted to further
optimize the biological properties of the diastereomeric peptide possessing the optimum
amphipathicity, GS14K4, [cyclo(VKLd-KVd-YPLKVKLd-YP)] by modulation of
hydrophobicity. Under the assumption that this "optimum structure” leading to the
optimum amphipathicity (relative distribution of hydrophobic and basic residues) is
retained, we have systematically replaced the hydrophobic residues in GS14K4 in order
to obtain peptides which are either less hydrophobic or more hydrophobic than GS14K4

(Table 5-1). GS14K4 has two D-tyrosines, three leucines, and three valine residues in its
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Table 5-1. Peptide sequences, physical properties and biological activities of peptides used in this study

Peptide Linear Sequence? Retention Predicted Relative LPS binding Hemolytic
: Time Hydrophobicity affinity activity
(min)® (min) ¢ @MY (pg/mD) €
GS14 VKLKVYPLKVKLYP 49.5 49.6 3 1.5
Y2/F2, V3/L3 LKLKLFPLKIKIFP 46.2 553 25 12.5
V3/L3 LKLKLYPLKIKLYP 42.5 47.9 46 25
Y2/F2 VKLKVFPLKVKLEP 42.3 49.9 59 40
GS14K4 VKLKVYPLKVKLYP 38.9 42.5 93 200
V3/A3 AKLKAYPLKAKLYP 32.2 344 163 >800
L3/A3 VKAKVYPAKVKAYP 28.6 29.0 243 >800
V3L3/A6 AKAKAYPAKAKAYP 21.7 20.9 291 >800

@ Linear sequences of cyclic peptides. One-letter amino acid code is used; underlined residues
represent D-amino acids.

b Retention time on RP-HPLC at 25°C.
¢ Calculated using the HPLC hydrophobicity scale of Sereda et al. (1994) with values for Leu, Phe,
Val, Tyr, and Ala as 8.5, 7.9, 6.7, 4.2, and 4.0, respectively. Values for Pro and L-Lys were taken from

Guo et al. (1986) of 2.0 and -2.1, respectively. The value for D-Lys which has been shown to be on
the hydrophobic face was taken as —9.2 (Sereda et al. 1994).

d Peptide concentration to displace 50% of dansyl-polymyxin B from LPS.

€ Peptide concentration for 100% lysis of human erythrocytes. The hemolytic activity of GS was 12.5
pg/ml.
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sequence that were selected to alter hydrophobicity in the analogs used in this study.
Hydrophobicity was increased relative to GS14K4 by replacing two D-Tyr residues with
two D-Phe residues (peptide Y2/F2), three Val with three Leu (peptide V3/L3), or a
combination of both (peptide Y2/F2, V3/L3). Hydrophobicity was reduced relative to
GS14K4 by replacing three Val with three Ala (V3/A3), three Leu with three Ala
(L3/A3) or all six hydrophobes with Ala (V3L3/A6).
Peptide structure
CD spectroscopy

The secondary structure of the peptides was evaluated by CD spectroscopy. Similar to
GS, GS14 exhibited a CD spectrum with large negative ellipticities at 206 nm and 223
nm (Fig. 5-1) which is indicative of B-sheet structure in these cyclic peptides (Gibbs et al.
1999; Kondejewski et al. 1996; Kondejewski et al. 1999). This B-sheet conformation
imparts a highly amphipathic nature to GS14 (Kondejewski et al. 1999). The
incorporation of a D-Lys residue in the framework of GS14 (GS14K4) resulted in a CD
spectrum more characteristic of a disordered structure under aqueous conditions,
indicating disruption of both B-sheet structure and amphipathicity of GS14 (Fig. 5-1A).
The nuclear magnetic resonance (NMR) solution structure of GS14K4 has recently been
determined in this laboratory. These studies verified the disruption of ordered structure
and amphipathicity. They also showed that the structural basis for the decreased
amphipathicity of GS14K4 is the placement of D-Lys4 on the hydrophobic face of the
molecule (McInnes et al. 2000). All the GS14K4 hydrophobicity analogs, whether less or
more hydrophobic, exhibited CD spectra similar to GS14K4, indicating that all possessed
a similar disrupted 8-sheet/B-turn conformation under aqueous conditions.

In the presence of a hydrophobic structure-inducing solvent such as trifluoroethanol,
the spectrum of GS14 was greatly enhanced, indicating a stabilization of the B-sheet
structure (Fig. 5-1B). As well, all the GS14K4 hydrophobicity analogs exhibited some

inducibility of structure in the presence of TFE. The measured negative ellipticities in

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



Chapter 5. Cyclic peptide hydrop

hobicity and microbial specificity

148

250

40
A -
<)
E  207e,
© 0]
o~ ce
£ e
5 ime —
0 -
g %?%5:. ooeem%eeeezg g@ !‘" ot
. 5 s
o | s
x Ce o oOOOO ...
§ % ®oce ....0000000000000'.
-407
190 200 210 220 230 240 250
Wavelength (nm)
40
B.
'T_o 20
L 9
5 200%
~ AN
£ Cats
3] ogﬁg.
2 Ay
o 0
g " JITR L
™ Dgg <><><><><><><><><><><><><><><><><><> ﬂasa ®
x -207 O/Sl%?:" aat? 83388&32&‘!66%%
Y ipzxﬁﬁga gt mumamid o0 o
2 o Pl
°
-40- 00080092320.....000000"
190 200 210 220 230 240

Wavelength (nm)

Figure 5-1. CD spectra of GS14 and GS14K4 hydrophobicity analogs. Panel A, CD spectra recorded
in 5 mM sodium acetate buffer, pH 5.5, at 20 °C. Samples were GS14 (closed circle); GS14K4 (open
circle); Y2/F2 (open square); V3/L3 (closed square); L3/A3, A ; Y2/F2, V3/L3 (closed triangle);
V3L3/A6 (open diamond); V3/A3 (closed diamond). Panel B, CD spectra recorded in 5 mM sodium
acetate buffer, pH 5.5, containing 50% TFE, at 20 °C. Symbols for samples were identical to Panel A.
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the presence of TFE showed a correlation with predicted hydrophobicity (Table 5-1) at
both 205 nm (R = 0.83) as well as at 220 nm (R=0.80), indicating that the structure of the
more hydrophobic analogs was stabilized more efficiently by TFE (data not shown).
These findings suggest that TFE-mediated structure induction in these cyclic peptides is a
consequence of interactions between the hydrophobic portion of the alcohol with
hydrophobic groups present in the peptides. Similar hydrophobic-hydrophobic peptide-
alcohol interactions have been noted with melittin, an o.-helical peptide (Hirota et al.
1998).
Reversed-phase HPLC analysis

Retention time on reversed-phase HPLC can be used as a measure of peptide
hydrophobicity (Guo et al. 1986; Parker et al. 1986); however, it is well known that the
formation of a hydrophobic preferred binding domain due to peptide secondary structure
can affect peptide interactions with reversed-phase matrices (Krause et al. 1996;
Rothemund et al. 1996; Wishart et al. 1996; Zhou et al. 1990). We have shown
previously with a complete set of GS14 diastereomers that the observed retention times
on RP-HPLC are a measure of peptide amphipathicity in such a homologous series of
peptides (Kondejewski et al. 1999; Mant et al. 1998). This can be seen in the comparison
of the observed retention times between GS14 and GS14K4 (Table 5-1). Both these
peptides have exactly the same composition and sequence and therefore the same
intrinsic hydrophobicity, but differ only in structure. The 10.6 minute difference in
retention times between GS14 and GS14K4 (49.5 min and 38.9 min, respectively)
showed the differences in the ability of the peptides to form a hydrophobic preferred
binding domain and at the same time segregate basic residues to the opposite side of the
molecule. Retention time differences between these two molecules were therefore a
measure of peptide amphipathicity, and showed that GS14K4 has a substantially lower
amphipathicity compared to GS14. We have attempted to modulate the hydrophobicity

of the present analogs through residue substitutions in the framework of GS14K4 under
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the assumption that the optimum structural features leading to the optimum
amphipathicity present in GS14K4 will also be present in the analogs. As shown in Table
5-1, three of the designed analogs were more hydrophobic than GS14K4 and three
analogs were less hydrophobic. A plot of the predicted relative hydrophobicity using RP-
HPLC retention time data for the hydrophobicity analogs against their observed retention
times (Fig. 5-2) yielded a linear relationship (R=1.0) indicating that all the analogs can
present their hydrophobic residues in the same orientation for interaction with the
reversed-phase matrix. This correlation suggests that the analogs possessed essentially
similar structures in a hydrophobic environment and had a similar relative distribution of
hydrophobic and basic residues and only differ in their intrinsic hydrophobicity.
Interaction of peptides with bacterial outer membranes
Interaction with Bacterial Lipopolysaccharide

Cationic antimicrobial peptides interact initially with negatively charged outer
membrane lipopolysaccharide (LPS) on the surface of Gram negative bacteria (Hancock
1981; Nicas et al. 1983). The interaction of the GS14K4 analogs with bacterial LPS was
investigated by monitoring the displacement of LPS-bound dansyl-polymyxin B by the
peptides (Kondejewski et al. 1996; Moore et al. 1986); the measured binding affinities
are listed in Table 5-1. There was a direct correlation (R=0.99) between peptide
hydrophobicity and LPS-binding affinity (Fig. 5-3) indicating that increased peptide
hydrophobicity resulted in higher binding affinity to LPS. Comparison of the LPS
binding affinity of GS14 with GS14K4, two peptides which only differed in
amphipathicity, shows that amphipathicity also played a large role in modulating binding
affinity (Table 5-1).
Permeabilization of Outer Membranes to NPN

Permeabilization of E. coli outer membranes by the analogs was monitored using the
hydrophobic fluorescent probe N-phenyl-1-naphthylmine (NPN). NPN fluorescence is

substantially increased when it is incorporated into the hydrophobic bacterial cell
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Figure 5-2. Correlation between predicted relative hydrophobicity and observed
RP-HPLC retention times of GS14K4 analogs. The predicted RP-HPLC retention
times were calculated using the RP-HPLC-derived hydrophobicity scale of Guo ez al.
(Guo et al. 1986) for random coil peptides and the RP-HPLC-derived hydrophobicity
scale of Sereda ef al. (Sereda et al. 1994) for a-helical peptides. The observed
retention times were determined on a Zorbax SB-C8 column (150 x 2.1 mm inner
diameter; 5-um particle size; 300 A pore size) with a linear AB gradient of 1%
B/min (where solvent A was 0.05% aqueous trifluoroacetic acid and solvent B was
0.05% trifluoroacetic acid in acetonitrile) at a flow rate of 0.25 ml/min.
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Figure 5-3. Correlation between peptide hydrophobicity and LPS-binding affinity
in GS14K4 analogs. The RP-HPLC-derived retention times and LPS-binding
affinity listed in Table 5-1 were measured as described under Materials and
Methods (Chapter 2).
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Figure 5-4. Permeabilization of E. coli UB1005 cells to NPN. Peptide-mediated
outer membrane destabilization was monitored by fluorescence increase due to NPN
partitioning into the hydrophobic membrane interior. Samples were GS14K4 (closed
circle); V3L3 (open circle); Y2/F2 (open square); Y2/F2, V3/L3 (closed square);
L3/A3, A ; V3/A3 (closed triangle); V3L3/A6 (closed diamond).
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membrane (after permeabilization) compared to its fluorescence in the presence of
bacterial cells under non permeabilizing conditions (Loh et al. 1984). Outer membrane
destabilization by the GS14K4 hydrophobicity analogs is shown in Fig. 5-4. All the
analogs with the exception of the least hydrophobic analog (V3L3/A6) were found to
exhibit similar capacities to permeabilize the outer membrane to the hydrophobic probe.
Peptide V3L3/A6 was approximately 1/10th as effective at destabilizing the outer

membrane as compared to the other analogs.

Biological activities of peptides
Hemolytic activity

The hemolytic activities of the peptides against human erythrocytes were determined as
a measure of peptide toxicity towards higher eukaryotic cells (Table 5-1). The hemolytic
activity of GS14K4 is considerably lower than that of the parent compound, GS14, due to
the decreased amphipathicity of GS14K4 (Kondejewski et al. 1999). The GS14K4
hydrophobicity analogs exhibited a range of hemolytic activities, from that approaching
GS14, to greatly decreased hemolytic activity (Table 5-1). There was a correlation
between hemolytic activity and RP-HPLC determined hydrophobicities of the analogs
(Fig. 5-5), whereby strong hemolytic activity was seen only in those analogs that had
retention times greater than 39 min. (i.e. greater than that of GS14K4). This suggests that
the hemolytic activity of the peptides is strongly influenced by hydrophobicity of the
nonpolar face of the molecule. Analogs with hydrophobicities less than GS14K4
exhibited negligible hemolytic activity.
Activity against Gram-negative bacteria

The antimicrobial activities of the peptides against a number of Gram negative
microorganisms is shown in Table 5-2, along with a therapeutic index that was calculated
as a measure of specificity of the peptides for the microorganism over human
erythrocytes. GS14K4 exhibited both high activity against all the microorganisms as well

as high specificity, as evident from the high therapeutic indices.
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Figure 5-5. Relationship between hydrophobicity and hemolytic activity of GS14K4
analogs. Hemolytic activity and RP-HPLC-derived retention times listed in Table 5-

1 were determined as described under Materials and Methods (Chapter 2).
Hemolytic activities reported as >800 pg/ml in Table 5-1 are plotted as 1600 pug/ml.
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Table 5-2. Activity of GS14K4 hydrophobicity analogs against Gram-negative microorganism -

Peptide Minimal Inhibitory Concentration (ug/mL) and Therapeutic Index¢
P. aeruginosa P. aeruginosa E. coli E. coli S. typhimurium S. typhimurium
H187 Hi188 UB1005 DC2 C587 C610

activity index activity  index activity  index activity  index activity  index activity _index
GS 20 0.6 6.2 2 6.2 2 3.1 4 20 06 10 1.3
GS14 >200 <0.01 >200 <0.01 >200 <0.01 200 0.01 >200 <0.01 >200 <0.01
Y2/F2, V3/L3 16 0.8 3.1 4 8.1 1.5 2 6.3 33 0.4 13 1
V3/L3 100 0.3 3.1 8 6.2 4 2.8 8.9 100 0.3 18 14
Y2/F2 19 2.7 3.1 16 5.6 8.9 15 33 8.1 6.2 3.1 16
GS14K4 [ 25 8 3.1 65 6.2 32 3.1 65 11 18 4.1 49 |
V3/A3 150 18 13 . 9 | 38 6.2
L3/A3 >200 4 100 16 200 8 200 8 >200 _ 100
V3L3/A6 >200 4 150 11 >200 4 >200 4 >200 4 >200

Chapter 5. Cyclic peptide hydrophobicity and microbial specificity

@ Therapeutic index = hemolytic activity/minimal inhibitory concentration. For the calculation of the therapeutic index,
values of 400 pg/ml were used for MIC values reported as >200 ug/ml and values of 1600 pg/ml were used for hemolytic
activity values reported as >800 pg/ml. The therapeutic index of the analog with the highest value for each microorganism is
shaded. The open box highlights the peptide (GS14K4) with antimicrobial activity within two-fold of the most active peptide
against each organism in this study, as well as possessing the second highest therapeutic index. The hemolytic activity of GS
was 12.5 pg/ml.
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GS14, on the other hand, had essentially no activity against these microorganisms due to
its high amphipathicity (Kondejewski et al. 1999; Mclnnes et al. 2000). Compared to
GS14K4, some of the hydrophobicity analogs exhibited similar antimicrobial activities,
while others exhibited greatly reduced activity.

We found a correlation between peptide hydrophobicity and antimicrobial activity as
shown in Fig. 5-6 for representative Gram negative microorganisms. It was evident that
for all the microorganisms there was a dramatic loss of antimicrobial activity below a
certain hydrophobicity threshold (approximately 32 min. retention time, analog V3/A3).
For most of the microorganisms, this analog represented the hydrophobicity cutoff for the
peptides studied. For the majority of microorganisms, there was a limit to the maximum
antimicrobial activity, with little further increase in activity obtained with increasing
hydrophobicity past approximately 39 min. retention time (analog GS14K4).
Interestingly, increasing the peptide hydrophobicity (analog V3/L3) substantially
decreased antimicrobial activity against two different Gram negative microorganisms (P.
aeruginosa H187 and S. typhimurium C587, Table 5-2).

Also shown in Table 5-2 and Fig. 5-6 are the therapeutic indices of the analogs for the
Gram negative microorganisms. It is clear from these data that there was an optimal
hydrophobicity that conferred specificity for all the microorganisms. The highest
therapeutic indices for each organism are shaded in Table 5-2 to highlight these
differences. Of the analogs studied, V3/A3 possessed the best therapeutic indices and
demonstrated an improvement over the therapeutic index of GS14K4.  Although the
antimicrobial activity of this peptide was reduced compared to GS14K4, the greatly
reduced hemolytic activity was the dominating influence on the therapeutic index,
resulting in indices that were in the range of 2- to 5-fold greater than those for GS14K4.
The analogs with hydrophobicities higher or lower than this optimal peptide (peptides
L3/A3 and GS14K4, with retention times of 28.6 min. and 38.9 min., respectively)

therefore mark the boundaries of a "therapeutic window", inside of which would be
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Figure 5-6. Antimicrobial activity and microbial specificity of GS14K4 hydrophobicity analogs
against Gram negative microorganisms. The minimal inhibitory concentration (closed circle) and the
therapeutic index (open circle) of the GS14K4 analogs shown in Table 5-2 are plotted as a function of
peptide hydrophobicity as determined by RP-HPL.C (observed retention time, Table 5-1). Plots are for:
(A) E. coli UB1005; (B) E. coliDC2; (C) S. typhimurium C610. A value of 400 pg/ml was used for
MIC values reported as >200 pg/ml and a value of 1600 pg/ml was used for hemolytic activities
reported as >800 pg/ml to allow calculation of the therapeutic index.
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predicted to lie the optimal peptide hydrophobicity for this series of peptides against
Gram negative microorganisms. The therapeutic windows are shaded in Fig. 5-6.
Comparison of the therapeutic indices of the best analog, V3/A3, with those of GS itself
shows that V3/A3 possesses therapeutic indices in the range of 20- to 200-fold greater
than GS itself and thus represents a significant improvement in specificity. Overall,
GS14K4 showed an activity that is near maximum antimicrobial activity (less than a two-
fold difference between GS14K4 and the most active compound in this series, L3/A3)

and a reasonable therapeutic index among the analogs listed in this study (Table 5-2).
Activity against fungi and Gram-positive bacteria

The activity of the hydrophobicity analogs against a number of Gram positive
microorganisms and yeast is shown in Table 5-3. GS14K4 exhibited strong activity
against most of the tested microorganisms, coupled with a high therapeutic index. Unlike
the case for Gram negative microorganisms where maximum antimicrobial activity
reached a plateau at the hydrophobicity level of GS14K4, a number of the more
hydrophobic analogs exhibited substantially greater activity against some of the Gram
positive microorganisms as well as yeast. In most cases, however, GS14K4 exhibited the
highest therapeutic indices due to the increased hemolytic activity of the more
hydrophobic analogs. The highest therapeutic indices for each microorganism are
shaded. The Y2/F2 peptide (Table 5-3), which increased the hydrophobicity of the two
turns, had much better antimicrobial activity than GS14K4 and even with the greater
hemolytic activity (Table 5-1), still had the best therapeutic index. Peptide V3/A3, a
slightly less hydrophobic peptide than GS14K4, exhibited a 4-fold increase in therapeutic
index for C. xeroses over GS14K4. As with Gram negative microorganisms above, a
similar trend of antimicrobial activity and therapeutic index changes with hydrophobicity

changes was seen against Gram positive microorganisms and yeast (Fig. 5-7).
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Table 5-3. Antifungal and Gram-positive activity of GS14K4 hydrophobicity analogs

Peptide Minimal Inhibitory Concentration (ug/mL) and Therapeutic Index?
S. aureus SAP0017  S. aureus K147 S. epidermidis B. subtilis E. faecalis C. xeroses C. albicans
activity _ index activity _index activity _index activity  index activity  index activity _ index activity  index
GS 1.5 83 1.5 83 15 8.3 3.1 4 28 45 0.7 18 3.1 4
GS14 >200 <0.01 >200 <0.01 113 0.01 >200 <0.01 23 0.7 6.2 0.2 175 0.01
Y2/F2, V3/L3 9.4 1.3 9.4 1.3 2 6.3 6.2 2 15 83 12 10 3.1 4
V3/L3 13 23 11 13 9.4 2.7 15 17 1 25 - 4 6.3
Y2/F2 18 13 4.4 6.2 8.1 14 36 3.1 16
GS14K4
V3/A3 >200 4 >200 4 50 32 >200 4 >200 4 . 20
L3/A3 >200 4 >200 4 >200 4 >200 4 >200 4 100 16 >200 4
V3L3/A6 >200 4 >200 4 >200 4 >200 4 >200 4 150 10 >200 4

@ Therapeutic index = hemolytic activity/antibacterial activity. For the calculation of the therapeutic index, values of 400
pg/ml were used for MIC values reported as >200 pg/ml and values of 1600 ug/ml were used for hemolytic activity values
reported as >800 pg/ml. The therapeutic index of the analog with the highest value for each microorganism is shaded. The
open boxed values highlight the antimicrobial activity of peptides Y2/F2 and GS14K4 which have the highest therapeutic
index or second highest therapeutic index for comparison. The hemolytic activity of GS was 12.5 ug/ml.
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Figure 5-7. Antimicrobial activity and microbial specificity of GS14K4 hydrophobicity analogs
against Gram positive microorganisms and yeast. The minimal inhibitory concentration (closed circle)
and the therapeutic index (open circle) of the GS14K4 analogs shown in Table 5-3 are plotted as a
function of peptide hydrophobicity as determined by RP-HPLC (observed retention time, Table 5-1).
Plots are for: (A) S. epidermidis; (B) E. faecalis; (C) C. albicans. A value of 400 pg/ml was used for
MIC values reported as >200 pug/ml and a value of 1600 pg/ml was used for hemolytic activities

reported as >800 pg/ml to allow

calculation of the therapeutic index.
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In this case, however, the hydrophobicity threshold was more variable and dependent on
the microorganism, but overall the threshold was shifted to slightly higher hydrophobicity
values, indicating that a higher hydrophobicity was required for strong activity against
Gram positive microorganisms than for Gram negative microorganisms. As with the
Gram negative microorganisms, a therapeutic window can be defined, but centered at
somewhat higher hydrophobicity values. For the majority of Gram positive
microorganisms and yeast, peptides with this optimal hydrophobicity eluted at 39 min.
retention time (GS14K4), The analogs with higher or lower retention time (peptides
Y2/F2 and V3/A3, with retention times of 42.3 min. and 32.2 min., respectively) marked
the boundaries of the optimum hydrophobicity for Gram positive microorganisms and
yeast in this series of peptides.

