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Abstract—In this paper we quantitatively analyse antimicrobial and haemolytic activities of porcine protegrin-1 (PG-1) mimetics—
cyclic cationic peptides with B-hairpin fold synthesised by Robinson et al. [Bioorg. Med. Chem. 2005, 13, 2055]. The presented QSAR
models, which use molecular properties related to possible mechanisms of cell membrane disruption that can be easily calculated
from available data on amino acids, rationalize the relationships between sequences and antimicrobial and haemolytic potencies
of the cyclic peptides. The best models obtained by application of genetic function approximation algorithm correlate antimicrobial
potencies to the peptide’s charge and amphipathicity index, while the haemolytic effect correlates well with the lipophilicity of
residues forming the nonpolar face of the B-hairpin. The models permit selection of site-directed residue substitutions leading to
simultaneous optimization of antimicrobial and haemolytic potencies. Examples of such residue substitutions in the nonpolar face
of a symmetric cyclic B-hairpin PG-1 analogue with an ideal amphipathic structure are given.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Antibiotic-resistant bacterial strains represent a global
health problem, thus an urgent need exists to develop
new antibiotics with novel mechanism of action.!
Cationic antimicrobial peptides form a vital component
of the innate immunity against microbial infections.?
They are being considered as potential drugs for treat-
ment of infections because they are extremely fast act-
ing>* and their mechanism of action, which generally
involves disruption of microbial membranes, is thus less
likely to induce drug resistance.>”’ Widely distributed in
plants and animals, antimicrobial peptides vary in ami-
no acid composition, structure and size. However, de-
spite their diversity, most antimicrobial peptides share
some common features that include net positive charge
and amphipathic character, which segregates hydrophil-
ic and hydrophobic residues to opposite faces of the
molecule.>® Although the precise mode of their action
is not fully understood, it was proposed that the cationic
peptides initially bind to negatively charged lipopolysac-
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charides and phospholipids of the outer leaflet of bacte-
rial membrane, accumulate and aggregate on the
membrane surface and finally permeabilize/disintegrate
the bacterial membrane through various possible mech-
anisms including pore formation.® ! Nuclear magnetic
resonance studies revealed that a minimum peptide to
membrane lipid ratio must be achieved before a cationic
peptide can lyse a cell.!' It has been recently pointed out
that membrane disruption may not be the ultimate
mechanism of rapid microbial killing by antimicrobial
peptides. Several observations suggest that translocated
peptides can block cell-wall, nucleic acid and protein
synthesis as well as inhibit enzymatic activity of
bacteria.>!?> Nevertheless, permeation/disintegration of
the bacterial membrane remains to be an important
element of the antimicrobial effect of cationic peptides.

As a harmful side effect many antimicrobial peptides
lyse the membranes of mammalian cells causing thus
haemolytic and/or cytotoxic effects in humans,®!3 which
hinder their wider utilization. Therefore, additional
research efforts are needed to understand how to
discriminate the antimicrobial and haemolytic effects
of cationic peptides.

Numerous laboratories have been involved in the devel-
opment of antimicrobial peptides with various second-
ary structures using mainly random or combinatorial
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design approaches.”'42% For rational design of potent
and selective antimicrobial peptide sequences it is useful
to establish quantitative structure—activity relationships
(QSAR) based on descriptors that are related to the
mechanism of their action. The mechanism of bacterial
membrane disruption may proceed through several con-
secutive steps, which may involve the following molecu-
lar properties: (i) positive charge—attachment to
anionic outer layer of bacterial membrane, (ii) amphi-
pathicity—aggregation on the membrane surface and
(iii) lipophilicity—permeation into lipophilic membrane
interior.>®1° These properties have been previously
used to successfully explain antimicrobial potency of
some cationic peptides.!#?1-24