Chapter 5-3. Discussion

The backbone framework of the head-to-tail cyclic peptide, GS14K4, was used as a
structural scaffold in the present study in order to optimize hydrophobicity within the
amphipathic framework of GS14K4. All hydrophobicity analogs were found to possess
similar backbone conformations under aqueous conditions as measured by CD
spectroscopy, as well as similar side chain location in a hydrophobic environment as
determined by RP-HPLC. Together, these results indicate that the amphipathicity
(relative distribution of hydrophobic and basic residues) remained substantially similar in
the analogs, and that the analogs differed only in hydrophobicity.

In our previous study, we reported that we could modulate hemolytic activity through
structural changes leading to changes in amphipathicity within the framework of GS14
(Kondejewski et al. 1999); this can be seen in the large difference in hemolytic activities
between GS14 and GS14K4 (Table 5-1). Here we find that while maintaining the
structural changes responsible for decreased amphipathicity, we could further modulate
the hemolytic activity of the present peptides by specific residue replacements that either

increased or decreased the hydrophobicity of the peptides.
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Together, these findings indicate that peptide hydrophobicity drives hemolytic activity.
Within the context of a highly amphipathic molecule, there was a high "directed
hydrophobicity". Conversely, the present GS14K4 hydrophobicity analogs possessed
similar relative distributions of hydrophobic and basic residues, but differed in overall
peptide hydrophobicity. Again, there appears to be a threshold hydrophobicity for the
“hydrophobic patch" that was responsible for the observed hemolytic activity. Peptides
that were less hydrophobic than GS14K4 possessed no hemolytic activity, whereas
peptides that were more hydrophobic were considerably more hemolytic than GS14K4.
High hydrophobicity would be expected to increase activity of membrane-active
peptides, since increased hydrophobicity would be predicted to facilitate partitioning of a
greater proportion of the peptide into the membrane. Similar findings relating
hydrophobicity and hemolytic activity have been reported in linear a-helical peptides
(Dathe et al. 1997; Juvvadi et al. 1996; Wieprecht et al. 1997) as well as other cyclic
peptides based on GS (Jelokhani-Niaraki et al. 2000).

As with hemolytic activity, antimicrobial activity was also sensitive to changes in
hydrophobicity. Increasing hydrophobicity also tended to result in peptides with a
maximal amount of antimicrobial activity depending on the microbial strain tested,
usually at the hydrophobicity of GS14K4. A systematic study of hydrophobicity effects
on the activity of o-helical antimicrobial peptides has been reported previously (Pathak et
al. 1995). Based on amino acid sequence analysis, however, the majority of antimicrobial
peptides identified from natural sources are amphipathic, containing hydrophobic regions
that may facilitate partitioning into the cell membrane. Antimicrobial peptides with
hydrophilic sequences, such as androctonin (Hetru et al. 2000) may act via a different
mechanism than amphipathic peptides, perhaps by a method that does not directly
involve destabilization of the integrity of the membrane lipid bilayer, but alternatively,

interacts instead with DNA in the cell nucleus to interfere with transcription processes.
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The outer membrane of Gram negative microorganisms is the first cell component
which antimicrobial peptides encounter. This barrier must be breached to allow access of
the peptides to the inner membrane, in a process sometimes described as ‘self-promoted
uptake’ (Hancock 1997). A major constituent of the outer membrane is
lipopolysaccharide (LPS), a negatively charged molecule containing numerous
carbohydrate moieties anchored to the membrane by a lipid A molecule. The interaction
of the highly amphipathic GS14 peptide with bacterial membranes is relatively strong,
approaching the affinity of polymyxin B itself (Kondejewski et al. 1996). Utilizing a
complete set of GS14 diastereomers we previously found a correlation between high
amphipathicity, increased LPS-binding affinity, and decreased antimicrobial activity
(Kondejewski et al. 1999). This observation suggests that high affinity interactions with
outer membrane components may sequester peptides to the outer membrane, hinder the
movement of the peptides to their presumed site of action on the inner membrane and
inhibit peptide accumulation there, thus decreasing antimicrobial ‘activity.

In the present study, we found a direct correlation between peptide hydrophobicity and
outer membrane binding affinity (the positive charge distribution is constant in these
analogs). Surprisingly, however, these interactions by high hydrophobicity analogs did
not appear to impede the activity of the peptides in most cases, although activity against
three of the six Gram negative microorganisms tested did decrease with increasing
peptide hydrophobicity (peptide V3/L3 is significantly less active than GS14K4 against
P. aeruginosa H187, S. typhimurium C587, and S. typhimurium C610). It should be
noted that GS14 has LPS binding affinity approximately one order of magnitude higher
than the best GS14K4 hydrophobicity analogs (Table 5-1). The GS14K4 analogs have
lower amphipathicity due to the disruption of the hydrophobic patch by D-Lys at position
4. It is possible that the amphipathicity of GS14 is too high due to the four lysine residues
on the hydrophilic face, which allows high affinity LPS binding and prevents subsequent

membrane translocation and destabilization — the peptide may be sequestered in the
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interfacial region parallel to the plane of the bilayer akin to gramicidin S (Prenner et al.
2001; Prenner et al. 1999) without a change in orientation. In summary, the overall
amphipathicity of the GS14K4 high hydrophobicity analogs may be low enough to allow
the peptide to partition to the inner membrane, whereas high LPS binding affinity (in the
case of GS14), as a result of high amphipathicity, may preclude this partitioning.

The NPN permeabilization studies in Gram negative bacteria reveal important
characteristics of the GS14K4 hydrophobicity analogs. Since all peptides except the least
hydrophobic analog, V3L3/A6, permeabilized the outer membrane, the results support
the idea that this series of peptides must possess a minimal hydrophobicity to penetrate
the bacterial outer membrane, move through the periplasmic space and interact with the
inner membrane to kill bacteria. Peptide V3L3/A6 could not permeabilize the outer
membrane as effectively and thus was not antimicrobial. This model could apply to both
Gram positive and Gram negative bacteria as hydrophobic peptide-lipid interactions
would certainly be required in both membrane systems to facilitate bacteriocidal effects.
Similarly, V3L3/A6 was also not hemolytic, probably because it lacked the minimal
hydrophobicity required for partitioning into lipid membranes and for membrane-
destabilizing interactions necessary to promote cell lysis.

To maximize therapeutic index, the optimum hydrophobicity will likely differ slightly
between target microorganisms, and for other antimicrobial peptides with different
structures. Based on therapeutic index values, the peptides .3/A3 and GS14K4, with
retention times of 28.6 and 38.9 minutes, respectively, mark the lower and upper
hydrophobicity limits of a "therapeutic window", inside of which would be predicted to
lie the optimal peptide hydrophobicity for this series of GS14K4 analogs against Gram
negative organisms. But against Gram positive organisms, this “therapeutic window”
shifts to the higher hydrophobicities between peptides V3/A3 and Y2/F2 (retention times
32.2 min. and 42.3 min. respectively) due to the higher hydrophobicity required for

activity against these microorganisms. Designing peptides with smaller incremental
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changes in hydrophobicity within these therapeutic windows would allow one to arrive at
the optimal peptide hydrophobicity for any given microorganism.
Chapter 5-4. Conclusions

Utilizing a rational approach to antimicrobial peptide design, we first identified an
appropriate amphipathicity leading to the optimum antimicrobial properties coupled with
weak hemolytic activity (GS14K4). Working within this structural framework, we have
now further optimized the activities and specificities of these peptides through
incremental changes in the intrinsic hydrophobicity of the peptide. These changes in
intrinsic hydrophobicity were accomplished through manipulation of the nature of the
hydrophobic residues and result in changes in the effective hydrophobicity of the peptides
existing in a defined structure. We find that both hemolytic activity and affinity for
bacterial outer membranes decreased with decreasing effective hydrophobicity. Through
such incremental changes in hydrophobicity we were able to define the limits of an
optimal therapeutic window for each microorganism, where both hemolytic and
antimicrobial activities are optimized resulting in the greatest specificity. This
therapeutic window was found to be at a slightly higher effective hydrophobicity for
Gram positive microorganisms compared to Gram negative microorganisms and yeast.
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Chapter 6: Effects of single D-amino acid substitutions on disruption of f-sheet
structure and hydrophobicity in cyclic 14-residue antimicrobial peptide analogs

related to gramicidin S

A version of this chapter has been submitted. Lee, D. L., Powers, J.-P. S., Vasil, M. L.,

Pflegerl, K., Hancock, R. E. W., and Hodges, R. S. 2003. Journal of Peptide Research.

Chapter 6-1. Introduction

Pathogens that are becoming resistant to conventional antibiotics has emerged as a
prominent global health concern, as the number of resistant bacterial strains has increased
significantly in the last decades (Lohner et al. 2001). The issue has brought attention to
the need for alternative antimicrobial agents that bacteria have not or are unlikely to
develop resistance mechanisms against. In the past two decades, a number of naturally
occurring cationic antimicrobial peptides have been identified and characterized in a wide
range of organisms (Ganz et al. 1998; Hancock et al. 2000; Tossi et al. 2000; van 't Hof et
al. 2001). In contrast with conventional antibiotics that specifically inhibit essential
molecules such as enzymes involved in cell wall synthesis, transcription or translation,
these peptides are thought to directly interact with and disrupt the stability of the
microbial membrane (Merrifield 1994). Therefore, killing is rapid (minutes vs. hours or
days) fairly nonspecific (active against a broad spectrum of Gram-positive and Gram-
negative bacteria) and does not produce bacteria resistant to this mode of action (Oren et
al. 2001).

Gramicidin S (GS) is an antimicrobial peptide that has been the subject of numerous

structure-activity studies (Aarstad et al. 1979; Ando et al. 1983; Balasubramanian 1967;
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Conti 1969; Jelokhani-Niaraki et al. 2000; Katsu et al. 1986; Kondejewski et al. 1996b;
Tamaki et al. 1996; Tamaki et al. 1995; Yonezawa et al. 1986; Zidovetzki et al. 1988). It
is active against both Gram-negative and Gram-positive bacteria (Kondejewski et al.
1996a), but has had limited applications as a therapeu‘tic antimicrobial agent because of
its high toxicity to human cells. GS is a cyclic 10-residue fB-sheet peptide sharing features
common to many antimicrobial peptides, including an overall positive (+2) charge,
secondary structure in the membrane, and some degree of amphipathicity (nonpolar and
polar faces).

Recently, efforts have been made to design peptides related to gramicidin S that
increase specificity towards microbial cells vs. eukaryotic cells, based on the differences
in membrane lipid composition between prokaryotes and eukaryotes. Attempts have been
made to dissociate antimicrobial activity from hemolytic activity by changing parameters
such as ring size, B-sheet structure, and amphipathicity (Kondejewski et al. 1996b;
Kondejewski et al. 1999; Tamaki et al. 1995). GS analogs of 4 to 14 amino acids were
prepared and tested for biological activity. Although a de novo-designed peptide, GS14,
enabled dissociation between antimicrobial activity and hemolytic activity, the result
(poor antimicrobial activity and strong hemolytic activity, i.e. a low therapeutic index)
was opposite to that desired. Nevertheless, this study demonstrated that it was possible to
alter membrane specificity between prokaryotic and eukaryotic cells by sequence
manipulation.

In a subsequent study of GS14 analogs, introducing D-enantiomers in the ten f-strand
positions that normally contain L-amino acids reversed this specificity profile. These

GS14 diastereomers had disrupted B-sheet structure in benign medium and reduced
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amphipathicity due to positioning of the D-amino acid side-chain on the opposite face of
the molecule compared to the L-counterpart. In the absence of structural changes,
inversion of the optical center of single amino acids resulted in nonpolar amino acids on
the polar face and polar amino acids on the nonpolar face, while maintaining the same
overall hydrophobicity as GS14. The peptide with the highest therapeutic index
(hemolytic activity/antimicrobial activity) was a GS14 diasteromer with D-Lys
substituted at position 4 (GS14K4) (Kondejewski et al. 1999).

In this study, we continue to investigate the effects of enantiomeric substitutions in
GS14. Here, we substitute single D-amino acids other than D-Lys at position 4, in an
attempt to further increase microbial specificity and reduce hemolytic activity. These
substitutions, in addition to disrupting f3-sheet structure and affecting amphipathicity, also
change the overall peptide hydrophobicity. To determine which of these parameters are
responsible for the changes in biological activity, we also studied GS14 peptides with the
corresponding L-amino acid at position 4 to compare differences in structure,
amphipathicity and activity between D- and L-diastereomers. In addition, we substituted
the achiral amino acid glycine at position 4 to examine its effect on disruption of B-sheet
structure and biological activity in the absence of a side chain. We find here that all L-
substituted peptides maintained a (-sheet structure, and generally have strong hemolytic
activity and weak antimicrobial activity. Although the Gly substitution disrupted [3-sheet
structure, it did not significantly improve hemolytic or antimicrobial activity over the L-
substitutions. The D-substitutions disrupted B-sheet structure, with varying improvements
in hemolytic and antimicrobial activity. Polar D-substitutions provided the best

improvements in therapeutic index, with the D-Lys substituted peptide yielding the
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highest therapeutic indices in this study against all microorganisms tested. Our work
suggests that obtaining GS14 analogs with a high therapeutic index requires a
combination of a disrupted B-sheet structure in benign medium that becomes more
structured in membranes, reduced amphipathicity relative to GS14, and an optimized
overall hydrophobicity.
Chapter 6-2. Results

Peptide Design. The peptide sequences used in this study were based on the GS14
sequence (Kondejewski et al. 1996b), with amino acids substituted at position 4 (Fig. 6-
1). GS14 is a cyclic B-sheet peptide possessing high amphipathicity, i.e. nonpolar and
polar residues are distributed on opposite faces of the molecule (Fig. 6-2, left, (McInnes
et al. 2000)). Although GS14 exhibited strong hemolytic activity and weak antimicrobial
activity, diastereomers with D-amino acid substitutions at various ring positions disrupted
B-sheet structure and decreased amphipathicity, resulting in weaker hemolytic activity
and stronger antimicrobial activity, i.e. a higher therapeutic index (Kondejewski et al.
1999). Notably, the GS14 diastereomer with D-Lys at position 4 had the highest
therapeutic index (GS14K4, Fig. 6-1) compared to other diastereomers at other positions
in the two strands of the P-sheet. For this reason, we chose to study position 4
diastereomers, substituting D-amino acids covering a broad range of hydrophobicities, to
compare structure and activity relationships.

If the GS14X,4 diasteromers in this study are structurally similar to GS14K4 (as we
anticipate with a constrained head-to-tail cyclic peptide), the substituted D-amino acids
should be positioned on the nonpolar face, disrupt B-sheet structure, and alter both

amphipathicity and affect overall hydrophobicity of the nonpolar face (Fig. 6-2, right).
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Peptide Name

GS14Xy 4 series
' GS14
GS141;4
GS14ri4
GS14Yr4
GS14N; 4

GS14Xpy4 series
GS14Kpd
GS14Lpd
GS14Fp4
GS1l4Ypd
GS14Np4d

GS14G4

Sequence

2 4 6 8 10 12 14

cyclo- VKLKVYPLKVKLYP

cyclo- ——-L-——————=———-
cyclo- ——-F-————————-
cyclo- ——-Y---—--——-—-
cyclo- -——-N-————————-
cyclo- -——-K-—-——————-
cyclo- ———L——-——————-
cyclo- ——-F-————————-
cyclo- ———-¥-————————-
cyclo- - —-N-————————-
cyclo- -—--G-————————-

175

Figure 6-1. Sequences of GS14X4 peptides used in this study, where X is the amino
acid substituted at position 4, and the subscript L or D denotes the stereochemistry.
One-letter amino acid code is used; bold italicized letters denote D-amino acids. The
peptides are cyclized between the a-NH, and a-COOH groups.
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GS14 GS14Kp4
3 Leu (positions 3,8, 12) 3 Leu (positions 3, 8,12)
3 Val (positions 1,5, 10) 3 Val (positions 1,5, 10)

1 D-Lys (position 4)

W
aces

7 8\, YOJ_ 2\ 7 |8 /® J“ 12« 213

N\ /31 T/1\

59 —\ Ye

6 4 6 4 2 14
é Q éa N GNNC §
<€ faces > @

L-Lys

4 Lys (positions 2,4,9,11) 3 Lys (positions 2,9, 11)

Figure 6-2. Representations of GS14X4 analogs. L-amino acid substitutions at position 4 project onto
the polar face (left panel), while D-amino acids at position 4 project onto the nonpolar face (right
panel). The bold portions of the molecule denote proximity to the viewer.
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Furthermore, we predict that GS14X; 4 peptides, though differing in hydrophobicity and
amphipathicity, will remain B-sheet in a manner consistent with the GS14 structure. In
this study, we present data for six amino acid substitutions at position 4 (a total of eleven
peptides: five GS14X,4, five GS14X 4, and GS14G4) representing a range of
hydrophobicities found among the twenty amino acids. The substitutions include Gly (no
side-chain), Lys (polar charged), Asn (polar), Tyr and Phe (aromatic hydrophobes) and
Leu (large aliphatic hydrophobe). Our goal is to improve the combined effects of D-
amino acids (3-sheet disruption and changes in hydrophobicity and amphipathicity) on
biological specificity of these cyclic 14-residue peptides.

CD Spectroscopy. We examined secondary structures of GS14X4 peptides in benign
and membrane-mimicking solvents (see Chapter 2 for methods). GS14X; 4 peptides form
[-sheet structures in benign conditions, as shown by their CD spectra with local minima
at 205 and 220 nm (Fig. 6-3, top). The spectra of these peptides are not characteristic of
conventional B-sheet spectra. Due to the major contribution of the B-turns to molar
ellipticity at ~208 nm, the spectra appear similar to the representative spectrum of an .-
helix (Kondejewski et al. 1999). Therefore, an estimate of per cent $-sheet could not be
calculated. In 50% trifluoroethanol (TFE), the GS14X;4 peptides became more
structured, as indicated by the increase in negative molar ellipticity observed, for
example, in GS14L, 4 (Fig. 6-3, top, and Table 6-1). The Gly-substituted GS14G4 went
from a disrupted B-sheet in benign solution (maxima shifted from 205 nm to ~202 nm
and decreased negative molar ellipticity at 220 nm vs. GS14L;4 spectrum - Fig. 6-3,
panel A) to a more ordered structure in TFE. Similarly, the D-substitutions also disrupted

B-sheet structure in benign media and formed a more ordered structure in TFE.
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Figure 6-3. Representative circular dichroism spectra of GS14X4 peptides. Panel A:
peptides with D-Leu (open triangles), Gly (open circles) and L-Leu (open squares)
substituted at position 4 in benign buffer (5 mM sodium acetate, pH 5.5, at 20°C).
Closed squares denote the L-Leu peptide in 5 mM sodium acetate, pH 5.5 at 20°C,
50% trifluoroethanol. Panel B: peptides in the presence (closed symbols) and absence
(open symbols) of 50% TFE. .
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Table 6-1. Circular dichroism data for GS14 analogs
Substitution (0], (0] A[O],50
Benign® 50% TFE’ TFE-benign*
L D A(L-D) L D A(L-D) L D

Leu -27200  -17600  -9600  -36200 -32300 -3900 -9000 -14700
Phe -26200  -24100  -2100  -36100 -34000 -2100 -9900 -9900
Tyr -27300  -23000  -4300  -34200 -29900 -4300 -6900 -6900
Asn -29600  -11200 -18400 -37300 -23400  -13900 -7700 -12200
Lys -26300  -14200 -12100 -33600 -27800 -5800 -7300 -13600
Gly -18400 -29700 -11300

' Amino acid substitution at position 4 of GS14. Side-chain stereochemistry is denoted above columns

labelled L and D, with achiral Gly listed between L and D columns.