Protegrins are short natural cationic peptides isolated
from porcine leukocytes, which display a broad spec-
trum of antimicrobial effects against Gram-negative,
Gram-positive bacteria, yeasts and fungi.'®?>27 They
are similar to other defensins. Protegrin-1 (PG-1) with
18 amino acid residues forms a rigid antiparallel two-
stranded B-sheet linked by a short two-residue loop seg-
ment and stabilised by two disulfide bridges (Fig. 1).
PG-1 binds lipopolysaccharides and lipid A,?® inserts
into anionic phospholipid membranes and forms oligo-
meric aggregates.”’-3° Previous studies on PG-1 mimetics
indicated that linear analogues exhibit reduced antimi-
crobial activity, while analogues retaining the cross-
linked B-hairpin secondary structure conserve their
potency in spite of various substitutions.?’-3' Large
number of amino acid substitutions are tolerated by
the PG-1 structure, implying that overall structural fea-
tures such as amphipathicity, charge and shape are more
important to activity than the presence of specific amino
acids. The total number of cationic residues and the
amphipathicity of the B-hairpin determine the activity;
however, the analogues displayed relatively high toxicity
to mammalian cells.'*?” Langham et al.>? studied inter-
actions of PG-1 with sodium dodecylsulfate and dod-
ecylphosphocholine micelles as models of bacterial and
mammalian membranes by molecular dynamics simula-
tions at the atomic scale of resolution. In both micelle
types the arginines of PG-1 strongly interacted with
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the lipid headgroups, but acquired different positions
and orientations with respect to the membrane interior,
which can be related to different effects of PG-1 on bac-
terial an mammalian cells.

Robinson et al.33 have synthesised and tested a series of
PG-1 mimetic cyclic peptides (Fig. 1), which displayed
good antimicrobial activities and reduced haemolytic
effects. Structure—activity study of the series containing
97 analogues of the lead peptide R1: cyclo-(-Leu-Arg-
Lee-Lys-Lys-Arg-Arg-Trp-Lys-Tyr-Arg-Val-p-Pro-Pro-) by
performing single site residue substitutions showed that
the antimicrobial activity was tolerant to a large number
of substitutions. Some analogues showed slightly im-
proved antimicrobial activities, whereas other substitu-
tions caused large increases in the haemolytic
activity.®> Both enantiomeric forms of R1 showed
similar antimicrobial potencies, which is a typical
feature of cationic peptides targeting the cell
membrane.** Unfortunately, the study did not offer
deeper insight into the structure—activity relationships
between the peptide sequences or molecular properties
and the observed biological effects. It has neither
managed to develop analogues that would be
significantly more potent and at the same time less
haemolytic than the starting lead peptide R1.

Ostberg and Kaznessis?* carried out an extensive QSAR
study of antimicrobial, haemolytic and cytotoxic effects
of protegrin analogues using descriptors computed from
three-dimensional (3D) homology models of PG-1. They
established a separate QSAR model for each activity
and each strain tested with regression equations contain-
ing up to five relatively complex molecular descriptors.
Unfortunately, their models neither allow easy interpre-
tation nor offer clear guidelines for peptide optimisation
or design.

In this paper, we have quantitatively analysed the
antimicrobial and haemolytic activities of the cationic
peptide sequences of Robinson et al.>* in terms of simple
additive molecular properties related to the general
mechanism of cell membrane disruption. The presented

Figure 1. Cyclic B-hairpin peptides—analogues of protegrin 1.(A) Protegrin-1. (B) The polar face of the cyclic -hairpin lead peptide R1 of Robinson
et al.>* is formed by the side chains of cationic residues 2, 4, 6, 7, 9, 11 and the prolines 13 and 14 (blue colour), while the nonpolar face is made of
residues 1, 3, 5, 8, 10 and 12 (red colour) with predominant lipophilic/aromatic character. (C) 3D model of solvated peptide R1 in stick representation
(colouring scheme: peptide backbone—green, nonpolar face side chains—red, polar face side chains—dark blue and water molecules—light blue).
Due to the anti-parallel B-sheet and structure of the backbone the cyclic peptide forms two distinct faces with side chains of residues occupying the

space mainly on the opposite sides of the backbone scaffold.
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QSAR models obtained by the application of genetic
function approximation algorithm?’ rationalize the rela-
tionship between peptide sequences and antimicrobial
and haemolytic effects of the PG-1 mimetics. The QSAR
models permit selection of site-directed residue substitu-
tions leading to simultaneous optimisation of the anti-
microbial and haemolytic potencies. Examples of such
residue substitutions in the polar and nonpolar faces
of altered symmetric cyclic B-hairpin PG-1 analogues
with ideal amphipathic structure are given.

2. Results and discussion
2.1. QSAR analysis

In the B-hairpin-like secondary structure of the lead
peptide R1 of Robinson et al.3? it is possible to formally
distinguish between cationic residues and prolines
forming the polar face (residues 2, 4, 6, 7, 9, 11, 13
and 14) and residues with a lipophilic/aromatic
character (residues 1, 3, 5, 8, 10 and 12) forming the
nonpolar face of the cyclic peptide (Fig. 1). Lysine 5
and prolines 13 and 14 form an exception from this clas-
sification and represent a deviation of R1 from an ideal
cyclic amphipathic motif. Nevertheless, due to the anti-
parallel B-sheet structure of the backbone the side chains
of the residues occupy the space roughly on opposite
sides (faces) of the backbone scaffold (Fig. 1C). This is
valid also for the analogues obtained by systematic
single residue substitutions in the sequence of R1.

The R1 lead displayed minimal inhibitory concentra-
tions (MICs) against three bacterial strains tested (Esch-
erichia coli, Pseudomonas aeruginosa and Staphylococcus
aureus) of 12.5, 6.5 and of 12.5 pg/mL and percentage of
haemolysis (YoHem) of human red blood cells of 1.4% at
a concentration of 100 pg/mL. Correlations between
MICs of the R1 analogues in the individual species test-
ed are shown in Table 1. Low off diagonal R* values
characterize poor correlation of the MICs between indi-
vidual species and render the analysis of the antimicro-
bial effect complicated. Therefore, we have averaged
the values of MIC over the panel of bacterial strains
tested to facilitate the assessment of the overall
antimicrobial effect of the peptides. QSAR analysis that
involves the averaged MIC, reflects better the antibacte-
rial potency of a class of peptides than analyses based on
MICs against the individual strains, where the actual
effect is strongly dependent on the bacterial membrane

composition, cell growth rate and life cycle of the partic-
ular strain. The MIC, averages these factors and under-
lines the role of the peptide sequence and structure in the
achieved antimicrobial effect.>*> Moreover, development
of QSAR models for PG-1 analogues that are active
against wide spectrum of Gram-negative and Gram-
positive bacteria'*?327 is preferable to structure—activi-

ty models applicable only to a single individual strain.

Within the homogeneous series of 97 R1 analogues of
the same length and structure the MIC, ranged between
5.2 and 83.3 pg/mL, while the range of %Hem stretched
between 0.1 and 57.6% (Table 2).3? Simultaneous substi-
tutions of two or more residues would most probably
expand the ranges of the observed potencies even
further.

To rationalize why a conservative single or double
mutation can sometimes significantly and sometimes
selectively alter the antimicrobial and haemolytic
potencies within this homogeneous series, we have ana-
lysed the relationships between sequences and observed
bioactivities in terms of physico-chemical molecular
properties of the peptides. The selected properties,
which characterize peptide’s charge, lipophilicity,
amphipathicity, size, shape and flexibility included the
following descriptors: charge (Q), overall lipophilicity
(L), lipophilicity of polar and nonpolar faces (P and
N), surface areas of polar and nonpolar faces (Sp
and Sy), molecular mass of the polar and nonpolar
faces (Myp and My,y), count of small lipophilic, highly
lipophilic and aromatic residues forming the nonpolar
face (Cs, Cyr and Cagr), total number of hydrogen
bond donor and acceptor centres (HBgy,, and HB,.),
total number of rotatable bonds (RotBon) and various
amphipathicity descriptors (P/L, PIN, LIN, Q/L, QIN,
SP/SN, MWP/MWNJ Q/CSL’ Q/CHL and Q/CAR) For def-
inition of the descriptors, see Section 4. These simple
additive molecular descriptors can be easily derived
from peptide sequences and tabulated amino acid
properties (Table 3).3%4° The descriptors do not fully
describe 3D structure of the analogues, they mainly re-
flect the peptide sequence and location of a residue
within the polar or nonpolar face. Although conforma-
tional flexibility of the R1 analogues in solution may
be high, we may assume that the conformation-stabilis-
ing features (Pro;; and Pro4)** as well as a structure-
inducing effects in the proximity to the anionic bacte-
rial membrane surface of bacteria will favour the
amphipathic B-hairpin secondary structure of the