*Peptide mean residue molar ellipticity at 220 nm in benign medium (5 mM sodium acetate, pH 5.5,
20°C. A(L-D) is the difference in mean residue molar ellipticity between the L-diastereomer and D-

diastereomer.

’Peptide mean residue molar ellipticity at 220 nm in 50% trifluoroethanol, 5 mM sodium acetate, pH.

5.5.

“Inducible structure, calculated as the difference between molar ellipticities at 220 nm for peptides in
50% TFE and benign conditions.
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Differences were observed between GS14G4 and GS14X,4 spectra in TFE at the 205 nm
minimum (Fig. 6-3, panel B). In TFE, [0],,, values were generally similar for L- and D-
diastereomers and GS14G4 ranging from —34000 to —27800, with the exception of D-Asn
at —23400. The extent of inducible structure ([6],,, (TFE-benign), Table 6-1) was greater
for some D-diastereomers vs. L-diastereomers because the GS14X,4 peptides were less
structured in benign conditions. The achiral Gly substituted peptide showed inducible
structure ([0],,0(TFE-benign)=-11300) intermediate between D- and L-diastereomers.
The disruption of structure by Gly in benign solvent was also intermediate between D-
and L-substitutions. There appeared to be no correlation between hydrophobicity of the
substituted D-amino and the extent of inducible structure. For example, both GS14K 4
and GS14Ly4 exhibited a disrupted structure in benign media and large induced
ellipticity in 50% TFE (Table 6-1), even though they are at opposite extremes of the
amino acid hydrophobicity scale (Sereda et al. 1994).

Analytical HPLC. Although reversed-phase HPLC (RP-HPLC) can be used to resolve
molecules based on differences in overall hydrophobicity, the technique is also sensitive
to conformational changes which alter the hydrophobicity of the preferred binding
domain (nonpolar face) in an amphipathic molecule. In addition to achieving separation
for peptides with different intrinsic hydrophobicities, e.g. those within the GS14X;4 or
GS14X,4 series (Fig. 6-4), we also observed different retention times between D- and L-
diastereomers with the same inherent hydrophobicities (Table 6-2). Figure 6-4 shows that
there is a very broad range of retention times for D-diastereomers (18.1 min) vs. L-
diastereomers (3.5 min), presumably because the D-amino acids are positioned on the

GS14 nonpolar face, which forms the preferred binding domain that is the major
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Table 6-2. HPLC retention times for GS14X4 peptides
Substitution' ty” Aty gy’
(min) (min)
L D L D
Leu 49.8 55.1 0.8 6.1
Phe 50.2 54.4 1.2 54
Tyr 49.6 47.3 0.6 -1.7
Asn 49.7 42.1 0.7 -6.9
Lys 46.7 37.0 -2.3 -12.0
Gly 49.0 0.0

'Amino acid substitution at position 4 of GS14. Side-chain stereochemistry is denoted
above columns labelled L and D, with achiral Gly listed between L and D columns.

*Peptide retention time from a reversed-phase HPLC column eluted at 1%

acetonitrile/min (see Chapter 2 for HPLC conditions).

*Peptide RP-HPLC retention time relative to GS14G4 retention time, calculated as

Ato(GS14X4) - t,(GS14G4).

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



Chapter 6. D-amino acid substitutions in antimicrobial peptides 182

llll!]llillIllllllllllllllll"l

NL, YL, LL L

\

1000
800

9]

600
400
200

P

s bl lyeily

1]]Il[ifl||ll|lll||!l]

Jilll

coed s by e b Lo by

1000l|lllllllllllllll]illllllll

800

Absorbance 210 nm

600 VLY L v oL
|

400
200

IERE NN NN SN N

I[Ill]lllllllil!l]lll

0

vt e b b b e Lyaa ]

30 35 40 45 50 55 60
Retention time (min)

Figure 6-4. Reversed-phase HPLC separation of the 14-residue cyclic peptides with
L-amino acid substitutions at position 4 (X;, top panel) and D-amino acid substitutions
at position 4 (Xp, lower panel). Inset panels show the position of substituted amino
acids in relation to the peptide nonpolar and polar faces. One-letter code is used to
denote the amino acid substitution, with the subscript L or D indicating the side chain
stereochemistry.
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interaction with the hydrophobic column matrix to determine peptide retention time.
Polar D-substitutions such as D-Asn and D-Lys change the hydrophobicity of the
preferred binding domain the most, thus decreasing retention time. In contrast, peptides
substituted with L-Leu, L-Tyr and L-Asn were not resolved even though the intrinsic
hydrophobicity of these side-chains are enormously different. The hydrophobicity of the
substituted D-amino acid thus determines the relative retention time of the D-
diastereomer, while substituted L-amino acids (on the GS14 polar face) have little effect
on peptide retention time. In other words, substitution of amino acids on the polar face
have little effect on overall peptide hydrophobicity, since they have little effect on the
hydrophobicity of the preferred binding domain. The results suggest that the GS14X,4
peptides indeed have their D-side chains positioned on the nonpolar face.

In comparing retention times between GS14X,4 and GS14X,4 peptides, those that the
oeotudes retained more strongly than their respective diastereomers contained sequences
possessing a higher amphipathic character, i.e. containing either nonpolar D-substitutions
on the nonpolar face, or polar L-substitutions on the polar face (Table 6-2). It is
interesting to note that GS14X 4 peptides with polar D-amino acids eluted in an order
generally consistent with previous hydrophobicity scales obtained by RP-HPLC (Sereda
et al. 1994). In summary, peptides used in this study have a broad range of intrinsic
hydrophobicities and amphipathicities, as indicated by examination of their sequences,
with RP-HPLC separation achieved through differences in one or both of these
parameters.

Hemolytic Activity. All L-diastereomers and GS14G4 were strongly hemolytic (Table

6-3). D-diastereomers were generally less hemolytic when the substituted amino acid was
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very polar (D-Asn and D-Lys), with GS14K 4 being the most polar and the least
hemolytic peptide in this study (Fig. 6-5). Hemolytic activity was strong for both D- and
L-substitutions with the nonpolar amino acids Leu and Phe, possibly because these amino
acids raised the overall hydrophobicity past a critical point. Although the killing
mechanism of these peptides has not been determined, the increased hydrophobicity may
increase specificity towards eukaryotic membranes through interactions between peptide
and uncharged lipids found only in eukaryotes, such as cholesterol. Although GS14G4
exhibited a disrupted [-sheet structure in benign media, the Gly substitution also makes
the polar face of GS14 less hydrophilic, increasing overall hydrophobicity and decreasing
amphipathicity. Therefore, in the case of GS14G4, inducible structure was not sufficient
to make this peptide active specifically against bacteria.

Antimicrobial Activity. L-diastereomers were, in general, considerably less active
against all microorganisms assayed versus their D-counterparts (Tables 6-3 and 6-4). D-
diastereomers had more complicated patterns for activity, and did not display a simple
dependence on polarity of the substituted amino acid, in contrast with hemolysis results
(Fig. 6-5). It is important to note that hemolytic activity and antimicrobial activity are
shown in Fig. 6-5 in reciprocal units, to allow facile comparisons between hemolytic
activity, antimicrobial activity and therapeutic index (higher values always correspond to
higher activities). Between Gram-positive bacteria, Gram-negative bacteria, and yeast,
the antimicrobial activity of GS14X4 peptides was generally stronger against Gram-
positive bacteria (see GS14Yp4 results, Fig. 6-5). Although GS14X,,4 peptides with
nonpolar substitutions displayed some antimicrobial activity, the most active peptide

against Gram-positive bacteria and yeast, GS14Y 4, and the most active against Gram-
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Table 6-3. Biological activity of GS14 analogs against yeast and Gram-negative bacteria

Substitution' |Hemolytic C. albicans * E. coli 1* E. coli 2° S. typhimurium *
activity’ | Mic* | Index’ |Gain| MIC* | Index’ |Gain’| MIC* | Index’ |Gain®| MIC* | Index’ |Gain®
(ug/ml) | (pg/ml) (D/L)| (ug/ml) (D/L); (ng/ml) (D/L)] (ug/ml) (DL)
L D|L D|L D L D|/L D L D|L D L D|L D

Len 3 5190 401003 01] 3 [>90 >80{0.02 004 2 |45 20

.

006 02} 3 ([>90>80/0.02 004 2

Phe 3 2 |>90 6002 02 >90 >48 007 02| 3 |>90 >48/0.02 0.01| 0.5
Tyr 8§ 5 [>64:2510.06 020 2 | 10 |>64.51006 1 | 17
Asn 2 62 |>64 16(0.02 4

Lys 2 32 16006

Gly 96 0.03

'Amino acid substitution at position 4 of GS14. Side chain stereochemistry is denoted above columns labelled L and D, with achiral Gly
listed between L and D columns.

*Minimal peptide concentration required for complete red blood cell lysis after 24 hr. at 37 C (see Methods). The peptide showing the
weakest hemolytic activity is shaded.

’Bacterial strain assayed. C. albicans is wild-type Candida albicans ; E. coli 1 is wild-type Escherichia coli strain UB1005; E. coli 2 is
antibiotic-sensitive strain DC2; S. typhimurium is antibiotic-sensitive Salmonella typhimurium strain C610.

“Minimal peptide concentration required to completely inhibit bacterial growth after 24 h. Peptides showing strong (<10 pg/ml) activity are
highlighted.

*Therapeutic index, calculated as hemolytic activity (ug/ml)/MIC (ug/ml). MIC values that exceeded the highest concentration tested were
arbitrarily assigned the value 128 pg/ml for calculations.

Gain or improvement in therapeutic index for GS14X4 over GS14X, 4 diastereomers. Gain is calculated as (therapeutic index, D-
diastereomer)/(therapeutic index, L-diastereomer). The largest improvement in specificity of the D-peptide over the L-peptide is shaded.
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Table 6-4. Biological activity of GS14 analogs against Gram-positive bacteria

Substitution'| Hemolytic S. aureus 1° S. aureus 2° S. epidermidis * B. subtilis *

activity’ | MIC* | Index’ | Gain®| MIC* | Index’ | Gain®| MIC* | Index’ | Gain®| MIC* | Index’ | Gain®
(ug/ml) | (ug/ml) (D/L) | (hg/ml) O/L) | (pg/mb) (D/L) | (ug/ml) (D/L)
L D|L D|L D L D|L D L D|L D

Leu 3 5 |45 5702 12 12290 40[0.03 0.1

Phe 32 145 7 03 07 10 {90 12]003 01| 3

Tyr 8 5 32 05 4 40

Asn |2 32 3201 2 16 16| 0.1 200

Lys 2 16 32|01 16 16! 0.1 "

Gly 12 0.2 -

'Amino acid substitution at position 4 of GS14. Side chain stereochemistry is denoted above columns labelled L and D, with achiral Gly
listed between L and D columns.

*Minimal peptide concentration required for complete red blood cell lysis after 24 hr. at 37 C (see Methods). The peptide showing the
weakest hemolytic activity is shaded.

*Bacterial strain assayed. S. aureus 1 is wild-type Staphylococcus aureus strain 25923; S. aureus 2 is methicillin-resistant strain
SAPO017; S. epidermidis is wild-type strain C621; B. subtilis is wild-type Bacillis subtilis .

“Minimal peptide concentration required to completely inhibit bacterial growth after 24 h. Peptides showing strong (<10 ug/ml} activity
are highlighted.

Therapeutic index, calculated as hemolytic activity (pg/ml)/MIC (pg/ml). MIC values that exceeded the highest concentration tested
were arbitrarily assigned the value 128 pg/ml for calculations.

*Gain or improvement in therapeutic index for GS14Xp4 over GS14X; 4 diastereomers. Gain is calculated as (therapeutic index, D-
diastereomer)/(therapeutic index, L-diastereomer). The largest improvement in specificity of the D-peptide over the L-peptide is shaded.
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Figure 6-5. Biological activity of GS14X,4 peptides. Top panel: hemolytic activity of peptides
substituted with D-amino acids, plotted in reciprocal units, (ug/ml)~". Peptides were displayed from left
to right in the order of decreasing overall hydrophobicity as follows: vertical stripes, GS14Lp4; open
box, GS14Fy4; gray box, GS14Yp4; descending diagonal stripes, GS14Np4; black box, GS14Kp4.
Second and third panels, antimicrobial activity of GS14Xp4 peptides against yeast and Gram-negative
and Gram-positive bacteria, plotted in reciprocal units, (Lg/ml)~". Fourth and fifth panels, therapeutic
index of GS14X4 peptides against yeast and Gram-negative and Gram-positive bacteria. Higher values
in the graphs indicate stronger hemolytic activity, more potent antimicrobial activity, and a higher
therapeutic index. Microbial strains were the same as those reported in Tables 6-3 and 6-4. Peptides
with L-amino acids or Gly substituted at position 4 displayed strong hemolytic activity and poor
antimicrobial activity, resulting in a low therapeutic index (< 1), and were omitted from graphs (see
Tables 6-3 and 6-4 for activity values).
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negative bacteria, GS14K 4, both contained polar substitutions (Fig. 6-5). D-Tyr was the
most active peptide against six strains tested (4 Gram-positive, 1 yeast and 1 Gram-
negative) and was second-most active in the other two Gram-negative strains.

Therapeutic Index. Peptides with a consistently poor therapeutic index (TI<1) against
all microbial strains tested were the L-diastereomers in the GS14X,4 series, as well as
peptides substituted with Gly, D-Phe, and D-Leu (Tables 6-3 and 6-4). In the GS14X 4
series, the value of TI vs. Gram negative organisms increases with increasing polarity of
the D-substitution (as measured by RP-HPLC retention time, Fig. 6-6), but there is no
obvious relationship between TI in Gram positive bacteria and retention time (Fig. 6-5).

The peptide with the best therapeutic index against Gram-negative bacteria and yeast
was GS14K 4 (Fig. 6-6, Table 6-3). We saw both improved antimicrobial activity versus
Gram-negative bacteria and decreased hemolytic activity for GS14K 4 compared with its
diastereomer, GS14 (Table 6-3, Fig. 6-5). Interestingly, against Gram-positive bacteria,
GS14K4 also had the best therapeutic index. Overall TI values were lower, however,
compared to those vs. Gram-negative bacteria, because there was little or no
improvement in antimicrobial activity compared to GS14 (maximum TI of 16 vs. 62,
Tables 6-3 and 6-4).

If we turn our attention away from absolute values of therapeutic index and instead
focus on relative gains in therapeutic index in switching from L- to D-diastereomers, we
see that GS14X 4 peptides with hydrophobic substitutions displayed little or no
improvement. In contrast, GS14N4 (20 to 400-fold) and GS14K 4 (40 to 1600-fold)
were notable for their considerable improvement in activity over their L-diastereomers

(Tables 6-3 and 6-4). GS14N 4 showed a gain in TI over its diastereomer primarily

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



Chapter 6. D-amino acid substitutions in antimicrobial peptides 189

140 N T ] T i ] 140
~ 120 | 4120 T
> 100 F -4 100 2
= i ] 2
2z 80 [ 4 80 3>
= X ] ‘g
g 60 = £ 803
.2 [ += =] £0
5 40 F& S 9 40 8
© [ e ] Q

[ © o | £
g 20 -5 <4 20 =
T [ o o ] £
[ 2 z
0+ 4 0
[ 1 L 1 1 l 1 ] 1. ! L 1 l 1 1 1 A l 1 i 'l 'l N
: I L) l T 1 | T I L} ¥ L) :
60 | =
50 B g --O-- erythrocytes E
> 3 —— £ colf ]
2 40 F —a— S, yphimurium 3
8 : 2 3
‘E,‘) 30 | S
o o 07:‘{:) i
S 20 [ < 2 4
g N 8 (2.
F 10 | 58 4
L c o |
- R S
0 S
s £ 3
C 1 1t PR L1 P PR | PO 1 PSR SO T T | T
35 40 45 50 55 60
Hydrophobicity
(retention time, min)

Figure 6-6. Comparison of biological activity and hydrophobicity of GS14X,4
peptides. Upper panel: hemolytic activity against human erythrocytes (dashed line)
and antimicrobial activity (solid line) against E. coli UB1005 (open squares) and S.
typhimurium C610 (open triangles) were plotted versus reversed-phase HPLC
retention times of the peptide analogs. Amino acid substitutions at position 4 are listed
above their respective peptide retention times. One letter codes are used, with the
subscript D denoting side-chain stereochemistry. Lower panel: therapeutic index
(hemolytic activity+antimicrobial activity) of GS14X4 peptides for E. coli UB1005
and S. typhimurium C610.
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because it had reduced hemolytic activity, GS14Y4 improved because of its stronger
antimicrobial activity, and GS14K4 showed the best improvement by favorably altering
both antimicrobial and hemolytic activity. Therefore, in this study polar D-enantiomeric
substitutions improved therapeutic index in various combinations by affecting one
(GS14Yp4, GS14Np4) or both (GS14K4) of the antimicrobial and hemolytic activities.
Chapter 6-3. Discussion

Our main objective in this study was to investigate the role of the hydrophobicity of D-
amino acid substitutions at position 4 of GS14 on specificity between prokaryotes and
eukaryotes. The substitution of single D-amino acids at position 4 change the side-chain
stereochemistry, which in turn can affect three parameters of the peptide to varying
degrees: overall hydrophobicity, amphipathicity, and the degree of secondary (8-sheet)
structure in benign media.

Overall Inherent Hydrophobicity. Previous studies have shown that for antimicrobial
peptides in various structural categories, the hydrophobicity of the peptide must exceed a
minimal value to exert antimicrobial and hemolytic activity. The differences between this
minimal hydrophobicity value for prokaryotes and eukaryotes provide a window that
allows the development of peptides with selectivity towards prokaryotic membranes.
However, as hydrophobicity increases beyond a certain value, selectivity is lost as
peptides become both strongly hemolytic and strongly antimicrobial (Wieprecht et al.
1997).

It is clear from this study that overall inherent hydropobicity is not an important
consideration for amphipathic molecules. Instead, it is the hydrophobicity of the nonpolar

face of the molecule that is the critical factor. For example, the range of inherent
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hydrophobicities in substituting L-amino acids (Lys, Asn, Tyr, Phe, and Leu) at position
4 is large, yet there was little effect on hemolyiic activity. All these GS14X, 4 peptides
had similar and strong hemolytic activity since the L-substitutions did not affect the
hydrophobicity of the nonpolar face, only the hydrophobicity of the hydrophilic face (Fig.
6-2). The nonpolar face is identical in all these analogs, in agreement with the similar
displays of strong hemolytic activities. The RP-HPLC results are in agreement with little
change in hydrophobicity of the nonpolar face, because the substitutions only cause large
changes in inherent hydrophobicity on the hydrophilic face. The L-analogs had similar
retention times (Fig. 6-4).

Amphipathicity. Amphipathicity is a known requirement for antimicrobial activity in
helical peptides (Tossi et al. 2000) and highly amphipathic molecules have been shown to
increase specificity towards eukaryotic membranes. In agreement with these findings, the
highly amphipathic GS14 peptide (Fig. 6-2) with four lysine residues on the hydrophilic
face and six large hydrophobes (3 Val and 3 Leu residues) on the hydrophobic face had
reduced antimicrobial activity, and was very hemolytic (Kondejewski et al. 1999). In
addition, GS14 showed high affinity binding to LPS, a component of outer membranes of
Gram negative bacteria (Kondejewski et al. 1999). This high affinity binding may prevent
or inhibit the peptide from crossing the outer membrane of Gram negative bacteria to
limit interaction with the inner membrane, thus weakening Gram negative antimicrobial
activity.

Interestingly, GS14K 4 (Fig. 6-2) had significantly reduced amphipathicity with the D-
Lys being presented on the hydrophobic face, leaving only three lysine residues on the

hydrophilic face in the absence of structural changes (McInnes et al. 2000). This peptide
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had weak LPS binding affinity, increased antimicrobial activity and reduced hemolytic
activity. Notably, all D-analogs in this study with a hydrophilic side chain presented on
the hydrophobic face (D-Tyr, D-Asn, and D-Lys) displayed reduced amphipathicity,
increased antimicrobial activity and increased therapeutic index (Fig. 6-5). To further
support the role of amphipathicity in biological activity and specificity, a GS14 analog
containing a sequence change from Leu’-Lys* to Lys’-Leu* (maintains the B-sheet
structure but places the L-Lys residue on the hydrophobic face and places L-Leu on the
hydrophilic face to reduce amphipathicity) had very similar hemolytic and antimicrobial
activity profiles to GS14K 4 (MclInnes et al. 2000).

Secondary Structure. The induction of secondary structure in passing from an aqueous
environment to the hydrophobic membrane environment has been observed to increase
microbial specificity in helical peptides (Houston et al. 1998). We have observed that D-
amino acid substitution, which disrupts B-sheet structure in benign medium but allows
induction of structure in hydrophobic medium, serves to reduce peptide binding affinity
to LPS, reduce amphipathicity, and increase biological activity (Kondejewski et al.
1999). These results suggest that this change in structure from benign to hydrophobic
media is important. However, others have shown that diastereomers of helical peptides
substituted with D-amino acids displayed little or no secondary structure in benign media,
and exhibited reduced hemolytic activity and retained antimicrobial activity over their L-
counterparts without requiring secondary structure in a hydrophobic environment (Oren
et al. 1997; Shai et al. 1996). In the same studies, preformed secondary structure in
benign media can unfavorably increase specificity for eukaryotic membranes. This is

exactly opposite to the result where the cyclic B-sheet peptide which is preformed in
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benign medium had excellent specificity (McInnes et al. 2000). These results suggest that
the mode of action of antimicrobial peptides may not be the same for different classes of
molecules, and the importance of structure or structure induction is dependent on the
particular molecule under study. Substitution of D-amino acids is known to be disruptive
to secondary structure of linear o-helical peptides (Krause et al. 1995) and cyclic
peptides (McInnes et al. 2000) in benign media, but the extent of induction in
hydrophobic media is larger in the former category. Although the extent of structural
disruption in benign media and induction in membranes by D-amino acids is greater for
linear peptides (such as melittin and pardaxin), in contrast with cyclic peptides (such as
gramicidin S), we have seen that even subtle structural changes can have major effects on
biological activity in both cyclic and linear structural frameworks.

How does the induction of secondary structure in hydrophobic environments relate to
the model of peptide-lipid interactions? The mechanism of peptide-induced membrane
destabilization by cyclic B-sheet peptides has been studied with the 10-residue peptide,
gramicidin S, in liposomes and lipid films (Prenner et al. 1999a; Prenner et al. 1999b;
Staudegger et al. 2000). Assuming that the peptide-lipid interaction mechanism for GS14
and analogs is similar to the behavior of GS (both have similar structures,
amphipathicities, and charge per residue ratios), these peptides initially exert specificity
towards bacterial membranes through long-range electrostatic interactions between the
anionic cell membrane and the cationic peptide, causing association at the bilayer
interface. Subsequently, the peptide molecule associates parallel to the membrane

(Salgado et al.), in the interfacial region between the polar glycerol backbone and the
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hydrocarbon chains, whereupon a peptide conformational change in the hydrophobic
media drives membrane association and bilayer penetration.

In this study, all of the D-amino acid substitutions disrupted GS14X4 structure in
benign media and were inducible in trifluoroethanol, although it was not clear whether
the inducible structure contributed to observed differences in activity or specificity. The
most antimicrobial peptides in this study had polar D-amino acids positioned on the
nonpolar face, which would likely interact with the nonpolar hydrocarbon chains in the
membrane bilayer. Perhaps the polar D-amino acid on the GS14 nonpolar face increases
microbial specificity by initially placing a hydrophilic side chain near the hydrophobic
phospholipid acyl chains, and causes a change in peptide orientation (from parallel to the
membrane surface to an oblique angle) to facilitate peptide insertion into the membrane,
induction of secondary structure, and disruption of bilayer integrity. This model also
helps to explain why substitutions with D-Phe and D-Leu did not increase antimicrobial
activity over the polar D-Tyr, D-Asn, or D-Lys substitutions. Both D-Phe and D-Leu
would increase the hydrophobicity of the nonpolar face, possibly increasing peptide
binding affinity to membranes to prevent a change in peptide orientation at the bilayer
interface.

We observed that GS14K, 4 had the best therapeutic index over other peptides
substituted with polar D-amino acids, including D-Asn and D-Tyr. From a molecular
standpoint, the positive charge on the €-amino group of D-lysine 4 in GS14K4 resulted
in the greatest effect on the hydrophobicity of the nonpolar face, and a lower
amphipathicity than the f-carboxamide side chain of GS14Np4 or the phenolic ring in

GS14Y,4. The positive charge on the D-Lys compared to other polar side chains at
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position 4 may have increased specificity towards prokaryotic membranes because of the
anionic character of prokaryotic membranes (in contrast with zwitterionic eukaryotic
membranes), which may partially explain its superior antimicrobial activity over Gram
negative organisms. In contrast, GS14Y,4 had excellent antimicrobial activity vs. Gram
positive bacteria, possibly because the higher hydrophobicity in the phenolic tyrosine ring
(compared to the asparagine and lysine side chain) is somehow better suited to
penetrating the peptidoglycan layer of Gram positive bacteria to interact with the cell
membrane. These differences in peptide activity may be due to differences between the
membrane organization and composition of Gram positive and Gram negative organisms.
While Gram negative organisms have a double membrane system consisting of both an
outer membrane and an inner membrane, Gram positive bacteria have a single cell
membrane. The components of each membrane also vary, as Gram negative bacteria have
lipopolysaccharide on the outer membrane while Gram positive microorganisms have a
thick peptidoglycan layer surrounding the lipid membrane.

Though there are many structural classes of antimicrobial peptides, the cyclic
framework of these 14-residue [-sheet peptides has some advantages. First, cyclic
peptides are more resistant to proteolysis than their linear counterparts, an important
consideration in evaluating the in vivo stability of peptides as potential drug candidates.
Second, D-amino acids are not recognized as readily as the common L-amino acids by
eukaryotic enzymes, they also increase peptide stability to proteases (Hong et al. 1999),
as well as allowing control of structure in benign and hydrophobic media, while

maintaining the same intrinsic hydrophobicity as their L-amino acid enantiomers.
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We have shown that for peptides utilizing the cyclic B-sheet structural framework of
GS14, the substitution of polar D-enantiomers can improve therapeutic index through
improvements in antimicrobial activity and/or through decreasing hemolytic activity.
Exceeding a certain overall hydrophobicity causes an increased specificity for eukaryotic
membranes and results in strong hemolytic and weak antimicrobial activity. It is possible
that other polar D-substitutions at position 4 may improve therapeutic index values more
than the best peptide in this study, GS14K4, and lead to the development of more
efficacious antimicrobial therapeutics suitable for human use.
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Chapter 7: A novel method to measure self-association of small amphipathic

molecules: Temperature profiling in reversed-phase chromatography

A version of this chapter has been published. Lee, D. L., Mant, C. T., and Hodges, R. S.

2003. Journal of Biological Chemistry 278: 22918-22927.

Chapter 7-1. Introduction

The detection of molecular self-association and aggregation is an important concern for
molecules intended for biological applications, such as proteins, peptides and small
organic drug molecules. A plethora of biophysical techniques already exist for the
detection of molecular self-association in aqueous solution, including spectroscopic
(NMR, CD, FTIR, fluorescence, light scattering), chromatographic (affinity, size-
exclusion/gel filtration), and other techniques (MALDI-MS, non-denaturing PAGE,
sedimentation equilibrium AUC). However, some of the classical techniques commonly
used for measuring self-association (sedimentation equilibrium AUC, non-denaturing
PAGE, and size-exclusion chromatography) possess a lower limit to the molecular size
that can be clearly resolved, such that fewer methods exist for detecting self-association
in smaller molecules. With a view to solving this problem, we describe here a novel
method for measuring self-association, referred to as "temperature profiling in reversed-
phase chromatography", based on observation of the conformation-dependent response of
peptides to RP-HPLC under changing temperature.

Much of the efficacy of RP-HPLC as a probe of polypeptide stability, folding and

conformation lies in the extensive range of stationary phases and/or mobile phase
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éonditions available to the researcher when relating polypeptide elution behavior with
structural features (e.g., the amphipathicity of o-helices or cyclic B-sheet peptides;
destabilization of conformation) (Benedek 1993; Chen et al. 2002; Hodges et al. 1994;
Kondejewski et al. 1999; Mant et al. 1998a; Mant et al. 1998b; Mant et al. 1989; Richards
et al. 1994; Rosenfeld et al. 1993; Tripet et al. 2000; Yu et al. 2000) and/or biological
activity (e.g., antimicrobial potency, receptor binding) (Mant et al. 2002b, 2002c; Sereda
et al. 1994). Such studies are based on the premise that the hydrophobic interactions
between polypeptides and the non-polar stationary phase characteristic of RP-HPLC
(Kondejewski et al. 1996; Mant et al. 1991, 2002a) mimic the hydrophobicity and
interactions between non-polar residues that are the major driving forces for protein
folding and stability, including those dictating the level and stability of polypeptide
oligomerization. Temperature adds another dimension to such applications, with
physicochemical studies of RP-HPLC of polypeptide solutes under conditions of varying
temperature (hence, "temperature profiling") allowing even more insight into
conformational stability and self-association of peptide solutes.

The present study demonstrates the utility of temperature profiling in RP-HPLC to
monitor Self-association of small cyclic peptides based on the de novo-designed
amphipathic cytolytic peptide, GS14, through the interpretation of peptide elution
behavior over a temperature range of 5°C to 80°C. This approach is shown to be simple
to operate, highly sensitive, requires low sample quantities (ng to low pg) and is capable
of analyzing small molecules (< 2000 Da). In addition, the applicability of this novel

approach for other small molecules is also discussed.
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Chapter 7-2. Results
Peptide Design and RP-HPLC Retention Behavior

Parent Peptide (GS14). GS14 is a 14-residue cytolytic amphipathic peptide designed de
novo in our laboratory (Fig. 7-1). The sequence of GS14 was originally developed as an
analog of the cationic antimicrobial peptide gramicidin S (Kondejewski et al. 1996),
whose activity is thought to be a result of interaction with lipid membranes (Jelokhani-
Niaraki et al. 2000; Jelokhani-Niaraki et al. 2002; Katsu et al. 1989; Kondejewski et al.
1996; Kondejewski et al. 1999; Kondejewski et al. 2002; Lewis et al. 1999; Prenner et al.
1999a; Prenner et al. 1999b; Prenner et al. 1997). GS14 has been previously studied by a
number of techniques, including RP-HPLC (Jelokhani-Niaraki et al. 2001; Kondejewski
et al. 1999), CD spectroscopy (Jelokhani-Niaraki et al. 2002; Jelokhani-Niaraki et al.
2001; Kondejewski et al. 1996; Kondejewski et al. 1999; Kondejewski et al. 2002), NMR
spectroscopy (Kondejewski et al. 1999; Mclnnes et al. 2000), UV absorption and
fluorescence spectroscopy (Jelokhani-Niaraki et al. 2001). It is a cyclic B-sheet molecule
that contains six aliphatic residues (3 Val and 3 Leu) on the nonpolar face and four basic
(Lys) residues on the polar face; the segregation of nonpolar and charged residues on
opposite sides of the molecule makes it an extremely amphipathic peptide (Fig. 7-2A)
(Mclnnes et al. 2000). GS14 is also a suitable choice for de novo peptide design and
structure-activity studies because the cyclic nature of the peptide prevents amino acid
substitutions from significantly altering secondary structure, i.e., switching the B-sheet to
an o-helix or random coil. Previous studies indicated that GS14 aggregated above 50 uM

peptide concentration in aqueous solution (Jelokhani-Niaraki et al. 2001). Unfortunately,

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



Chapter 7. Method to measure molecular self-association

203

GS14

GS14

GS14K4

Peptide

(Kp4)

Sequence

cyclo-VKLKVYPLKVKLYP
cyclo-VKLEVYPLKVKLYP

Xp4 Series

GS14K4 1lin
GS14K4 A6 1lin

GS14 Ap4d cyclo-VK YPLKVKLYP
GS1l4 Fp4d cyclo—VKE%xYPLKVKLYP
GSl1l4 Lp4 cyclo-VKLEVYPLKVKLYP
GS14 Np4 cyclo-VK YPLKVKLYP
GS14 Yp4 cyclo—VKﬁgerLKVKLYP
GS14K4 Hydrophobicity Series

GS14K4 V3/A3  cyclo-AKDRRYPORARDYP
GS14K4 L3/A3 cycloYPAK@KAYP
GS14K4 A6 cyclo-AKERRYPERKAKAYP
Linear Peptides

GSs1l4 1lin VKLKVYPLKVKLYP-COOD

YPLKVKLYP-COOB
"3@'@ BKAYP-CO0D

1670.
1670.

1613.
1689.
1655.
1656.
1705.

1586.
1543.
1459.

1688.
1688.
1477.

m (Da)

Xe}

NN

N R RN

Figure 7-1. Sequences of peptides used in this study. The one-letter amino acid code is
used. D-amino acids are in bold type and italicized; differences at N- and C-termini and
amino acid substitutions relative to the parent peptide, GS14, are circled. Peptide
molecular masses (m) were calculated based on average isotopic masses. In the GS14
X4 series, GS14 Ap4 denotes D-alanine substituted at position 4 in GS14. In the
GS14K4 hydrophobicity series, GS14K4 L3/A3 denotes substitution of three leucine
residues by three alanine residues in GS14K4.
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attempts to determine the oligomerization state failed by sedimentation equilibrium
analytical ultracentrifugation (due to the low molecular weight) and by size-exclusion
chromatography (due to high sample load requirements and low peptide solubility), thus
emphasizing the need for an alternative technique to examine self-association of this
molecule. GS14 is biologically active against human red blood cells (hemolytic);
however, it shows little or no antimicrobial activity against Gram-positive bacteria,
Gram-negative bacteria, and yeast (Kondejewski et al. 1996).
RP-HPLC of Amphipathic Peptides

It is well documented that the formation of a hydrophobic binding domain due to
peptide secondary structure can affect peptide interactions with reversed-phase matrices,
this effect having been observed both for amphipathic a-helical peptides (Chen et al.
2002; Hodges et al. 1994; Mant et al. 2002b, 2002c; Mant et al. 1998b; Mant et al. 1993;
Sereda et al. 1994; Yu et al. 2000; Zhou et al. 1990) and amphipathic, cyclic B-sheet
peptides (Kondejewski et al. 1999; Mant et al. 1998a). Thus, peptides containing such
preferred binding domains will exhibit significantly greater retention times compared to
analogs with the same amino acid composition (i.e., the same intrinsic hydrophobicity)
but lacking such a domain (Mant et al. 1998a; Zhou et al. 1990). Indeed, the
chromatography conditions characteristic of RP-HPLC (hydrophobic stationary phase,
non-polar eluting solvent) are able to induce and stabilize secondary structure in both
potentially o-helical (Blondelle et al. 1995; Purcell et al. 1995; Steer et al. 1998; Steiner
et al. 1991; Zhou et al. 1990) and cyclic, B-sheet (Steer et al. 1998) peptides;
concomitantly, tertiary and quaternary structure is disrupted by such conditions

(Ingraham et al. 1985; Lau et al. 1984a; Lau et al. 1984b; Mant et al. 1997; Mant et al.
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1989; Sereda et al. 1994; Zhou et al. 1990). Due to the intimate interaction of the non-
polar faces of amphipathic cyclic analogs with a reversed-phase matrix, any differences
in effective hydrophobicity of these preferred binding domains via amino acid
substitutions in this domain will be readily monitored through subsequent differences in
RP-HPLC retention time behavior.

Peptide Diastereomer (GS14K4). Because GS14 has such low specificity towards
microbial membranes, analogs of GS14 have been studied in an attempt to reverse this
activity profile and to create an antimicrobial peptide with minimal toxicity to human
cells and high activity towards pathogens. One such analog is GS14K4 (Fig. 7-2B), a
diastereomer of GS14 with the D-enantiomer of L-Lys substituted at position 4
(Kondejewski et al. 1999; Kondejewski et al. 2002). While the positively charged L-Lys
4 in GS14 is normally on the polar face, the D-Lys 4 in GS14K4 is positioned on the
nonpolar face and disrupts the B-sheet structure in benign medium. GS14K4 exhibits an
activity profile opposite to that of GS14 with a 10*- to 10*fold improvement in
therapeutic index (a measure of peptide specificity for microbial cells over human cells).
Since the highly hydrophilic D-Lys is positioned on the nonpolar face of the peptide, the
amphipathicity of the molecule is significantly decreased. This change decreases the
retention time of the peptide in RP-HPLC relative to GS14 by over 23 minutes at 80°C
(GS14, 85.6 min; GS14K4, 62.0 min, Table 7-1). While GS14 aggregates at
concentrations above 50 uM (84 pug/ml) in solution due to the high hydrophobicity of its
nonpolar face, no aggregation was observed in GS14K4 up to the highest concentration

studied, 175 uM (292 pg/ml) (Jelokhani-Niaraki et al. 2001). Because GS14 and
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Figure 7-2. NMR structures and Connolly surface representations of GS14 and GS14K4 peptides (McInnes et
al. 2000). Connolly surface representations are rotated clockwise 90° along the X-axis relative to the NMR
structures. Amino acid side-chains are labelled with one letter code and sequence number, with Lys 4
stereochemistry designated in subscript. Oxygen atoms are red; nitrogen atoms are blue. Panel A: structure of
GS14 (left) showing the positioning of the nonpolar residues (3 Leu and 3 Val) on one face and the four Lys
residues on the other face and the Connolly surface representation (right) showing the nonpolar face. Panel B:
structure of GS14K4 (left) and the Connolly surface representation (right) showing the position of the D-Lys
at position 4 on the nonpolar face.
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“Peptide retention time at 80°C as determined by reversed-phase HPLC (see Methods).

PPeptide retention time at 5°C as determined by reversed-phase HPLC (see Methods).

“Temperature at which the maximum retention time is observed over the temperature range 5-80°C.

Peptide retention time at temperature T,.
‘Difference in retention time between ty at the Tp and t at 5°C.
Difference in retention time between t; at the T, and t;, at 80°C.

8GS14Kp4 and GS14K4 denote the same peptide with D-Lys at position 4.
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Table 7-1. HPLC data for peptides used in this study

T

Peptide t:(80°C) tz(5°C) o tz(T,) tr(T)-R(5°C)  (T,)-%(80°C)
(min)* (min)” CxY (min)° (min)® (min)’

GS14 85.6 82.5 55 86.7 4.2 1.1
GS14X,4 Analogs
GS14 L4 100.4 96.8 55 101.8 5.0 14
GS14 F 4 98.3 94.8 55 100.0 52 1.7
GS14 A4 94.1 90.6 55. 95.3 4.7 12
GS14 Y 4 83.0 83.2 40 85.1 1.9 2.1
GS14 N4 73.3 73.5 40 75.3 1.8 2.0
GS14 K48 62.0 65.0 20 65.3 0.3 33
GS14K4 Hydrophobicity Analogs _
GS14K4 62.0 65.0 20 65.3 03 3.3
GS14K4 V3/A3 474 52.5 5 52.5 0 5.1
GS14K4 L3/A3 39.8 46.4 5 46.4 0 6.6
GS14K4 A6 25.8 33.3 5 333 0 7.5
Linear Analogs '
GS14 lin 55.6 62.8 15 63.1 0.3 72
GS14K4 lin 46.2 51.6 5 51.6 0 54
GS14K4 A6 lin 21.3 30.7 5 30.7 0 94

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



Chapter 7. Method to measure molecular self-association 210

GS14K4 possess the ability to be analyzed in a RP-HPLC system and exhibit marked
differences in activity, structure, and aggregation phenomena, these de novo-designed
cyclic pebtides are ideal candidates for the investigation of relationships between
molecular self-association and biological activity using the RP-HPLC technique of
temperature profiling.

GS14 X4 Analogs. The GS14 X 4 analogs replaced the D-Lys in GS14K4 with a
series of other D-amino acids at position 4 (Fig. 7-1). The substituted amino acids ranged
in hydrophobicity from D-Asn and D-Tyr (least hydrophobic) to D-Leu and D-Phe (most
hydrophobic) (Monera et al. 1995; Sereda et al. 1994), and altered both the overall
hydrophobicity and amphipathicity of the peptide due to position of the substituted amino
acid on the nonpolar face. The analogs also had a lower net charge vs. GS14K4 (+3
instead of +4 from the Lys residues in GS14, Fig. 7-2). The differences in the peptide
composition influenced peptide retention time in RP-HPLC, with the most hydrophobic
amino acid substitution (D-Leu in GS14L 4) producing the largest retention time,
compared with GS14K4 which had the least hydrophobic amino acid (D-Lys) at position
4 and the lowest retention time within the series. Retention times at 80°C ranged from 62
min to 100 min for D-Lys and D-Leu peptides, respectively (Table 7-1).

GS14K4 Hydrophobicity Analogs. To investigate the role of peptide hydrophobicity in
microbial specificity, we previously created analogs of GS14K4 with variations of the
aliphatic residues in the nonpolar face (Kondejewski et al. 2002). A subset of these
hydrophobicity analogs was now assessed for self-association in the present study (Fig.
7-1). The selected analogs had lower nonpolar face hydrophobicity relative to GS14K4,

with valines and/or leucines in GS14K4 substituted with the less hydrophobic alanine
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residue (Monera et al. 1995; Sereda et al. 1994), e.g., peptide GS14K4 V3/A3 had three
valines substituted with three alanines, producing a peptide with one lysine, three leucine,
and three alanine residues in the nonpolar face. GS14K4 and GS14K4 V3/A3 showed
antimicrobial activity with minimal toxicity to human red blood cells; the other analogs
selected for this study possessed insufficient hydrophobicity to exert cytolytic effects on
either microbial or human cells. This series of analogs varied substantially in
hydrophobicity (retention times ranged from 25 to 62 min at 80°C, Table 7-1).

Linear Analogs. The peptide analogs GS14 lin, GS14K4 lin, and GS14K4 A6 lin served
as linear controls vs. cyclic peptides, possessing the same intrinsic hydrophobicity owing
to the identical amino acid sequences but having different effective hydrophobicity due to
their non-cyclic nature. For example, at 80°C, GS14 lin had a retention time of 55 min
whereas its cyclic analog, GS14, had a retention time of 85 min (Table 7-1), clearly
demonstrating the enhanced hydrophobicity in forming the preferred binding domain by
cyclization. GS14K4 A6 lin served as the control peptide in the normalized temperature
profiles for all peptides studied. This peptide lacked any defined structure and had
insufficient hydrophobicity to dimerize.