Table 1. Correlation of antimicrobial and haemolytic activities between species

R221
MIC E. coli MIC P. aeruginosa MIC S. aureus Y%Hem Haemocytes
MIC E. coli 1 0.31 0.23 0.01
MIC P. aeruginosa 1 0.49 0.01

MIC S. aureus
Y%Hem Haemocytes

1 0.11
1

#Squared correlation coefficient obtained by linear regression of the MIC (minimum inhibitory concentration in micrograms per milliliter) and

%Hem (haemolytic activity in [%]) for 97 analogues of R1 antimicrobial peptide of Robinson et a
correlation of MIC between the species and with the haemolytic effect.

1.3* The off diagonal R? values characterize
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Table 2. Range of antimicrobial and haemolytic potencies of R1 analogues®

Pep. Type P.1 P2 P3 P4 P5 P6 P7 P8 P9 P10 PIl PI2 P13 P.l4 MIC,, %Hem®
(ng/mL) (%)
R1 Original lead Leu Arg Leu Lys Lys Arg Arg Trp Lys Tyr Arg Val Pro Pro 104 1.4
R9  Most active Cif' Arg Leu Lys Lys Arg Arg Trp Lys Tyr Arg Val Pro Pro 5.2 11.5
R12 Least active Oom® Arg Leu Lys Lys Arg Arg Trp Lys Tyr Arg Val Pro Pro 833 0.7
R23  Least active Leu Arg Om Lys Lys Arg Arg Trp Lys Tyr Arg Val Pro Pro 833 1.5
R64  Least active Leu Arg Leu Trp Lys Arg Arg Trp Lys Tyr Arg Val Pro Pro 833 4.0
R45 Least haemolytic Leu Arg Leu Lys Lys Arg Arg Trp Lys Om Arg Val Pro Pro 50.0 0.1
R44 Most haemolytic Leu Arg Leu Lys Lys Arg Arg Trp Lys Cha' Arg Val Pro Pro 292 57.6

2 Sequences of cyclic antimicrobial peptides were taken from Robinson et al.,** for numbering of residues P.1-P.14, see Figure 1.

® Averaged minimal inhibitory concentration in units of micrograms per milliliter. MICs against E. coli, P. aeruginosa and S. aureus were taken from
Robinson et al.>

© Percentages of haemolysis of human red blood cells at peptide concentration of 100 pg/mL were taken from Robinson et al.*®

4 Cha, L-cyclohexylalanine; Cif, L-4-chlorophenylalanine, and Orn, L-ornithine.

Table 3. Side-chain descriptors of natural and unusual amino acids

No.  Amino acid® Q% (@)  mpp° Hydro® (A% M, (gmol) Cqi®  Cur  Car  HBud  HB4,  R.B!
1 Abu 0 064" — 34.9 28.1 1 0 0 0 0 1
2 Ala 0 0.31 1.8 19.6 14.0 1 0 0 0 0 0
3 Arg+ +1 —-1.01 —4.5 39.7 99.1 0 0 0 1 4 4
4 Asn 0 —0.60  -35 114.5 57.1 0 0 0 1 2 2
5 Asp— -1 -257 =35 53.0 57.0 0 0 0 2 0 2
6 Bip 0 376 — 169.4 166.2 0 1 1 0 0 3
7 Cha 0 291 — 107.6 96.2 0 1 0 0 0 2
8 Chah 0 347 — 125.2 110.2 0 1 0 0 0 3
9 Cif 0 2.51 — 114.4 124.6 0 1 1 1 0 2