Proposed Mechanism of Action

The proposed mechanism of action for temperature profiling in RP-HPLC is shown in
Fig. 7-3. The mechanism is based on two assumptions, with the first based on the fact
that loading the peptide onto the top of the column in aqueous conditions concentrates the
peptide locally on the hydrophobic matrix bound by its hydrophobic preferred binding
domain. As the acetonitrile concentration increases during gradient elution, the

acetonitrile content becomes high enough to allow peptide partitioning between the
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matrix and the mobile phase. Thus, in the early stages of partitioning, our assumption is
that the effective peptide concentration in solution is extremely high as a result of the
concentration of peptide achieved on binding to the matrix during sample loading. The
second assumption is that b‘ecause of this concentrating effect in solution, peptides in this
study that are capable of self-association during gradient elution are in equilibrium
between a monomeric peptide bound to the matrix (Fig. 7-3A, top left), an unbound
monomeric form in the mobile phase (Fig. 7-3A, top center), and an unbound dimeric
form in the mobile phase (Fig. 7-3A, top'right). As a result, peptides that dimerize in
solution are eluted faster since the on-rate for the bound state is decreased, i.e., retention
time is lower than what would be observed if the molecule was unable to dimerize and
was only in the monomeric state in the mobile phase. The dimerization is temperature-
dependent, wjth more dimerization occurring in solution at low temperatures. As the
temperature is increased, equilibrium is shifted towards the monomeric form in solution
due to disruption of the dimer. The higher solution concentration of monomer during
partitioning increases the on-rate for the bound state, and retention time thus increases. It
should be noted that the increase in temperature also introduces other general effects on
retention time because of lower mobile phase viscosity and a significant increase in mass
transfer between the stationary and mobile phases. These effects decrease retention time
with increasing temperature in a linear fashion. Thus, in the case of peptides that do not
undergo a significant conformational change over the temperature range profiled, one
would expect to see a linear decrease in retention time with increasing temperature
because of the lower mobile phase viscosity and increase in mass transfer. This would be

the case for a monomeric peptide with either a random coil or an undefined structure
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_Figure 7-3. Proposed mechanisms of temperature profiling by RP-HPLC. Panel A: At
lower temperatures, peptides capable of self-associating in aqueous solution via the
hydrophobic effect establish equilibrium between monomer and dimer in the mobile
phase. Only the monomeric form of the peptide in solution can partition with the alkyl
ligands on the reversed-phase column, and retention time is decreased due to the large
population of dimers in solution. At higher temperatures, the population of dimers in
solution during partitioning decreases, increasing the concentration of monomeric
peptide in solution and increasing retention time. At some temperature no dimer would
exist in solution. Panel B: With a peptide that does not form an amphipathic structure
and cannot dimerize, the peptide binds to the stationary phase and partitions in the
mobile phase as a monomer with undefined structure at both low and high
temperatures. Thus, the effect of temperature on retention time is linear and decreases
with increasing temperature.
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(Fig. 7-3B), or for a very stable peptide with a specific structure that does not change
over the entire temperature range - for example, a stable amphipathic monomeric o-helix.

There are thus two opposing effects on peptide retention time as the temperature is
increased: increasing retention time as dimerization is disrupted, and decreasing retention
time from these general temperature effects. For molecules that dimerize, the effect of
dimerization is dominant at low temperature over the general temperature effects. Thus,
at low temperatures, the dimerization effect dominates and retention time increases with
increasing temperature until a certain temperature is reached, which we designate T, (the
temperature at the transition point). At this temperature, the temperature effects that
increase retention time (shift in the monomer/dimer equilibrium in the mobile phase
favoring monomer) are equivalent to those that decrease retention time. Above the
temperature, T, the net result is a decreased retention time as lower viscosity and higher
mass transfer effects predominate.
Peptide Structure

CD Spectroscopy. The structure of peptides in this study were characterized by CD
spectroscopy in aqueous buffer and in a mixture of buffer and trifluoroethanol (Fig. 7-4,
Table 7-2), an organic solvent known to mimic the non-polar environment characteristic
of RP-HPLC (Zhou et al. 1990). Cyclic peptides do not exhibit CD spectra of typical -
sheet character (the classic B-sheet spectrum possesses a single minimum at 215-218
nm). However, the solution structure of GS14 has previously been determined by NMR
techniques and is known to be a B-sheet (Fig. 7-2) (Mclnnes et al. 2000); thus, the CD

spectrum for GS14 shown in Fig. 7-4A, resembling that of an a-helix with minima near
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Figure 7-4. Far-UV CD spectra for cyclic and linear GS14 and GS14K4 peptides. CD
spectra were obtained in 5 mM sodium acetate, pH 5.5, 25°C at ~30 pM peptide
concentration in the absence (Panel A) or presence (Panel B) of 50% trifluoroethanol.
Peptides in both panels were GS14 (closed circle), GS14 lin (open circle), GS14K4

(closed sauare) and GS14K4 A6 lin (X).
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Table 7-2. Biophysical data and biological activity for representative peptides used in this study

Peptide [6],,° MIC Hemolytic activity =~ Therapeutic index?
Benign  50% TFE  (ug/ml)® (ng/ml)*
GS14 -29600 -36700 284 1.5 <0.01
GS14K4 -14500 -30800 4 200 47
GS14K4 V3/A3  -8100 -22300 65 >800 25
GS14K4 L3/A3  -4900 -20200 256 >800 6
GS14K4 A6 -3700 -10500 345 >800 5

*Mean residue ellipticity at 222 nm, expressed in deg cm® dmol” as determined by Kondejewksi et al.
2002. CD spectra were obtained at 30 pM peptide concentration in 5 mM sodium acetate pH 5.5
(Benign), or in 5 mM sodium acetate pH 5.5 in 50% trifluoroethanol (TFE) at 20°C. Cyclic B-sheet

structures have a large negative [0],,, value, while unstructured peptides have ellipticities near zero.

®*Antimicrobial activity as determined by Kondejewski ez al. 2002. Values were obtained as the average
of the following microbial strains: S. epidermidis, E. faecalis, C. xerosis, C. albicans, P. aeruginosa
H188, E. coli UB1005, E. coli DC2, S. typhimurium C587, and S. typhimurium C610.

“Hemolytic activity as determined by Kondejewski et al. 2002. Values of >800 ug/ml were listed as
1600 pg/ml for calculation of therapeutic index.

Therapeutic index = hemolytic activity/MIC. Larger values indicate greater microbial specificity.
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208 and 222 nm, is due to the dominating effects of the type I “ B-turns in these small
cyclic peptides. GS14K4 was known to exhibit disrupted B-sheet structure by NMR (Fig.
7-2) (Mclnnes et al. 2000); its CD spectrum is shown in Fig. 7-4A with a significantly
less negative mean residue molar ellipticity at 222 nm ([8],,,) than GS14. GS14 X 4
peptides all exhibited CD spectra similar to GS14K4 in benign and 50% TFE conditions
(data not shown). GS14K4 and its hydrophobicity analogs GS14K4 1L3/A3, GS14K4
V3/A3, and GS14K4 AG all exhibited a lesser degree of [3-sheet structure than GS14 in
benign buffer as shown by the smaller molar ellipticity values at 222 nm, but were
induced to form P-sheet structure in trifluoroethanol (Table 7-2). The linear control
peptides GS14 lin and GS14K4 A6 lin both exhibited spectra typical of a random coil in
aqueous conditions with a minimum below 200 nm and a maximum at 220 nm (Fig. 7-
4A). But in 50% TFE, GS14 lin appeared to be induced into substantially more -sheet
structure than GS14K4 A6 lin (Fig. 7-4B). Based on GS14K4 A6 lin behavior in 50%
TFE, we assume that it behaves similarly in the hydrophobic environment of the column
matrix and also binds mainly in an undefined structure.
Temperature Profiles

RP-HPLC Analysis. The absolute retention times of GS14 and other cyclic peptides
differed greatly because of the differences in one or more of the following properties:
structure, amphipathicity, and/or intrinsic hydrophobicity (Table 7-1). To examine
graphically the effect of temperature on retention time, peptide retention times were
normalized relative to the values obtained at 5°C or 80°C, the lowest and highest
temperature used in this study (Fig. 7-5). Normalizing at 5°C allowed determination of

T,, the transition temperature (Fig 5A), while normalizing at 80°C corrected the retention
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Figure 7-5. Normalized RP-HPLC temperature profiles of cyclic and linear GS14 and
GS14K4 peptides. Panel A: Temperature profiles normalized to individual peptide
retention times at 5°C. T, is the temperature at which the maximum change in
retention time is observed. Panel B: Temperature profiles normalized to individual
peptide retention times at 80°C. Panel C: RP-HPLC temperature profiles for cyclic
and linear GS14 and GS14K4 peptides normalized to retention times at 80°C and
subtracted from the 80°C-normalized retention times of the control peptide, GS14K4
A6 lin. Peptides in all panels were GS14 (closed circle), GS14 lin (open circle),
GS14K4 (closed square), GS14K4 lin (open square), and GS14K4 A6 lin (X).
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time to a temperature where the effects of structure and self-association are minimal (Fig.
7-5B).

GS14 and GS14K4. The cyclic -sheet peptides GS14 and GS14K4 showed a deviation
from linearity in the normalized temperature profiles (Figs. 7-5A and 7-5B), indicating a
change in the degree of self-association over the 5-80°C temperature range. In the
temperature profile normalized to retention times at 5°C, GS14 had a T, of 55°C,
significantly higher than the T, of GS14K4, which was 20°C (Fig. 7-5A). In contrast to
the results obtained from cyclic GS14 and GS14K4, the linear peptides generally
exhibited a negative relationship between RP-HPLC retention time and temperature, €.g.,
GS14K4 A6 lin (Fig. 7-5A). Interestingly, GS14 lin had normalized changes in retention
time above 0 at temperatures of 10°, 15° and 20°C (T,=15°C), suggesting that self-
association may have occurred at these low temperatures (Fig. 7-5A). Similarly, Fig. 7-
5B shows the temperature profiles normalized to retention times at 80°C. The profiles of
GS14 lin and GS14K4 A6 lin were almost superimposable except at temperatures below
20°C. This indicates that additional structural effects (e.g., changes in -sheet content or
degree of self-association) did not occur from 20°C to 80°C.

The temperature profiles in Fig. 7-5C for GS14 and GS14K4 cyclic and linear peptides
were zeroed at 80°C and also normalized for general temperature effects using the control
peptide, GS14K4 A6 lin. Thus, these profiles showed the effects of temperature on
structure formation and/or self-association, without the negative linear retention time
decrease from general effects of temperature. GS14 exhibits the most self-association,

with a change in retention time of 12.5 min at 5°C compared to 80°C, significantly larger

than that of GS14K4 (6.5 min). It is interesting that the linear peptides GS14 lin and
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GS14K4 lin also show the ability to change structure/self-associate at low temperatures.
Fig. 7-5C also illustrated our hypothesis that by further increasing temperature beyond
80°C, equilibrium is completely shifted to the monomeric state in the mobile phase, and
the temperature profiles of all the peptides would fall along the normalized baseline at
sufficiently high temperature.

GS14 X4 Analogs. All peptides with D-amino acid substitutions had temperature
profiles that deviated from linearity (Fig. 7-6). The change in retention time at T, for all
peptides in the series was proportional to the hydrophobicity of the D-amino acid
substituted in the peptide, as determined by previous amino acid hydrophobicity scales
(Monera et al. 1995; Sereda et al. 1994). The peptides GS14 F4, GS14 L4, and GS14
Ap4 had T, values identical to GS14 (T, of 55°C, Table 7-1). Notably, an increase in
hydrophobicity of the nonpolar face (e.g., with D-Phe, D-Leu, or D-Ala in addition to the
three Leu residues and three Val residues of GS14) increased the magnitude of the
change in retention time only slightly (5.2, 5.0, and 4.7 min, respectively, compared to
GS14 with a value of 4.2 min, Table 7-1). This result showed that, above a certain
nonpolar face hydrophobicity, there was no further increase in T,for these cyclic
peptides, suggesting that 55°C may represent a maximum limit for T, in this cyclic B-
sheet structural framework. Decreasing the hydrophobicity of the D-substitution at
position 4 from D-Phe, D-Leu or D-Ala to D-Tyr or D-Asn dramatically decreased the T,
value to 40°C and the magnitude of the change in retention time to 1.9 and 1.8 min for D-
Tyr and D-Asn, respectively, compared to GS14 (Fig. 7-6A and Table 7-1). D-Lys at
position 4 had the lowest intrinsic hydrophobicity, the lowest T, (20°C) and the lowest

difference in retention time between T, and 5°C (0.3 min, Fig. 7-6A and Table 7-1). Fig.
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Figure 7-6. Normalized RP-HPLC temperature profiles of GS14 X4 peptides. Panel
A: Temperature profiles normalized to individual peptide retention times at 5°C. T is
the transition temperature at which the maximum change in retention time is observed.
Panel B: Temperature profiles normalized to individual peptide retention times at
80°C. Panel C: Profiles normalized to individual peptide retention times at 80°C and
subtracted from the 80°C-normalized retention times of the control peptide, GS14K4
A6 lin. Peptides in all panels were GS14 F4 (open diamond), GS14 L4 (open
isosceles triangle), GS14 Ap4 (inverted open triangle), GS14 Y 4 (open triangle),
GS14 Np4 (open circle), and GS14K4 (open square). GS14K4 A6 lin (X) is only in
panels A and B.
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7-6B shows the temperature profiles normalized to retention times at 80°C and illustrates
that, despite the large change in hydrophobicity of these cyclic peptides, they all show
large deviations from the linear behavior of control peptide GS14K4 A6 lin. Following
normalization for general temperature effects using the GS14K4 A6 lin peptide, all these
cyclic peptides show the ability to dimerize (Fig. 7-6C).

GS14K4 Hydrophobicity Analogs. The peptides with temperature profiles that were
closest to the control GS14K4 A6 lin profile, GS14K4 1.3/A3 and GS14K4 A6, had the
lowest intrinsic hydrophobicity (Fig. 7-7A). The analogs also showed that as nonpolar
face hydrophobicity decreased, B-sheet structure was diminished both in benign medium
and in the presence of 50% TFE (compare [0],,, in Table 7-2) and the temperature profile
was closer to linearity (Fig. 7-7B). Note also that the normalized profiles all fell below
that of GS14K4, showing that GS14K4 - possessing the highest hydrophobicity of the
series - also had the highest degree of self-association among the hydrophobicity analogs
(Fig. 7-7B). Except for GS14K4 V3/A3, the peptides that showed the smallest deviations
from linearity also showed no antimicrobial or hemolytic activity (Table 7-2).

In this study, we used the differences in retention time at 80°C as a measure of the
differences in apparent hydrophobicity of the various analogs. Fig. 7-8A and Fig. 7-8B
show the relative hydrophobicity of the analogs using a 1% acetonitrile/min linear
gradient at 80°C. The RP-HPLC retention times shown in Table 7-1 were determined at a
gradient rate of 0.5% acetonitrile/min. This shallower gradient was used to amplify the
differences between peptide analogs. At 80°C, the effects of dimerization are essentially
eliminated, with all amphipathic molecules being in their monomeric form during

partitioning in RP-HPLC. For example, compared to GS14K4 A6, the addition of 3 Leu
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Figure 7-7. Normalized RP-HPLC temperature profiles of GS14K4 and hydrophobicity
analogs. Panel A: Temperature profiles normalized to individual peptide retention times at
80°C. Panel B: Profiles normalized to individual peptide retention times at 80°C and
subtracted from the 80°C-normalized retention times of the control peptide, GS14K4 A6 lin.
Peptides were GS14K4 (closed square), GS14K4 V3/A3 (closed triangle), GS14K4 1.3/A3
(closed inverted triangle), GS14K4 A6 (closed diamond) and GS14K4 A6 lin (X, only in
panel A).
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Figure 7-8. RP-HPLC elution of representative GS14 and GS14K4 analogs. Panel A:
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amino acid substituted at position 4 relative to GS14, e.g., N corresponds to GS14
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B/min, a flow-rate of 0.35 ml/min, and a temperature of 80°C, where solvent A was
0.05% aqueous TFA and solvent B was 0.05% TFA in acetonitrile.
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residues (i.e., GS14K4 V3/A3) increases retention time at 80°C by 21.6 min (47.4 — 25.8
min, Table 7-1), with each leucine residue contributing 7.2 min. In comparison, the
addition of 3 Val residues (i.e., GS14K4 1.3/A3) increases retention time at 80°C by 14
min (39.8 — 25.8 min, Table 7-1), with each valine residue contributing 4.7 min. Thus, the
sum of 3 Val and 3 Leu residues added to GS14K4 A6 should increase retention time by
14 + 21.6 = 35.6 min, which is close to the observed value difference of 62.0-25.8 = 36.2
min (i.e., the difference between GS14K4 and GS14K4 A6 retention times at 80°C).

With the GS14X,4 analogs the effects of substitution were in the identical order of the
hydrophobicities of the substituted residues as determined by RP-HPLC from a previous
study. Thus, Sereda et al. (Sereda et al. 1994) determined the relative hydrophobicities of
amino acid side-chains in the center of the non-polar face of an amphipathic o.-helix
containing 6 Leu residues as 1.99, 0.96, 0, -3.94, -8.85, and —12.25 min for Leu, Phe, Ala,
Tyr, Asn and Lys, respectively. Interestingly, the relative side-chain RP-HPLC-derived
hydrophobicities determined in the present study from substitutions in the non-polar
surface of the amphipathic cyclic B-sheet peptide containing 3 Val and 3 Leu residues
were similar to those obtained from amphipathic o-helices when compared at the same
gradient rate (3.1, 2.1, 0, -5.5, -10.4, and —16.0 min for Leu, Phe, Ala, Tyr, Asn and Lys,
respectively).

Finally, it is worth noting that, from Table 7-1, the minimum number of hydrophobic
residues required for substantial self-association of the cyclic peptide analogs appears to
be six residues — specifically in this case, 3 Leu and 3 Val residues making up the
hydrophobic face of GS14 (T, = 55°C). Replacement of the 3 Leu residues (GS14K4

L3/A3) or the 3 Val residues (GS14 V3/A3) with considerably less hydrophobic Ala
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residues decreased self-association to almost negligible levels (T,=5°C for the latter two
analogs). This observation reflects in an interesting manner extensive work carried out in
this laboratory on the role of hydrophobic residues in stabilizing amphipathic a-helical
coiled-coils (Chao et al. 1996; De Crescenzo et al. 2003; Litowski et al. 2001, 2002; Su et
al. 1994; Tripet et al. 2000; Wagschal et al. 1999b). Thus, it was determined that a
minimum of six hydrophobic residues, capable of strong affinity interactions, were
required for o-helices to dimerize in solution, i.e., two hydrophobic residues in each of
the three heptads making up the seven-residue sequence repeat characteristic of a-helical
coiled-coils (Su et al. 1994).
Chapter 7-3. Discussion
Reversed-Phase Chromatography and Mechanism of Elution

The time that a molecule is retained by a reversed-phase chromatography column is
based on analyte partitioning between the aqueous mobile phase and the hydrophobic
stationary phase. During linear gradient elution, the composition of the mobile phase
changes with an increased percentage of organic solvent as a function of time. As noted
previously, amphipathic molecules are generally retained longer since the hydrophobic
region is localized to one side of the molecule, forming a preferred binding domain (Chen
et al. 2002; Hodges et al. 1994; Kondejewski et al. 1999; Mant et al. 2002b, 2002c; Mant
et al. 1998a; Mant et al. 1998b; Mant et al. 1993; Sereda et al. 1994; Yu et al. 2000; Zhou
et al. 1990); also, the tertiary and quaternary structures of globular proteins are generally
disrupted upon binding to the stationary phase in RP-HPLC, since hydrophobic
interactions responsible for the higher order molecular structures are disrupted (Ingraham

et al. 1985; Lau et al. 1984a; Lau et al. 1984b; Mant et al. 1997; Mant et al. 1989; Sereda
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et al. 1994; Zhou et al. 1990). If the monomeric structure of a protein is unfolded in the
hydrophobic environment of the matrix and ih the organic solvents used in RP-HPLC,
then specific self-association cannot occur. However, both organic solvent in the mobile
phase and contact with the hydrophobic matrix can stabilize the secondary structure of
amphipathic molecules (o-helix and B-sheet) (Blondelle et al. 1995; Purcell et al. 1995;
Steer et al. 1998; Steiner et al. 1991; Zhou et al. 1990). Though oligomerization of
amphipathic molecules will be disrupted on binding to the hydrophobic matrix, the
stabilization of the secondary structure by the organic solvent in the mobile phase may
facilitate the potential for association of secondary structural elements. The association of
amphipathic molecules in the mobile phase during partitioning will decrease the retention
time of the molecule compared to the retention time of a molecule where no self-
association takes place. This decrease would presumably be proportional to the molecular
binding affinity of the secondary structure element in the mobile phase. Thus, this
technique will work for any molecule whose structure is stabilized by the hydrophobic
matrix and hydrophobic solvents in the mobile phase.
Size-Exclusion Chromatography vs. Reversed-Phase Chromatography