10 Cit 0 -0.19 — 103.0 100.1 0 0 0 1 3 5

11 Cys 0 1.54 2.5 37.6 46.1 1 0 0 1 1 2

12 Gln 0 -022  -35 71.7 71.1 0 0 0 1 2 3

13 Glu— -1 -229 35 61.6 71.1 0 0 0 2 0 3

14 Gly 0 000 —04 0.0 0.0 0 0 0 0 0 0

15 Hfe 0 2.31 — 111.5 104.2 0 1 1 0 0 3

16 His 0 0.13 -32 75.7 80.1 0 0 0 1 1 2

17 Ile 0 1.80 45 68.4 56.1 1 0 0 0 0 2

18 Leu 0 1.70 3.8 69.9 56.1 1 0 0 0 0 2

19 Lys+ +1 -0.99 -39 90.7 71.1 0 0 0 1 2 5

20 Met 0 1.23 1.9 78.2 74.1 1 0 0 1 0 3

21 Nall 0 .00  — 133.2 140.2 0 1 1 0 0 2

22 Nal2 0 3.00 — 141.8 140.2 0 1 1 0 0 2

23 Nle 0 1.76  — 76.4 56.1 1 0 0 0 0 3

24 Nva 0 119 — 54.0 42.1 1 0 0 0 0 2

25 Orn+ +1 040  — 712 57.1 0 0 0 1 2 4

26 Phe 0 1.79 2.8 92.2 90.1 0 0 1 0 0 2

27 Pro 0 072 -16 39.7 40.1 1 0 0 0 -1 0

28 Seb 0 253 — 128.7 120.2 0 1 1 1 0 4

29 Ser 0 —0.04  —08 26.7 30.0 0 0 0 1 1 2

30 Thr 0 026  —0.7 44.8 44.1 0 0 0 1 1 2

31 Tle 0 139 — 62.0 56.1 1 0 0 0 0 1

32 Trb 0 355 — 204.5 196.2 0 1 1 1 0 5

33 Trp 0 2.25 —-0.9 121.1 129.2 0 1 1 0 1 2

34 Tyr 0 096 -13 102.0 106.1 0 0 1 1 1 3

35 Val 0 1.22 42 51.1 42.1 1 0 0 0 0 1

# Abu, L-2-aminobutyric acid; Bip, L-4-biphenylalanine; Cha, L-cyclohexylalanine, Chah, L-homocylohexylalanine; Cif, L-4-chlorophenylalanine;
Cit, L-citrulline; Hfe, L-homophenylalanine; Nall, L-1-naphthylalanine; Nal2, L-2-naphthylalanine; Nle, L-norleucine; Nva, L-norvaline; Orn,
L-ornithine; Trb, L-(O-benzyl)tyrosine; Seb, L-(O-benzyl)serine; Tle, L-ztert-leucine.

®Residue net charge based on pK, constant of the side chain,® in units of electron charge [¢].

¢ Experimental side chain lipophilicity parameter of natural amino acids: npp = 10g Pojy(a.a.) — log Posy(Gly) taken from Fauchere and Pliska*® where
the log P, is the interphase partitioning coefficient in n-octanol/water system. For unusual amino acids the value of ngp was predicted from a
regression fit to mcpogp parameter (for details, see Section 4).

4 Hydropathy of amino acids according to Kyte and Doolittle.*’

°Side-chain surface area was computed as a difference in the Connolly surfaces* of amino acid and glycine: S = Scon(a.a.) — Scon(Gly) (for details,
see Section 4).

fMolecular weight of residue side chain was computed as a difference between Mys of amino acid and glycine: My, = My(a.a.) — M (Gly).

€ Count of small lipophilic residues (Csp), highly lipophilic residues (ngp > 2.0) (Cyyr) and aromatic residues (Cag).

" Number of proton donor (HBy,,) and proton acceptor (HB,) atoms in the peptide capable of forming hydrogen bonds.

" Number of rotatable (single nonaromatic) bonds in the peptide side chains.
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analogues. This assumption is consistent with the find-
ing that protegrins and their synthetic analogues, which
contain 1 or 2 disulfide bridges constraining their
backbone into the B-hairpin conformation, display in
general higher antimicrobial potencies than their linear
or nonconstrained counterparts.’

No single molecular property descriptor provided
individually a satisfactory pairwise correlation with the
averaged antimicrobial (logMIC,) or haemolytic
(log%Hem) potencies (Table 4). Nevertheless, lipophil-

Table 4. Correlation of single descriptors with antimicrobial and
haemolytic activities

Descriptor® logMIC,° log%Hem"
LOF* R LOF¢ R*

0@ 0.070 0.001 0.319 0.021
L 0.066 0.069 0.287 0.120
P 0.070 0.007 0.307 0.060
N 0.058 0.175 0.169 0.481
S (A) 0.063 0.106 0.259 0.205
Sp (A) 0.070 0.012 0.309 0.053
Sy (A) 0.062 0.113 0.267 0.182
M,, (g/mol) 0.064 0.090 0.281 0.137
M,p (g/mol) 0.070 0.006 0.324 0.008
Moy (g/mol) 0.064 0.090 0.281 0.140
Csr 0.070 0.001 0.323 0.009
CHL 0.065 0.083 0.229 0.298
Car 0.066 0.068 0.309 0.053
HByon 0.070 0.001 0.326 0.001
HB, 0.069 0.020 0.300 0.081
PIL 0.061 0.141 0.307 0.058
PIN 0.068 0.033 0.321 0.016
LIN 0.068 0.033 0.321 0.016
Q/lL 0.059 0.161 0.303 0.073
QOIN 0.058 0.181 0.255 0.217
SplSy 0.065 0.076 0.295 0.095
M, pl My, N 0.066 0.061 0.297 0.089
Q/Csp 0.070 0.001 0.320 0.020
0/Cyyr 0.065 0.076 0.271 0.169
Q/Car 0.066 0.057 0.323 0.009
RotBon 0.070 0.001 0.319 0.021

4 Descriptors: Q, molecular charge; L, molecular lipophilicity; P,
lipophilicity of the polar face residues; N, lipophilicity of the non-
polar face residues; S, solvent accessible surface area of the analogue,
Sp, solvent accessible surface area of the polar face residues, Sy,
solvent accessible surface area of the nonpolar face residues; M.,
molecular weight of the analogue; M, p, molecular weight of residues
forming the polar face; My, p, molecular weight of residues forming
the nonpolar face; Cs;, count of small lipophilic residues forming the
nonpolar face; Cyp, count of highly lipophilic residues forming the
nonpolar face; Cagr, count of aromatic residues forming the nonpolar
face; HByon, oOverall number of proton donors in the analogue;
HByon, overall number of proton acceptors in the analogue, P/L, P/
N, LIN, QIL, QIN, SplSxn, Mypl My, Q/Csp. and Q/Car are various
amphipathicity descriptors expressed as a ratio of the above-defined
properties of the polar face to the nonpolar face.

® Logarithm of averaged minimal inhibitory concentration and of the
percentages of haemolysis of human red blood cells at peptide con-
centration of 100 pg/mL.

°Friedman’s lack-of-fit (LOF) score’’ of single descriptors was
obtained by linear regression to the logMIC, and log%Hem of 97
antimicrobial peptides tested by Robinson et al.>

dSquared correlation coefficients of single descriptors were obtained
by linear regression to the logMIC, and log%Hem of 97 antimi-
crobial peptides tested by Robinson et al.*?

icity of the nonpolar face N and the amphipathicity
parameter Q/N exhibited some relation to the antimicro-
bial activity, while N and the intercorrelated count of
highly lipophilic residues in the nonpolar face (Cyy) ap-
peared to be related to the haemolytic activity. This find-
ing is consistent with previous QSAR studies which
suggested that charge and amphipathicity correlate with
MIC of cyclic cationic peptides and overall lipophilicity
is crucial for the haemolytic activity.??

A large set of QSAR models combining up to five
descriptors in each correlation equation was prepared
by genetic function approximation (GFA) algorithm?>
of the Cerius” package.?® The fitness of each generated
model was evaluated by using the lack-of-fit score.’’
The best performing QSAR model of the antimicrobial
effect of R1 analogues comprises two descriptors, name-
ly molecular charge Q and amphipathicity parameter Q/
N, that is, the ratio of charge, which is determined by the
cationic residues forming mainly the polar face and the
lipophilicity of the nonpolar face, N (Fig. 2):

log MIC, = 1.291 — 0.180 - O+ 1.438 - Q/N (1)