Unlike RP-HPLC, in which hydrophobic interactions between the analyte molecule and
the column matrix primarily determine retention time, SEC retention time is determined
by the hydrodynamic radius of the molecule in solution. Smaller molecules are retained
by the SEC column and thus have longer retention times; high affinity self-association in
solution increases hydrodynamic radius and decreases retention time, so that it is possible
to observe multiple peaks in the case of a molecule adopting several oligomeric species if

they are in slow exchange. An excellent example of SEC monitoring of the effect of
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amphipathic o-helical peptide concentration on oligomerization state was reported by
Wagschal et al. (Wagschal et al. 1999a). These authors observed an equimolar mixture of
trimeric and monomeric species at a peptide concentration of 500 puM which, upon
dilution to 2.5 pM, was converted predominantly to monomer. Due to a slow exchange
rate for interconversion of these oligomerization states relative to overall run time, two
distinct peaks representing the trimeric and monomeric states were observed at high
peptide concentrations. SEC has also been used to demonstrate the oligomerization state
of small amphipathic o-helices that form dimeric or trimeric o-helical coiled-coils (Lau
et al. 1984a; Lau et al. 1984b; Mant et al. 1997). There is an inherent separation range in
all SEC columns, with the lower limit typically ~0.5 — 1 kDa for peptide columns;
however, in RP-HPLC, there are no such size limitations. In SEC, the analyte
concentration is diluted on the column during elution, whereas, during RP-HPLC, the
analyte is eluted as a single narrow concentrated peak, regardless of initial loading
concentrations. Because of the dilution effect in SEC, it is also less sensitive to detecting
lower affinity self-association than RP-HPLC. Finally, since salt is typically included in
the elution buffer for SEC (100-300 mM) to prevent nonspecific electrostatic interactions
with the matrix (Mant et al. 1987), molecules may have different solubility limits in SEC
buffer, as was the case for GS14 (insoluble in 100 mM NaCl).
Behavior of Linear Control Peptides

The temperature profiles of both GS14 lin and GS14K4 lin were not completely linear
compared to the profile of GS14K4 A6 lin. The cause of the deviation from a linear
temperature-dependence in GS14 lin and GS14K4 lin can best be explained by peptide

self-association in aqueous solvent. GS14 lin showed deviation from linearity only at
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lower temperatures, suggesting that it exhibited self-association between 5-15°C.
Previous molecular modeling studies of linear GS14 showed that the N- and C-termini
are oriented close to one another and that the adoption of -sheet structure was possible
(Gibbs et al. 1998). By adopting a B-sheet structure, linear GS14 would become more
amphipathic and increase its likelihood of dimerizing/aggregating in solution. Since
secondary structure is disrupted at higher temperatures, the adoption of B-sheet structure
and reduction in retention time occurred only at temperatures below 15°C for GS14 lin.
This observation is not surprising considering that GS14 lin was also shown to adopt a 3-
sheet structure in 50% trifluorethanol (Fig. 7-4), a solvent, as noted previously, known to
mimic the hydrophobic environment of the reversed-phase matrix (Zhou et al. 1990).
Role of Self-Association in Antimicrobial Peptide Activity

Based on RP-HPLC results in the present study, as well as previous biological activity
data (Kondejewski et al. 2002), we observed that the GS14K4 peptides that showed the
smallest temperature coefficients of retention had little or no activity against microbial or
human cells. However, some peptides that showed a large extent of self-association in
solution (GS14 and GS14 X4 analogs GS14 F4, GS14 L4, GS14 A4, Fig. 7-6)
showed strong hemolytic activity with weak antimicrobial activity (unpublished results).
It is known that antimicrobial peptides with high peptide hydrophobicity lose microbial
specificity and become very hemolytic, i.e. toxic to red blood cells (Kondejewski et al.
2002). It is plausible that the high peptide hydrophobicity also results in greater peptide
self-association in solution, as observed with GS14 and other GS14 X4 peptides. The
most efficacious peptide studied to date, GS14K4, had a lower degree of self-association,

with a T, of 20°C, a hemolytic activity of 200 wg/ml and an average antimicrobial
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activity of 4 ug/ml (larger values correspond to poor activity). This suggests that high
degrees of self-association may not be desirable for optimal microbial specificity.
However, the role of aqueous self-association in peptide cytolytic activity has not been
well studied, due to the relatively small size of peptides and the lack of suitable analytical
methods to date. Temperature profiling in RP-HPLC may be a useful technique to
examine other antimicrobial peptides to see if a relationship exists between the degree of
self-association in solution, antimicrobial activity, and hemolytic activity.

Temperature Profiling with Other Types of Molecules

Temperature profiling in RP-HPLC in our laboratory has also been used to study the
unfolding of monomeric o-helices and a-helices that dimerize (Mant et al. 2003), as well
as «-helices that dimerize to form coiled-coils (Mant et al.). In all cases, we have
observed similar nonlinear profiles among the two classes of structures able to dimerize
(B-sheet and a-helix) and linear profiles with unstructured peptides.

The B-sheet peptides in the present study do not have an easily identifiable parameter
that changes during the transition between higher-order self-association and monomer.
Admittedly, the ratios of the wavelengths of the local minima appeared to shift with
higher GS14 concentration, suggesting aggregation, and this hypothesis was supported by
additional fluorescence studies (Jelokhani-Niaraki et al. 2001). Unlike o-helical coiled-
coils, which lose both quaternary and secondary structure upon denaturation, we believe
that only the quaternary structure is lost when the cyclic B-sheet peptides in our study no
longer self-associate, i.e., one observes essentially the same f3-sheet secondary structure
over the entire denaturation range. In all cases, the control peptides with undefined

structure were used to normalize profile data to account for general temperature effects
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associated with changes in solvent viscosity and mass transfer rates, so that we could
examine the effect of temperature specifically on peptide structure.
Additional Considerations

While temperature profiling in reversed-phase chromatography is a useful technique for
evaluating self-association in small amphipathic molecules, there are aspects of the
technique that merit further discussion if one considers extending the methodology to
analyze other kinds of molecules. Since the techni-que denatures proteins by exposing
hydrophobic side-chains upon binding to the stationary phase and contacting organic
solvent, this approach is unsuitable for assessing the self-association of native folded
globular proteins stabilized by hydrophobic interactions.

On the positive side, the sensitivity of the temperature profiling described in this work
could be further amplified by using narrower diameter (micro-, capillary, or nano-)
reversed-phase columns, which would require less sample for analyses than the narrow
bore (2.1 mm diameter) column used in the present study. Also, a complete temperature
profile only requires time spent on sample preparation, since the Agilent 1100
chromatograph can be programmed to perform multiple runs, automatically regulate
temperature, inject and monitor samples, and store data after each elution. Thus, although
a complete set of runs may take sixteen hours of real time, the actual time the
experimenter requires to set up the system is minimal. Also of significance is the point
that, since the peptide oligomerization being measured is due to hydrophobic interactions
and is, thus, pH-independent, this approach may be employed at any pH value suitable
for chromatography — generally pH 2-8 for silica-based packing materials, although more

alkaline conditions are possible with non-silica-based supports (Mant et al. 2002a).
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Hence, this temperature profiling approach is not restricted to just the pH 2 conditions

employed in the present study.

Chapter 7-4. Conclusions

Temperature profiling in RP-HPLC can be used to detect and measure self-association
of small molecules driven together by the hydrophobic effect, due to the technique's
extremely high sensitivity. By performing a series of reversed-phase elutions at a range of
temperatures, we have demonstrated that self-association of small molecules in solution
can be detected using extremely small (ng) quantities. One can easily identify self-
association based on the nonlinear relationship between analyte retention time and
temperature. The technique is applicable to association in both «-helical and f-sheet
structures, cyclic and linear, and does not have either an upper or a lower size limit for
detection. We envision that this technique can also be used for non-peptide analytes as
well as larger biomolecules, as long as the domain responsible for self-association is
hydrophobic and is stabilized by the organic modifier in the aqueous/organic solvent used
in RP-HPLC.
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Appendix 1: Structure-activity relationships of de novo designed cyclic

antimicrobial peptides based on gramicidin S

A version of this chapter has been published. Lee, D. L. & Hodges, R. S. 2003.
Biopolymers. 71: 28-48. This manuscript was part of the Vincent du Vigneaud Award
lecture by Robert Hodges at the Gordon Research Conference on the Chemistry and

Biology of Peptides, 2002.

Chapter I-1. Introduction

Antimicrobial peptides (AMPs) are a large class of biomolecules that form part of the
biological defense system of a broad range of multicellular and single-celled organisms
(Hancock et al. 2000a; van 't Hof et al. 2001; Zasloff 2002). They act rapidly in a
concentration-dependent manner, and their mode of action has been proposed to include
targets such as the microbial membrane and/or intracellular components such as heat
shock proteins (Otvos et al. 2000), DNA, and RNA (Hancock et al. 2002). Since the
discovery of the first nonhemolytic antimicrobial peptides in frog skin (Zasloff 1987),
hundreds have been discovered and recorded in databases and characterized in terms of
structure and function (Tossi et al. 2000). Though varying widely in structural categories,
general subcategories include the linear o-helical class, the linear extended peptides with
one or two amino acids in high abundance, the looped structures, the disulfide-bridged f3-
strands and cyclic B-sheet peptides (Epand et al. 1999).

In spite of the variation among structural subclasses, some general commonalities have

emerged among the majority of antimicrobial peptides that provide them with their

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



Appendix 1. Review of antimicrobial peptide structure-activity relationships 239

biological activity. These include a net positive (cationic) charge, a certain
hydrophobicity and amphipathicity (localization of polar and nonpolar faces), and some
kind of structure formed in interactions with the lipid components of membranes. AMPs
have been the focus of both academic and industrial research endeavors because of their
potential as novel broad-spectrum antimicrobial therapeutics to be used against the
rapidly growing numbers of antibiotic-resistant microorganisms (Hancock et al. 2000b;
van't Hof et al. 2001; Zasloff 2002). The microbial membrane is the target of choice for
de novo designed AMPs, since it is believed that bacteria are less capable of developing
resistance mechanisms involving a change in the composition of their lipid bilayers. In
contrast, conventional antibiotics usually must enter the intracellular compartment of
microorganisms and inhibit a specific macromolecule to be effective. Resistance
develops as bacterial populations mutate to counteract the effects of the antibiotic through
degradation, inactivation, or physical removal of the antibiotic from the site of action, or
by alteration of the molecule targeted by the antibiotic to reduce binding affinity.
Moreover, these bacteria can then pass resistance genes onto other bacterial strains,
thereby accelerating the threat of pathogenic infections to the global human population.
Because of the broad scope of literature already published on antimicrobial peptides,
we will focus only on the work done in our laboratory detailing the research centering
around the cyclic f-sheet structural framework found in the peptide antibiotic, gramicidin
S (GS). Our objective with this project was to design de novo a cyclic B-sheet peptide
with excellent broad-spectrum antimicrobial activity, negligible hemolytic activity (a
measure of toxicity to red blood cells), and a high therapeutic index (therapeutic index is

the hemolytic activity in pg/ml divided by the antimicrobial activity in pg/ml, resulting in
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a unitless value). Although the interaction of a peptide with the lipid membrane is of
fundamental importance in understanding the mode of action of the various classes of
antimicrobial peptides, the majority of the peptide-lipid interaction studies on gramicidin
S and analogs established in collaboration with the McElhaney laboratory (Jelokhani-
Niaraki et al. 2002; Jelokhani-Niaraki et al. 2001; Krivanek et al. 2001; Lewis et al. 1999;
Prenner et al. 2001; Prenner et al. 1999a; Prenner et al. 1999b; Prenner et al. 1997;
Salgado et al. 2001; Staudegger et al. 2000) and those performed in the Hancock
Iaboratory (Hancock et al. 2002; Wu et al. 1999; Zhang et al. 2000; Zhang et al. 2001)
will also not be discussed in detail here. Instead, emphasis will be placed on the
relationship between modification of peptide structural characteristics and effects on
biological activity against microbes and human cells.

Though the antibiotic gramicidin S was isolated from Bacillus brevis in 1944 (Gause et
al. 1944) and has been studied to date for almost sixty years, its therapeutic value has
been limited to topical applications because of its strong toxicity to human red blood cells
(hemolysis occurring at pg/ml concentrations (Kondejewski et al. 1996a)). The peptide
sequence is cyclo-FPVOLFPVOL, where underlined residues represent D-enantiomers
and O denotes ornithine. Gramicidin S forms a cyclic amphipathic antiparallel 3-sheet
structure with a net +2 charge from the ornithine residues, a hydrophobic face of two
valine and two leucine residues, and two type II’ B-turns at the Leu-D-Phe-Pro-Val
positions (Fig. 1). It is hypothesized that the mode of action is primarily, but not limited
to, the peptide interacting with the microbial membrane. The consequences of this
peptide-lipid interaction include dissipation of the chemiosmotic potential (Wu et al.

1999; Zhang et al. 2000) and inhibition of respiratory enzymes found in the cell
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Figure 1. Model of gramicidin S based on high-resolution 'H-NMR structural
analysis (Gibbs et al. 1998; Wishart et al. 1995b; Xu et al. 1995). Top: C, backbone
with Pro side-chains shown. Red atoms denote oxygen; blue atoms denote nitrogen.
Dashed lines denote hydrogen bonds. Bottom: Representation with hydrophobic side-
chains shown in green (Leu, Val, Pro and D-Phe) and basic side-chains (Orn) shown
in blue.
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membrane (Prenner et al. 1999b). However, since maximal depolarization of
electrochemical gradients has been observed at peptide concentrations below the minimal
inhibitory concentration (MIC), it has been suggested that perhaps a 'multiple hit
hypothesis' involving additional cytoplasmic targets is the case for GS (Zhang et al.
2001).

Interestingly, in 1995 when we began this project, there had been 50 years of extensive
studies on gramicidin S and synthetic analogs without any significant breakthroughs. We
were also of the opinion that, considering the lack of success over such a long period of
time, no granting agency would support this project. Nevertheless, we considered the
project a viable one and worthy of the challenge. We had observed that prior to our work,
no thorough structure-function study of gramicidin S had been conducted. Furthermore,
there were many advantages to studying this molecule in terms of the key features of GS
that made it an attractive drug design candidate over other antimicrobial peptides. First, a
rigid defined structure (such as the $-sheet in GS) is more amenable to structure-function
studies since differences in both the structure and activity of peptide analogs could be
easily compared to the parent molecule. Second, its small size should allow easy
synthesis and ultimately should require fewer analogs to achieve the desired biological
activities due to the smaller number of theoretical amino acid substitution sites. Third, the
cyclic nature of the peptide made it resistant to proteolysis, an important aspect for future
drug stability studies in vivo. The fourth advantage, from our perspective, was the
possibility of a “lipid-only” mechanism, an idea that brought the possibility of achieving
microbial specificity based only on differences in lipid composition between microbes

and eukaryotic cells. However, at the time, the "lipid-only" mechanism instead brought
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the criticism that specificity could not be achieved if this were the case. In the following
presentation we will show that not only were we able to achieve specificity for microbial
cells, i.e. high antimicrobial activity with negligible hemolytic activity, but also that we
can explain this specificity based on the difference in composition between the lipid
membranes of microbes and human cells.

In order to prepare for a meaningful structure-function study, we identified five major
areas that had to be addressed prior to beginning the synthesis of a series of analogs.
First, was the methodology for synthesis robust and would it ensure racemization-free
cyclization of the peptides? Second, does the lead compound have excellent solubility to
ensure that we would not encounter solubility issues with a wide range of analogs? Third,
do we have the NMR methodology for rapid evaluation of structure? Fourth, do we have
the correct biological assays and enough sensitivity to accurately evaluate activity, which
would allow us to distinguish between subtle changes in sequence? Finally, were there
other methodologies required to improve our evaluation of various analogs?

Chapter I-2. Improvement of synthesis methodology for cyclic peptides

We developed a simple method for the facile synthesis of GS and analogs, using
standard solid-phase technology and a single solution-phase cyclization step (Wishart et
al. 1995b; Wishart et al. 1996). This approach was a significant improvement over
previous protocols, which were based on labor-intensive and time-consuming solution-
phase peptide syntheses at all stages of production. Our newer approach proved to be
simple, easily automated, rapid (< 3 days), capable of producing high yields (>80%), and
generally applicable to the preparation of a variety of related head-to-tail cyclic peptides.

Significantly, NMR studies confirmed that cyclic peptides could be prepared with no
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indication of racemization. Subsequently, we utilized the formyl group for side-chain
protection of lysine and ornithine residues to further improve the synthesis (Kondejewski

et al. 1996b) (Fig. 2).

All peptides were synthesized by solid-phase peptide synthesis using precoupled Boc-
Pro-phenylacetamidomethyl resin (PAM-resin) on an Applied Biosystems model 430A
peptide synthesizer using standard t-butyloxycarbonyl (Boc) chemistry. The use of a C-
terminal proline on the peptide was to prevent racemization during cyclization. This is a
critical step since we believe that many of the analogs previously reported were actually
racemized, which makes the interpretation of results in the literature extremely difficult.
Side-chain protecting groups were 2-bromobenzyloxycarbonyl for tyrosine and formyl
(CHO) for lysine and ornithine. The formyl group was utilized to produce a linear peptide
with Lys or Orn side-chains still blocked after peptide cleavage from resin, ensuring that
subsequent cyclization would not occur through the side-chain amino groups. Peptides
were cleaved from the resin using anhydrous hydrogen fluoride in the presence of 10%
anisole for 1 h at —5°C. The crude linear peptides were purified by reversed-phase
chromatography (RP-HPLC). The pure linear formylated peptides were cyclized at a
concentration of 2 mg/ml in N, N-dimethylformamide (DMF) using three molar
equivalents of benzotriazolyl  N-oxytri-dimethylamino-phosphonium
hexafluorophosphate (BOP), 1-hydroxybenzotriazole (HOBt), and diisopropylethylamine
(DIEA). The progress of the cyclization reaction was monitored by analytical reversed-
phase HPLC and was typically complete after 12 h. Cyclic peptides were deformylated
(10% HCI in methanol, 37°C for 24 h) and purified by preparative reversed-phase HPLC.

Purified cyclic peptides were homogeneous by analytical reversed-phase HPLC and gave
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Boc—Pro

Boc chemistry

Boc-VOLE_PLOVEP
| l

CHO CHO

'

l RP-HPLC purification

cleavage from resin

H,N-VOLFPLOVEP-COOH

I

CHO CHO

l BOP/HOBt in DMF

HN-VOLEPLOVEP-C=0

CHO CHO

l deprotection of Orn
(10% HC1/MeOH, 37°C, 24 hr)

l RP-HPILC purification

[ I

HN-VOLFPLOVEP-C=0

Figure 2. Synthesis scheme of cyclic B-sheet peptides (Kondejewski et al. 1996b).
One-letter amino acid code is used; D-amino acids are underlined. PAM denotes
phenylacetamidomethyl polystyrene resin for solid-phase peptide synthesis (see text
for definitions of other abbreviations).
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correct primary ion molecular masses by mass spectrometry as well as appropriate amino
acid analysis ratios. For further details of the synthesis protocol, refer to our publication

(Kondejewski et al. 1996b).