(number of observables n =97, lack-of-fit score
LOF =0.025, squared correlation coefficient R’>=
0.623, leave-one-out cross-validated squared correlation
coefficient R = 0.604, Fischer test F-test = 52.74, stan-
dard error o =0.164, level of statistical significance
o > 95%, number of removed outliers n, = 15). Similar
observation, which relates the antimicrobial effect of cat-
ionic peptides to the molecular charge and amphipathic-
ity has been previously published by several
laboratories.!*?!2* It is namely likely that peptides,
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Figure 2. QSAR model of antimicrobial effect of cationic peptides—
R1 analogues. The resulting regression equation: logMI-
C,=1291-0.180- Q+1.438- Q/N (n=97, R*=0.62, R?, =0.60,
F-test = 52.74, 0 = 0.164, o >95%, n, = 15) relates averaged MIC, (in
png/mL) against three bacterial strains (Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus) to molecular charge (Q) and
amphipathicity index (Q/N). The MICs were taken from Robinson
et al.*® Figure was obtained by QSAR module of Cerius?.3®
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which possess a balanced combination of positive charge
and lipophilicity of a surface domain (nonpolar face)
can be attracted to the bacterial membrane in a sufficient
amount to aggregate and permeate/disintegrate the
membrane triggering thus the antimicrobial effect.

The dependence of MIC, on Q and N is depicted on
Figure 3. The plot reveals that for the highly charged
cationic R1 analogues the antimicrobial potency is less
sensitive to the molecular charge (within interval
6¢ < O < 8¢). It is, however, strongly dependent on the
lipophilicity of the nonpolar face. The MIC, can reach
low concentrations for high values of N (N > 10), how-
ever, MIC, grows quickly with the decreasing magni-
tudes of N (N < 7.5). Based on this QSAR model, the
best variants of R1 lead should have their polar faces
formed only by charged residues and the nonpolar faces
only by highly lipophilic residues to display strong anti-
microbial effect. Thus, any analogue with the same char-
ge as the lead peptide R1 (Q = 7¢) should show more
potent antimicrobial activity than R1 if the lipophilicity
of its nonpolar face N > 6.84 (value of N for R1). By
comparing the MIC, values of the 97 peptides of Robin-
son et al.>3 to their O and N descriptors, we can see that
in general this rule holds although numerous exceptions
do exist.

The best QSAR model of the haemolytic effect for the
R1 analogues relates the lysis of human red blood cells
to the lipophilicity of the nonpolar face, N (Fig. 4):

log%Hem = —2.551 + 0.431 - N (2)

(n=97, LOF=0.077, R*=0.694, R> =0.679, F-
test = 179.18, ¢ = 0.136, o > 95%, n, = 15). The model
suggests that the haemolytic potency of R1 analogues
depends primarily on the lipophilicity of the nonpolar
face and is almost independent on the charge and com-
position of the polar face. This is not surprising since the
outer leaflet of mammalian cells is composed
predominantly of neutral (zwitterionic) phospholipids®®
in contrast to the anionic surfaces of bacterial

Figure 3. Dependence of MIC, on charge and lipophilicity of the
nonpolar face. The MIC, dependence on molecular charge (Q) and the
lipophilicity of the nonpolar face (N) was prepared by plotting the
regression equation MIC, = 10U-291-0-180Q+1L438O/N) " The colouring
scheme helps to discriminate between MIC, ranges.
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Figure 4. QSAR model of haemolytic effect of cationic peptides—R 1
analogues. The resulting regression equation: log%Hem = —2.551 +
0.431- N (n=97, RZ=0.69, B2, = 0.68, F-test=179.18, ¢ =0.136, o
>95%, n, = 15) relates the percentage of haemolysis of human red
blood cells to the lipophilicity of the nonpolar face of the peptides (N).
Figure was obtained by QSAR module of Cerius®.>
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Figure 5. Dependence of %Hem on lipophilicity of nonpolar face.
Dependence of the percentage of haemolytic activity (Y%oHem) in [%] at
the peptide concentration of 100 pg/mL on the lipophilicity of the
nonpolar face (N) of R1 analogues.

membranes.>>*® The plot of %Hem against N indicates
that the haemolytic potency of the analogues is almost
negligible for N < 6 but increases strongly for N > 8.5
(Fig. 5). Based on this QSAR model, any analogue with
N < 6.84 should show lower levels of haemolytic activity
than the lead peptide R1. Inspection of the %Hem val-
ues of the 97 peptides of Robinson et al.>* shows that
this general trend is preserved by most of the peptides
although some exceptions do exist.