Chapter I-3. Improvement of aqueous solubility of cyclic peptides

GS is not readily soluble in water and often precipitates in the presence of divalent
counterions. In order to design f-sheet analogs that were much more water-soluble and
much less sensitive to salt or pH, we investigated the effect of replacing the hydrophobic
amino acid in the two B-turns of GS (Fig. 1, bottom) with a series of polar amino acids
(Wishart et al. 1995b). Thus, analogs were synthesized with polar or charged amino acids
D-Tyr, D-Ser, D-Asn and D-His in the turn positions containing D-Phe in GS. Both the D-
Tyr and D-Ser analogs exhibited considerably improved solubility over GS, while,
importantly, maintaining both [-sheet structure (as confirmed by NMR and far-UV CD
spectroscopy) and biological activity (Kondejewski et al. 1996a; Wishart et al. 1995b;
Wishart et al. 1996).
Chapter I-4. Development of NMR methodology to evaluate structure of cyclic -
sheet peptides

Unequivocal confirmation of B-sheet conformation of a particular GS analog or,
indeed, detection of periodic variation in secondary structural content due to subtle
changes in sequence or sequence length is immensely important for interpretation of
subsequent structure/function studies. We set out to characterize GS analogs by NMR,
generally assigning NMR spectra using conventional 'H homonuclear techniques (Gibbs
et al. 1998). However, as noted by other researchers (Sefler et al. 1996) we also

discovered that cyclic peptides in aqueous conditions tend to exhibit relatively few inter-
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residue Nuclear Overhauser Effects (NOEs). In addition, resonance degeneracy arising
from molecular C, symmetry, combined with the limited variation in amino acid
composition of many of the GS analogs under investigation in our laboratory, further
reduced the number of useful NOEs. Thus, three-dimensional structural determination
through conventional NOE-based techniques proved somewhat difficult. However, using
a protocol similar to that described by Sefler et al., (Sefler et al. 1996) we were able to
overcome these difficulties by supplementing the sparse NOE data with detailed *Jyy,
coupling constant measurements, 'H chemical shift values, amide exchange rates and
amide temperature coefficients (for additional dihedral and hydrogen bond constraints).
To overcome the problems of molecular symmetry associated with specific analogs, we
used the crystal structure of native GS to assign the hydrogen bonds from amide
exchange data (Gibbs et al. 1998). Furthermore, by concentrating on the backbone
conformation only and making use of an efficient genetic algorithm, we were able to
reduce the computational complexity of multiple structure determinations to a
manageable level, thus allowing us to determine the three-dimensional NMR structures
for our B-sheet peptides.
Chapter I-5. Investigation of methods for evaluating antimicrobial activity of cyclic
peptides

One of the central dogmas of GS research at the time that our laboratory entered this
field was the long-held belief that GS was active only against Gram-positive bacteria. We
noted that for 30 years, agar-based (i.e., solid-phase) assays had been used almost
exclusively to measure antibacterial activity of GS and its analogs. We published an

important paper in 1996 in collaboration with Dr. Robert Hancock, where we switched
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Table 1. Antibacterial and antifungal activity of gramicidin S and analogs in agar-based and liquid-based assays

Peptide or Minimal Inhibitory Concentration (pug/ml)®
Antibiotic ;
Gram-negative” Gram-positive* Yeast
E.coli E.coli E.coli E. coli P.aeruginosa | S.aureus S.aureus B.subtilis | C. albicans
UB1005 DC2 SC9251 SC9252 H187 SAP0017 K147 Vernon CAND105°
Gramicidin S >200 200 200 200 >200 3.1 3.1 6.2 200
(Agar)
Gramicidin S 12.5 3.1 6.2 3.1 12.5 31 3.1 3.1 6.2
(Liquid)
Polymixin B 0.1 0.1 0.1 64 0.3 >64 >64 >64 >64
Gentamicin 0.3 0.3 1 4 0.3 64 2 1 >64
Ceftazidime 0.3 0.03 0.1 4 0.5 2 2 32 >64
Methicillin >512 0.5 256 128 256 16 0.5 32 >512
Fungizone >5 >5 >5 >5 >5 >5 >5 >5 1.3

*Minimal inhibitory concentration of peptide or antibiotic required for 100% microbial growth 1nh1b1t10n incubated
overnight at 37 °C. Lower values indicate stronger antimicrobial activity.
*The bacterial strains are wild-type Escherichia coli UB1005, antibiotic supersusceptible derivative DC2, Escherichia
coli SC9251 and its polymyxin B resistant mutant pmrA SC9252, and wild-type Pseudomonas aeruginosa H187.

“The bacterial strains are methicillin-resistant Staphylococcus aureus SAP0017, methicillin-resistant strain K147 from
Dr. A. Chow (University of British Columbia), and wild-type Bacillus subtilis.
%Clinical lab isolate of Candida albicans.
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from a solid-phase (agar) assay to a liquid-phase (broth) assay and clearly showed that
GS and GS-related analogs were active against both Gram-positive and Gram-negative
microorganisms as well as fungi (Table 1) (Kondejewski et al. 1996a). We postulated that
the differences between the two assays might be a reflection of peptide solubility and
diffusion in the different media or possibly a function of the water activity in the media.
This discovery of broad-spectrum antimicrobial activity in broth added further support to

our efforts to develop a gramicidin S-based therapeutic.

Chapter I-6. Effect of ring size in cyclic gramicidin S analogs in dissociating
hemolytic and antibacterial activity

Although a number of reports published prior to 1996 detailed the properties of GS
analogs with various ring sizes (Ando et al. 1995; Ando et al. 1993; Aoyagi et al. 1988;
Tamaki et al. 1991; Tamaki et al. 1995; Tamaki et al. 1988) the assays used to determine
antibacterial activity in all cases had been agar-based. Since we had shown that such
assays severely underestimate antifungal and Gram-negative antibacterial activity
compared with solution-based assays (Kondejewski et al. 1996a), we set out to synthesize
a complete set of ring-size analogs (ranging from 4 - 16 residues) and to evaluate the
effect of ring size on peptide secondary structure, lipid binding, lipid disruption,
antibacterial activity (solution-based assays) and hemolytic activity.

The ring-size analogs varied in both the number of positively charged residues (2 Lys
residues in ring sizes of 6, 8 and 10 residues; 4 Lys residues in ring sizes of 12 and 14
residues; 6 Lys residues in the ring size of 16 residues) and the number of hydrophobic
residues (0, 2, 4, 4, 6 and 6 hydrophobes with ring sizes of 6, 8, 10, 12, 14 and 16

residues, respectively), increasing as the total number of residues in the cyclic peptide
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Figure 3. Proposed B-sheet structures of gramicidin S ring-size analogs (6, 8, 10, 12, 14 and 16 residues), assuming
that all analogs adopt the B-sheet conformation. As the ring-size analogs increase in size, the number of positively
charged residues increases from 2 (in the ring sizes 6, 8 and 10) to 4 (in ring sizes 12 and 14) to 6 (in ring size 16).
Similarly, the number of hydrophobic residues increases with ring size from 2 (in ring size 8) to 4 (in ring sizes 10
and 12) to 6 (in ring sizes 14 and 16).
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Table 2. Peptides used in structure-activity studies of gramicidin S analogs

Gram +

Peptide Name Linear Sequence® Hemolytic Gram - Gram -  Gram+
Activity®  Activity’  Activity’  Index*  Index’
GS Ring Size Analogs
GS VOLEPVOLEP +++ ++++ ++++ 2 8
GS4 YPYP - - - ndé nd®
GS6 KYPKYP - - - nd® nd®
GS8 VKYPKLYP - - - nd? nd®
GS10 VKLYPVKLYP ++ +++ ++++ 4 8
GS12 VKLKYPKVKLYP - +++ - 8 1
GS14 VKLKVYPLKVKLYP ++++ - - 0.01 0.01
GS14 Diastereomers
GS14V1 VKLKVYPLKVKLYP et +++ +++ 8 14
GS14K2 VKLKVYPLKVKLYP +++ +t +++ 12 27
GS14L3 VKLKVYPLKVKLYP +44+ - + <1 5
GS14K4 VKLKVYPLKVKLYP - 4+ +++ 39 63
GS14V5 VKLKVYPLKVKLYP + et +4 16 42
GS14Y6 VKLKVYPLKVKLYP ++ + + 2 6
GS14P7 VKLKVYPLKVKLYP s - + <1 3
GS14L8 VKLKVYPLKVKLYP + ++++ +++ 9 20
GS14K9 VKLKVYPLKVKLYP ++ +++ +++ 13 27
GS14V1i0 VKLKVYPLKVKLYP ++++ - +4 <1 2
GS14K11 VKLKVYPLKVKLYP + ot ++++ 24 59
GS14L12 VKLKVYPLKVKLYP +++ ++ ++ '3 11
GS14Y13 VKLKVYPLKVKLYP ++++ + + <1 <1
GS14P14 VKLKVYPLKVKLYP +++ + . + <1 2
GS14 Amphipathicity Analog
GS14 K314 VKKLVYPLKVKLYP +0 et ++++ 19" 28"
GS14K4 Hydrophobicity Analogs
GS14K4 Y2/F2, V3/L3 LXLKLFPLKLKLFP +++ +4++ ++++ 2 5
GS14K4 V3/L3 LKLKLYPLKLKLYP +++ ot ++++ 4 10
GS14K4 Y2/F2 VKLKVFPLKVKLEP +++ o ++++ 14 13
GS14K4 VKLKVYPLKVKLYP - ++++ +++ 40 61
GS14K4 V3/A3 AKLKAYPLKAKLYP - +++ + 118 95
GS14K4 1L3/A3 VKAKVYPAKVKAYP - - - 9 6
GS14K4 V3L3/A6 AKAKAYPAKAKAYP - - - 5 5
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increased (Fig. 3). Biological activity was dependent on exceeding a minimal size, as
peptides of less than 10 residues showed no ability to disrupt human or microbial
membranes (Table 2). Our previous results with gramicidin S analogs showed that
hemolytic activity was correlated with antimicrobial activity (Kondejewski et al. 1996a);
however, by altering ring size we observed large differences between hemolytic and

antimicrobial activities (Kondejewski et al. 1996b).

Cyclic peptides containing 6, 10 or 14 residues exhibited GS-like CD spectra under
aqueous conditions and, thus, were shown to contain -sheet structure; however, cyclic
peptides containing either 8§, 12 or 16 residues exhibited completely different CD spectra
characteristic of a largely disordered structure (Fig. 4A). This periodicity of B-sheet
content dependent on ring size was confirmed in our laboratory by "H-NMR spectroscopy
using the chemical shift index (Gibbs et al. 1998; Kondejewski et al.; Wishart et al.
1995a; Wishart et al. 1992) and detailed analysis of coupling constants. Modelling of the
ring structures of the linear peptides made it apparent that the N- and C-termini of the 10-
and 14-residue peptides were in close proximity, thus likely maintaining the specified B-
structure upon cyclization of the termini, consistent with both CD (Fig. 4A)
(Kondejewski et al. 1996b) and NMR analysis (Gibbs et al. 1998). Although the widely
spaced N- and C-termini of the 12-residue analog could be chemically linked during
cyclization, this would lead to severe distortion of the B-sheet structure, again consistent
with CD and NMR analysis. These results confirmed an absolute requirement for an odd
number of residues in each strand between residues i + 1 and i + 2 of each turn to
maintain §-strand character in cyclic peptides.

Schwyzer and coworkers predicted over 40 years ago that the number of amino acids
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within a cyclic peptide would influence the type of secondary structure adopted by the
molecule (Schwyzer 1958; Schwyzer et al. 1964). Based on stereochemical
considerations, Robert Schwyzer hypothesized that cyclic peptides would form B-hairpin
structures if they contained 2(2n+1) residues where n = 1, 2, 3, etc. This is exactly what
we observed for the cyclic peptides containing 6, 10 or 14 residues by CD and NMR
analysis, where n = 1,2, or 3 respectively (Gibbs et al. 1998; Kondejewski et al. 1996b).
We also proposed some important refinements to the Schwyzer hypothesis. First, and
most importantly, -sheet formation in cyclic peptides can only take place in those
molecules containing two and only two equally separated type I’ or type II' B-turns
(Gibbs et al. 1998). Thus, if a cyclic peptide that satisfies the 2(2n+1) rule does not have
the appropriate sequence or the appropriate placement of these specific -turns, it will not
form a cyclic B-sheet peptide. As is the case with these peptides with type II' turns, f3-
sheet formation is dictated by the appropriate placement of D-amino acids (or glycine) in
the i + 1 position and a moderately strong preference for proline in the i + 2 position
(Hutchinson et al. 1994). Thus, gramicidin S has Xxx-D-Phe-Pro-Xxx and our de novo
designed molecules have Xxx-D-Tyr-Pro-Xxx in each of the turns. Second, the sequence
and amino acid composition of both the turns and the f-strands is important for $-sheet
periodicity. For example, substitution of glycine for isoleucine into the 3-strand region or
the substitution of D-His for D-Tyr in the B-turns of peptides that satisfy the 2(2n+1) rule
have been shown by CD and NMR spectroscopy to disrupt the B-sheet content (Wishart
et al. 1995b). These results suggest that intrinsic secondary structural propensities of
individual amino acids can play a significant role in the formation of B-sheets in cyclic

peptides. Third, cyclic peptides that satisfy the 2(2n+1) rule but which contain even a

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



Appendix 1. Review of antimicrobial peptide structure-activity relationships 257

single D-amino acid in one of the B-strands will disrupt B-sheet structure (Kondejewski et
al. 1999). This arises because the insertion of the D-amino acid will disrupt the hydrogen-
bonding pattern typically associated with antiparallel -strands. Fourth, cyclic peptides
that do not contain 2(2n+1) residues will not form stable (3-sheet peptides. That is, cyclic
peptides containing two evenly spaced type I’ or type II turns will always form a
disordered or random-coil structure if they contain 4n residues (where n = 1, 2, 3...). In
addition, cyclic peptides containing an odd number of residues are also incapable of
forming cyclic -sheet peptides (Morita et al. 1996). Thus, in addition to the fundamental
stereochemical requirements for cyclic B-sheet peptides (described previously by
Schwyzer), sequence, composition and secondary structural propensities of individual
amino acids are also extremely important (Gibbs et al. 1998).

The ring-size analogs showed a trend of increasing binding affinity for
lipopolysaccharide (LPS) with increasing length (Fig. 4B). GS14 bound to LPS with the
highest affinity of the ring-size analogs and had similar affinity to polymyxin B. An
extremely significant observation was that a 14-residue analog (GS14) showed a
dissociation of hemolytic versus antimicrobial activity, i.e., GS14 showed weak antibiotic
activity but extremely strong hemolytic activity for a very low therapeutic index. Thus,
this analog represented an important milestone of our rational drug design. However, a
true test of our ability to design an analog with potential clinical applications would be to
invert the properties of GS14 and to produce a compound with very strong antimicrobial
activity but weak hemolytic activity (high therapeutic index). Nevertheless, this important
study represented the first systematic attempt to dissociate antimicrobial and hemolytic

activity in GS analogs, demonstrating that modulation of the biological activity of cyclic
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Figure 4. Panel A, far-UV circular dichroism spectra of GS ring-size analogs.
Spectra were recorded in 10 mM sodium acetate buffer, pH 5.5 at 20°C
(Kondejewski et al. 1996b). Note that ring-size analogs 8, 12 and 16 display
significantly different spectra compared to ring-size analogs 6, 10 and 14. Panel B,
displacement by GS ring-size analogs of fluorescent dansyl-polymyxin B bound to
E. coli lipopolysaccharide (LPS). Solutions containing LPS-bound dansyl-polymyxin
B were titrated with peptides and the decrease in fluorescence was monitored;
polymyxin B (PxB) served as a positive control (Kondejewski et al. 1996b).
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GS analogs could be achieved by variations in ring size.
Chapter I-7. Dissociation of antimicrobial and hemolytic activities using
diastereomeric substitutions which alter amphipathicity

Building upon our previous demonstration that it was possible to dissociate
antimicrobial and hemolytic activities through gross manipulation of f-sheet structure
(ring size), we then investigated the effect of small incremental changes in
amphipathicity (effective hydrophobicity and positive charge) on the antimicrobial and
hemolytic properties of cyclic peptides. Specifically, we employed GS14 as the lead
compound, reasoning that, since amphipathicity is intimately linked to B-sheet structure
in GS14, any change in f-sheet structure, e. g., through disruption by substitution of
residues with their enantiomers, would directly affect the amphipathicity of the molecule.
Our approach was to create a series of GS14 diastereomers in which each peptide
contained a different single enantiomeric residue substitution at each position within the
framework of GS14, resulting in a series of 14-residue cyclic peptides possessing
gradated disruption of B-sheet structure and amphipathicity depending on the amino acid
substituted. This approach had the advantage that all peptides retained the same sequence,
intrinsic hydrophobicity and basicity, and differed only in structure.

The extent of disruption of the f-sheet structure in the GS14 diastereomers was
evaluated by both NMR and CD analyses of GS14 and GS14 analogs (Kondejewski et al.
1999). The CD spectra of representative single residue diastereomers under aqueous
conditions indicated disruption of the B-sheet structure of GS14 (Fig. SA). The CD
spectra of GS14 and representative diastereomers recorded in the presence of the lipid-

mimicking solvent trifluoroethanol (TFE) (data not shown), which can stabilize -hairpin
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and B-turn structures, indicated an enhancement or stabilization of -sheet structure in the
peptides (Jelokhani-Niaraki et al. 2001; Kondejewski et al. 1999). B-sheet structure in
GS14 has also been observed in SDS micelles and phospholipid bilayers (Jelokhani-
Niaraki et al. 2002).

Reversed-phase HPLC retention time of the GS14 diastercomers was a measure of their
ability to form a large hydrophobic binding domain, a domain that was segregated to
varying degrees from the hydrophilic side-chains on the opposite side of the molecule.
Thus, lower retention time of a GS14 diastereomer relative to the parent, highly
amphipathic GS14 molecule indicated lower nonpolar face hydrophobicity and, hence,
lower amphipathicity relative to GS14 (Fig. 5B). That is, measurement of retention time
of the diastereomers in RP-HPLC produced a convenient means for ranking and
comparing peptide amphipathicity in this homologous series of peptides.

Significantly, we demonstrated a relationship between peptide amphipathicity (as
expressed by RP-HPL.C retention time) and antimicrobial activity and specificity for both
Gram-negative and Gram-positive microorganisms. Table 2 and Fig. 6A demonstrate this
correlation for the GS14 diastereomers, where the antimicrobial activity increased and
hemolytic activity decreased with decreasing retention time in RP-HPLC (decreasing
peptide amphipathicity), resulting in substantial increases in the therapeutic indices
compared with GS14. To complement these results, there was also a good correlation
between affinity of binding to bacterial lipopolysaccharide (LPS) and peptide retention
time on RP-HPLC, with those peptides having a longer retention time (i.e., more
amphipathic and, hence, containing more hydrophobic and charged preferred binding

domains) exhibiting higher affinity for LPS (Fig. 6B).
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Figure 5. Panel A, CD spectra of GS14 and representative GS14 diastereomers. Spectra were
recorded in 5 mM sodium acetate buffer, pH 5.5 at 20°C at a peptide concentration of
approximately 0.3 mM. Samples were GS14 (®), GS14V1 (O), GS14K2 (00), GS14L3 (4A),
GS14K4 (V) and GS14V5 (0) (Kondejewski et al. 1999). Panel B, reversed-phase (RP) HPLC
separation of GS14 and single residue substitution diastereomers. A mixture of GS14 and the

14 diastereomers was separated by

RP-HPLC at 70°C using a 1% B/min gradient, where

solvent A is 0.05% aqueous TFA and solvent B is 0.05% TFA in acetonitrile. The position of
the enantiomeric substitution is shown for each peak on the chromatogram (Kondejewski et al.

1999).
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Figure 6. Panel A, correlation between amphipathicity and hemolytic activity in
GS14 diastereomers. Panel B, correlation between amphipathicity and LPS binding
affinity in GS14 diastereomers. Retention times on RP-HPLC were determined for
each diastereomer as described in Fig. 5. Hemolytic activity and LPS binding
affinity were measured as described by Kondejewski et al. (Kondejewski et al.
1999). The position of the enantiomeric substitution is shown for each point. The
lines are drawn to guide the eye.
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This study was significant in demonstrating that a highly amphipathic nature in benign
medium is not desirable in these cyclic peptides, since this results in decreased specificity
(low therapeutic index of GS14, <0.01 against P. aeruginosa) as well as increased
interactions with outer membrane components, namely LPS (Fig. 6B). In addition, by
systematically manipulating the amphipathicity of GS14 (by D-amino acid substitution),
we were able to identify peptides with high therapeutic indices. GS14K4 had a
therapeutic index of 65 against P. aeruginosa, which is a 6500-fold improvement over
GS14; similarly, GS14K11 had a therapeutic index of 30 against P. aeruginosa which is a
3000-fold improvement over GS14 (Kondejewski et al. 1999). In other words, we were
able to reverse the activity profile of GS14, to increase microbial specificity and decrease
hemolytic activity through a reduction of peptide amphipathicity in GS14 diastereomers.
Chapter I-8. NMR structures of cyclic peptides

The solution structures of GS14 and two analogs were determined by NMR
spectroscopy (Figs. 7 & 8) (McInnes et al. 2000). While GS14 forms a cyclic
amphipathic 3-sheet with three valine and three leucine residues on the nonpolar face and
four lysines on the polar face, the diastereomer GS14K4 showed a less amphipathic
disrupted cyclic B-sheet structure, with three valines, three leucines and a lysine on the
nonpolar face and three lysines on the polar face (Fig. 7). Notably, one valine (Val 5) did
not project onto the nonpolar face in GS14K4 but rather was rotated away from the
nonpolar face to accommodate the D-Lys projecting onto this surface, thus giving further
insight into the reduction in the amphipathicity and directed hydrophobicity of this

analog.
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Figure 7. NMR structures of GS14 (top), GS14K4 (middle), and GS14 K3L4
(bottom). The peptide backbone is colored black. Oxygen atoms are colored red (D-
Tyr), hydrophobic side-chains are shown in green (Leu, Val, Pro, and D-Tyr), and
basic side-chains (Lys and D-Lys) are shown in blue. The D- and L- subscripts denote
amino acid side-chain stereochemistry, e.g. Kp4 is D-Lys4.
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Because the CD spectra of cyclic peptides such as GS14 and its analogs are completely
different from the representative spectra for B-sheet proteins, it is often difficult to
interpret variations in the spectra of GS14 peptides in terms of structural changes. NMR
analysis and structure determination greatly assisted in the characterization of structural
variations observed from CD data, especially in the presence of the lipid-mimicking
solvent, trifluoroethanol. GS14K4 appeared to possess a disrupted (-sheet structure in
aqueous conditions by CD and NMR, but was demonstrated to be highly inducible in
30% TFE (Mclnnes et al. 2000). Since the secondary structure induced by TFE resulted
in stabilization of the f-sheet and the side-chain presentation of the hydrophobic face, it
is probable that GS14K4 in the environment of the biological membrane also adopts a -
sheet conformation similar to the one observed in TFE, a lipid-mimetic solvent. Because
the positioning of D-Lys on the nonpolar face of GS14K4 both disrupts f-sheet structure
and reduces amphipathicity it was not known which of these effects weakened hemolytic
activity and improved antimicrobial activity over GS14. To address this question, a GS14
peptide analog was designed to retain B-sheet structure but have reduced amphipathicity
(GS14 K3LA4). In the K314 sequence, the positions of lysine 4 and leucine 3 in the GS14
sequence were switched so that a lysine appears on the nonpolar face and a leucine
appears on the polar face (Fig. 8 and Table 2).

Although the amphipathicity of K314 is not identical to GS14K4, which does not have
a leucine on its polar face, GS14 K3L4 also had weak hemolytic activity and strong
antimicrobial activity, albeit with a lower therapeutic index than GS14K4 due to slightly
stronger hemolytic activity. The increased hemolytic activity relative to GS14K4 is likely

due to the somewhat higher overall hydrophobicity, as is evident by the slightly higher
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retention time on RP-HPLC (recall also the positioning of Val 5 on the nonpolar face of
GS14K4) (MclInnes et al. 2000). With respect to hemolytic activity, it is presumed that
the presentation of a large hydrophobic face is the impetus for lysis of eukaryotic
membranes. The placement of the lysine on the hydrophobic face of both GS14K4 and
GS14 K3L4 (Fig. 8) consequently reduces the directed hydrophobicity of these molecules
and therefore diminishes the ability of the peptide to interact with human erythrocytes.
This occurs since the exterior of these cells tends to be less ionic in nature than the
anionic lipids present on the external region of bacterial cell walls, and therefore, greater
selectivity for the microbial membranes is obtained.

Previously, it was suggested that the high antimicrobial activity of GS14K4 was the
consequence of decreased high affinity binding to outer membrane components, which in
turn facilitates peptide accumulation at the inner membrane and propagation of the effects
leading to subsequent lysis of the bacterial cell membrane. In an analogous manner to
GS14K4, the disruption of the directed hydrophobicity through the placement of the
charged residue on the hydrophobic binding face in GS14 K314 probably decreases the
interaction with bacterial outer membranes, allowing the peptide to penetrate into the
inner membrane to exert its antimicrobial effects.

Chapter I-9. Modulation of hydrophobicity of the GS14K4 nonpolar face

By changing the ring size of gramicidin S analogs, parameters including B-sheet
structure, overall hydrophobicity, net charge, and ratios of hydrophobic:charged residues
were altered. GS14 had the largest overall hydrophobicity and the strongest hemolytic
activity, with three leucine and three valine residues on the nonpolar face. Reducing

amphipathicity by placing a lysine on the nonpolar face of GS14K4 weakened hemolytic
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activity, suggesting that further alterations of the hydrophobicity of the nonpolar face
might result in further differences in activities against microbial and eukaryotic
membranes.

Based on the results from previous experiments indicating that GS14K4 had the highest
therapeutic index of the cyclic peptides studied thus far, we studied a peptide series of
GS14K4 analogs with a range of hydrophobicities above and below that of GS14K4
(Table 2) (Kondejewski et al. 2002). All analogs had different hydrophobic residues on
the nonpolar face (in addition to the D-Lys 4), while the polar face always had three
lysines. The peptides were named according to the type and number of amino acids being
substituted, e.g. V3/L3 substituted three valines in GS14K4 with three leucines, thus
increasing hydrophobicity. As evidenced by retention time on RP-HPLC, the most
hydrophobic peptide substituted three valines with three leucines as well as two D-
tyrosines with D-phenylalanines (peptide V3/L.3, Y2/F2). The peptide with intermediate
hydrophobicity was GS14K4, and the least hydrophobic peptide had the three leucines
and three valines substituted with six alanine residues (peptide V3L3/A6).

In agreement with the results from the previous study of GS14 diastereomers
(Kondejewski et al. 1999), there was a direct correlation (r = 0.99) between peptide
hydrophobicity and LPS binding affinity for the GS14K4 hydrophobicity analogs (Fig.
9), indicating that increased peptide hydrophobicity resulted in higher binding affinity to
LPS. Although the previous study used RP-HPLC retention times as a measure of
amphipathicity rather than peptide hydrophobicity as in this study, both parameters are

indicative of the size of the preferred binding domain on the peptide and thus can be
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Figure 9. Correlation between peptide hydrophobicity and LPS-binding affinity in

GS14K4 hydrophobicity analogs. Peptides are labelled as in Table 2. The RP-HPLC-

derived retention times and LPS binding affinity were measured as described by
Kondejewski et al. (Kondejewski et al. 2002).
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compared. This was the first demonstration that peptide binding affinity to LPS was
affected not only by positive charge, but also by peptide hydrophobicity.

The GS14K4 peptide analogs with the highest hydrophobicities (peptides Y2/F2,
V3/L3; V3/L3; and Y2/F2) lost specificity between microbial and eukaryotic membranes,
and were highly active against both. Peptides with lower hydrophobicity than GS14K4
tended to have lower activities against both microorganisms and red blood cells (Table
2). The plots of therapeutic index against peptide hydrophobicity indicated that a
'hydrophobicity window' exists, with oi)timal hydrophobicity dependent on the type of
microorganism (Figs. 10 & 11). Again, peptide retention time on reversed-phase HPLC
was used here to determine relative peptide hydrophobicity, as the amino acid
substitutions on the nonpolar face of the molecule altered the overall hydrophobicity of
the molecule. This is slightly different from the case of the GS14 diastereomers, where
the overall hydrophobicity of the molecules did not change with enantiomeric
substitution but the amphipathicities did change and HPLC retention times were used to
indicate relative amphipathicity (Fig. 5B). In the GS14K4 hydrophobicity analogs, Gram-
negative bacteria had an optimal peptide hydrophobicity that was lower than the optimal
hydrophobicity against Gram-positive microorganisms; the best peptide (highest
therapeutic index) against Gram-negative bacteria was GS14K4 V3/A3 (Fig. 10 & Table
3), while against Gram-positive microorganisms the best peptide was the more
hydrophobic GS14K4 (Fig. 11 & Table 4). Against the yeast C. albicans, both GS14K4
V3/A3 and GS14K4 had equally high therapeutic index values and were the best two

peptides in the series (Fig. 11 & Table 4).
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Figure 10. Antimicrobial activity and microbial specificity of GS14K4 hydrophobicity analogs
against Gram-negative microorganisms. The minimal inhibitory concentration (MIC, closed circle)
and the therapeutic index (open circle) of the GS14K4 analogs are plotted as a function of peptide

hydrophobicity as determined by RP-HPLC (observed retention time). A, Escherichia coli UB 1005

s

B, Escherichia coli DC2; C, Salmonella typhimurium C610. A value of 400 pg/ml was used for MIC
values reported as >200 ug/ml, and a value of 1600 pg/ml was used for hemolytic activities reported

as >800 pg/ml to allow calculation of the therapeutic index (Kondejewski et al. 2002).
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Figure 11. Antimicrobial activity and microbial specificity of GS14K4 hydrophobicity analogs
against Gram-positive microorganisms and yeast. The minimal inhibitory concentration (MIC, closed
circle) and the therapeutic index (open circle) of the GS14K4 analogs are plotted as a function of
peptide hydrophobicity as determined by RP-HPL.C (observed retention time). A, Staphylococcus
epidermis; B, Enterococcus faecalis; C, Candida albicans. A value of 400 pg/ml was used for MIC
values reported as >200 pg/ml, and a value of 1600 pg/ml was used for hemolytic activities reported

as >800 pg/ml to allow calculation of the therapeutic index (Kondejewski et al. 2002).
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Table 3. Comparison of biological activity of GS, GS14, GS14K4, and GS14K4 V3/A3 against Gram-negative microorganisms

Peptide Minimal Inhibitory Concentration (pg/ml) and Therapeutic Index®
P. geruginosa P. aeruginosa E. coli E colj S. typhimurium  S. typhimurium
H187° H188 UB1005° DC2° Cs87° C610”
MIC Index MIC Index MIC Index MIC Index MIC Index MIC  Index
GS 20 0.6 6.2 2 6.2 2 3.1 4 20 0.6 10 1.3
GS14 >200 <0.01 >200 <0.01 >200 <0.01 200 0.01 >200 <0.01 >200 <0.01
GS14K4 25 8 3.1 65 6.2 32 3.1 65 11 18 4.1 49
GS14K4 V3/A3 150 11 18 89 13 128 9 178 38 42 6.2 258
Fold Improvement
GS14K4:GS14° 800 6500 3200 6500 1800 4900
Fold Improvement
GS14K4:GS¢ 13 33 16 17 30 38
Fold Improvement
GS14K4 V3/A3:GS°® 18 45 64 45 70 198

*Therapeutic index = hemolytic activity/minimal inhibitory concentration. For the calculation of the therapeutic index, values of
400 pg/ml were used for MIC values reported as >200 pg/ml and values of 1600 pg/ml were used for hemolytic activity values
reported as >800 pg/ml. The hemolytic activities for GS, GS14, GS14K4, and GS14K4 V3/A3 were 12.5 pg/ml, 1.5 pug/ml, 200
pg/ml, and >800 respectively. Larger therapeutic index values indicate greater microbial specificity. Highest values for
therapeutic index and improvement in therapeutic index for each microorganism are underlined.

®Microbial strains used were wild-type and antibiotic-sensitive strains of Pseudomonas aeruginosa, Escherichia coli, and
Salmonella typhimurium (Kondejewski et al. 2002); an asterisk (*) denotes an antibiotic-sensitive strain.

“Improvement of the therapeutic index in GS14K4 vs. GS14 was calculated as (therapeutic index, GS14K4)/(therapeutic index,
GS14). For therapeutic index values of GS14 less than 0.01, the value 0.01 was used for the calculation.

“Improvement of the therapeutic index in GS14K4 vs. GS was calculated as (therapeutic index, GS14K4)/(therapeutic index, GS).
‘Improvement of the therapeutic index in GS14K4 V3/A3 vs. GS was calculated as (therapeutic index, GS14K4
V3/A3)/(therapeutic index, GS).
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Table 4. Comparison of biological activity of GS, GS14, GS14K4, and GS14K4 V3/A3 against Gram-positive microorganisms

Peptide Minimal Inhibitory Concentration (ug/ml) and Therapeutic Index®
S. epidermidis® E. faecalis® C. xerosis® C. albicans®
MIC Index MIC Index MIC Index MIC Index
GS 1.5 8.3 2.8 4.5 0.7 18 3.1 4
GS14 113 0.01 2.3 0.7 6.2 0.2 175 0.01
GS14K4 2 100 1.5 133 1.7 118 6.2 32
GS14K4 V3/A3 50 32 >200 4 3.1 520 50 32
Fold Improvement 10 000 190 590 3200
GS14K4:GS14°
Fold Improvement 12 30 7 8
GS14K4:GS*?
Fold Improvement 4 0.9 29 8

GS14K4 V3/A3:GS

*Therapeutic index = hemolytic activity/minimal inhibitory concentration. For the calculation of the therapeutic index, values
of 400 ug/mi were used for MIC values reported as >200 pg/ml and values of 1600 ug/ml were used for hemolytic activity
values reported as >800 pug/ml. The hemolytic activities for GS, GS14, GS14K4, and GS14K4 V3/A3 were 12.5 pg/ml, 1.5
ug/mi, 200 ug/ml, and >800 respectively. Larger therapeutic index values indicate greater microbial specificity. Highest values
for therapeutic index and improvement in therapeutic index for each microorganism are underlined.

®Microbial strains used were wild-type Staphylococcus epidermidis, Enterococcus faecalis, Corynebacterium xerosis, and the
yeast Candida albicans (Kondejewski et al. 2002).

‘Improvement of the therapeutic index in GS14K4 vs. GS14 was calculated as (therapeutic index, GS14K4)/(therapeutic index,
GS14).

‘Improvement of the therapeutic index in GS14K4 vs. GS was calculated as (therapeutic index, GS14K4)/(therapeutic index,
GS).

‘Improvement of the therapeutic index in GS14K4 V3/A3 vs. GS was calculated as (therapeutic index, GS14K4
V3/A3)/(therapeutic index, GS).
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Utilizing a rational approach to antimicrobial peptide design, we continued to use the
structural framework of GS14K4 to further optimize activity and specificity through
incremental changes in the intrinsic peptide hydrophobicity. These changes in
hydrophobicity were accomplished through manipulation of the nature of the
hydrophobic residues on the nonpolar face. The combination of disrupted structure,
moderate amphipathicity and varying hydrophobicity in GS14K4 analogs yielded a
peptide with a 198-fold improvement in therapeutic index over GS, and a five-fold
improvement over GS14K4 (peptide GS14K4 V3/A3 against Gram-negative S.
typhimurium C610, Table 3). Yet against Gram-positive bacteria, although the same
peptide showed a four-fold improvement over GS14K4 against C. xerosis, it was equally
or less effective against all other bacteria and fungi (Table 4). Therefore, since peptide
hydrophobicity has been demonstrated here to have different optimal levels depending on
the microorganism in question, modulation of peptide hydrophobicity can be used to
"fine tune" the peptide specificity for microbial membranes depending on the targeted
microorganism.

Chapter I-10. Other studies

Together with the McElhaney laboratory we have examined the peptide-lipid
interactions between gramicidin S and related analogs and model membrane systems (see
review by Prenner et al. (Prenner et al. 1999b) and Jelokhani-Niaraki et al. (Jelokhani-
Niaraki et al. 2002)). The temperature of gel to liquid-crystalline lipid phase transitions
was dependent on both peptide:lipid ratios and lipid composition of membranes.
Importantly, vesicles containing anionic lipids found in bacterial membranes but not

eukaryotic membranes (e.g. phosphatidylglycerol, PG) showed a greater reduction in the
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gel to liquid-crystalline phase transition with GS vs. vesicles containing lipids that are a
major component of eukaryotic (e.g. human) cell membranes (e.g. phosphatidylcholine,
PC) (Prenner et al. 1999a). However, in both cases the addition of GS decreased the main
phase transition temperature, consistent with the strong antimicrobial and strong
hemolytic activity exhibited by this peptide. The enhanced specificity for bacterial lipids
is partially explained by electrostatic interactions between cationic peptide and anionic
lipid (in the case of PG). Also, the presence of cholesterol, another major lipid
component of eukaryotic membranes but not bacterial membranes, decreased
permeability of PC vesicles and increased the gel to liquid-crystalline phase transition
temperature in GS/PC studies, suggesting that cholesterol also helps to decrease GS
toxicity in human erythrocytes and thus contributes to the slight GS specificity for
microbial vs. eukaryotic membranes (Table 2) (Prenner et al. 2001). These studies lend
support to the role that membrane lipid composition plays in microbial and eukaryotic
membrane specificity as a primary target in the mode of action of GS and related analogs.

We also determined the membrane-bound structure and alignment of a gramicidin S
analog substituting leucine with F-phenylglycine for ’F-NMR structure determination
(Fig. 12) (Salgado et al. 2001). The analog exhibited similar antimicrobial properties to
GS, within a two-fold dilution against all microorganisms tested. The peptide was found
to possess a similar backbone conformation to gramicidin S, and lies parallel to the plane
of the dimyristoylphosphatidylcholine (DMPC) bilayer at peptide:lipid ratios 1:80 and
1:200. In the lipid gel state, the peptide is immobilized, but in the liquid-crystalline phase
the peptide becomes highly mobile and exhibits fast rotation around the bilayer normal

and further wobbling with a molecular order parameter (S,,;) of ~0.34 (0 indicates
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Figure 12. Panel A shows a model of the ’F-labelled analog based on the structure
of gramicidin S where the two original Leu side-chains are replaced by 4F-
phenylglycine (4F-Phg). Panel B is the proposed structure and flat alignment of 4F-
phenylglycine-substituted gramicidin S analog (F-GS) in liquid-crystalline DMPC
bilayers for lipid:peptide molar ratios between 80:1 and 200:1. The values for the "F-
®F distance r, for the molecular order parameter S,,;, and for the 4F-Phg side-chain
torsion angle %, were determined as a self-consistent solution from the solid-state "’F-
NMR data (adapted from Salgado et al. (Salgado et al. 2001)).
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complete freedom about the bilayer normal while 1 indicates complete rigidity). The
intramolecular distance between the two 4F-phenylglycine probes (r) was 6t1 A, similar
to the calculated results for gramicidin S in solution (7.3 A). Also, the torsion angle y, of
the 4F-phenylglycine side-chain was 55°, close to the value typical of B-sheets, 60°+10°.
The study represented the first direct observation of an antimicrobial f3-sheet peptide in
its membrane-associated state, and illustrated one of the first applications of solid-state
F-NMR to a membrane-bound peptide.

Biophysical studies of various cyclic peptides related to gramicidin S indicate that
GS14 (B-sheet) aggregated at concentrations greater than 50 uM in benign media and in
lipid bilayers, while GS14K4 (disrupted -sheet) did not (Jelokhani-Niaraki et al. 2002;
Jelokhani-Niaraki et al. 2001). The reduction in amphipathicity and/or structural
disruption in GS14K4 is thus beneficial not only in improving therapeutic index, but also
by increasing peptide solubility over GS14.

Since amphipathic molecules with significant hydrophobicity of the nonpolar face
would be expected to dimerize in aqueous benign media, it became obvious that a simple
and sensitive method to measure dimerization ability of small amphipathic molecules
would be critical in any rational design approach. Thus, we have developed a novel
method referred to as "temperature profiling in reversed-phase chromatography" to
measure the tendency for dimerization of amphipathic molecules.

This method relies on the assumptions that 1) during partitioning of the molecule in
gradient elution, the molecule in solution is in equilibrium between dimer and monomer,
and that 2) the amount of dimer in solution is dependent on temperature. Based on the

second assumption, at low temperature, low retention time is attributed to dimerization;

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



Appendix 1. Review of antimicrobial peptide structure-activity relationships 281

as the temperature is increased, dimerization is disrupted and retention time increases as
the concentration of monomer in solution during partitioning increases. The increase in
monomer concentration means that the hydrophobic face of the molecule is more exposed
in solution vs. the dimer form, allowing for greater partitioning with the hydrophobic
stationary phase and giving a longer elution time. At even higher temperatures, the
amount of dimer in solution becomes minimal and retention time no longer increases, but
decreases with increasing temperature because of increased diffusion rates and peptide
entropy in solution. The molecule GS14 can dimerize in aqueous solution, as indicated by
the large T(Atymax) value (Fig. 13A). Reversed-phase gradient elution is carried out
every 5°C, ranging from 5°C to 80°C, and the results are plotted as the change in
retention time at temperature T (Atg=ty | - tz soc) versus temperature. T(Atzmax) is the
temperature at which the maximum At; value is obtained for each molecule. GS14 (8-
sheet amphipathic peptide with six large hydrophobes) exhibits behavior consistent with
dimerization at lower temperatures as indicated by the changes in Aty at increasing
temperatures. GS14K4 (disrupted B-sheet with lysine on the nonpolar face) shows
insignificant ability to dimerize and linear GS14K4 lin shows no dimerization ability
throughout the entire temperature range used in this study.

Fig. 13B shows the elution profile of the three peptides at 80°C, a temperature at which
all peptides are monomeric in solution. The elution order GS14K4 lin<GS14K4<GS14 is
consistent with the order of amphipathicity of the three peptides, with the least

amphipathic GS14K4 lin eluting first. These profiles further illustrate that GS14, which
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Figure 13. Panel A: Temperature profiling in reversed-phase chromatography. Cyclic peptides GS14
(+), GS14K4 (0O), and the linear peptide GS14K4 lin (M) were analyzed at temperatures between 5°C
and 80°C. The change in retention time (Atg) was the difference between retention time at temperature
T and the retention time at 5°C (tg r - tg soc). T(Atymax) was the temperature at which the maximum Aty
was observed. Panel B: Reversed-phase elution profiles of GS14K4 lin, GS14K4, and GS14 at 80°C.
Reversed-phase chromatography was performed with a linear AB gradient, where A is aqueous 0.05%
TFA and B is 0.05% TFA in acetonitrile; gradient rate 0.5 %B/min (0.5% acetonitrile/min); flow rate
0.35 ml/min; column used was a Zorbax 300SB-C8, 2.1 mm 1.D x 150 mm.
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dimerizes in solution more than the other two peptides, does so because it possesses the

largest nonpolar face of the three molecules. Also, the D-Lys residue on the hydrophobic

face of GS14K4 significantly decreases the ability of the peptide to dimerize. The results

of the linear GS14K4 lin peptide show that cyclization is required to maintain the

nonpolar face, which then enhances the ability to dimerize.

Chapter I-11. Conclusions

We have taken a naturally occurring cyclic peptide antibiotic, gramicidin S, developed

a facile protocol for a soluble, racemization-free chemical synthesis of gramicidin S and

analogs, and systematically altered ring size, amphipathicity, structure, and overall

hydrophobicity to examine the effect of these parameters on activity against microbial

and eukaryotic membranes. The most efficacious peptide we have studied to date,

GS14K4, showed significant favorable dissociation between antimicrobial and hemolytic

activity, displaying broad-spectrum activity against Gram-negative bacteria, Gram-

positive bacteria, and fungi with low toxicity to human cells in a marked improvement

over the specificity of GS. Based on the results of these studies, it is our belief that a

clinically useful broad-spectrum cyclic antimicrobial peptide can be rationally designed

in our laboratory.
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