2.2. Optimisation of antimicrobial and haemolytic effects
Simultaneous optimisation of the antimicrobial and

haemolytic effects of R1 analogues is possible as both
these bioactivities depend strongly on the lipophilicity
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of the nonpolar face and an interval of N exists in which
both the desired bioactivity and the harmful side effect
reach acceptable levels (Fig. 6), approximately
7.5 < N <8.5. It should be emphasised here that the
two QSAR models represent only a relatively gross sim-
plification of the complex relationship between the bio-
activities and the molecular properties of the peptides
with a restricted accuracy of the predictions. For exam-
ple, the regression Eqgs. 1 and 2 assign to R1 with
Q =7¢ and N = 6.84 values of MIC, = 31.9 pg/mL and
%Hem = 2.5%, while the experimental values are lower
with 10.4 png/mL and 1.4%.

Utilization of the presented QSAR models based on
molecular properties for the design of new antimicrobi-
al peptides is also somewhat limited since it does not
provide unique guidelines for translation of the
optimum molecular properties into new sequences.
Nevertheless, the combination of the QSAR molecular
property—bioactivity models with the cyclic backbone
of the protegrin analogues (constant turns, residues 6,
7 and 13, 14—Fig. 1), sequence amphipathicity (regular
alternation of cationic and nonpolar residues) and
peptide symmetry provides a sufficient strategy for
the peptide design. For example, the opposite trends
of the dependence of the antimicrobial and haemolytic
effects on N can be illustrated on case sequences of
symmetric cyclic PG-1 and R1 analogues with eight
cationic residues (Q = 8¢) and an ideal amphipathic

P -

W |
N\ Y A ot
S N/

0 5 10 15 20

MICa and %Hem

Figure 6. Dependence of MIC, and %Hem on charge and lipophilicity
of nonpolar face. Cross-sections of the surface MIC, =f{Q,N} in
micrograms per milliliter (Fig. 4) at points Q = 4¢ — 8¢ and depen-
dence of percentage of haemolytic activity (%oHem) in [%] on the
lipophilicity of the nonpolar face (V) of R1 analogues.
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Figure 7. Cyclic B-hairpin peptides with ideal amphipathic structure—
analogues of PG-1 and R1. Ideal amphipathic B-hairpin-like structure
formed by regularly spaced hydrophobic residues (H) and cationic
residues (B) bears a total charge of Q = 8¢. Alternatively, the cyclic
backbone can be constrained in a B-hairpin conformation by a Cyss-
Cys, disulfide bridge.

structure (Fig. 7), Table 5. Inspection of the predicted
antimicrobial (MIC;) and haemolytic (%Hem*)
potencies for sequences NRI1-NR17 calculated from
the regression Eqs. 1 and 2 shows that peptides
NR7-NR9 with homogeneous nonpolar faces formed
entirely by less lipophilic aliphatic norvalines, valines
or methionines, may constitute cationic peptides with
optimised potencies of the desired and the side effects.
The secondary structure of the backbone of the
peptides NR7-NR9 is stabilised by a Cys3;-Cys;, disul-
fide bridge in the form of a cyclic B-hairpin. Tam
et al.'* showed by circular dichroism experiments that
cyclic protegrins containing one to three cysteine bonds
display some degree of B-strand structure in solutions.
Recently, it was reported that the presence of the
B-hairpin  fold 1is essential for the membrane
permeation/disruption by PG-1 analogues.'*?"3! PG-1
variants missing the cross-links and noncovalent con-
formation-stabilising features acquire namely random
structures in solution.?’-3!

3. Conclusions

We have analysed 97 cyclic cationic sequences of PG-1
mimetics of Robinson et al.>3 in terms of molecular
properties and derived QSAR models that explain
the observed variance of their averaged antimicrobial
effect with 60% accuracy and haemolytic side effect
with 68% accuracy. According to these relatively sim-
ple models, the antimicrobial effect is proportional to
the overall molecular charge Q and the amphipathicity
index Q/N (i.e., is inversely proportional to the
lipophilicity of the nonpolar face, N), while the
haemolytic effect is directly proportional to N.
Therefore, it is possible to simultaneously optimise
(decouple) these two concurrent effects by site-directed
residue substitutions in the nonpolar face of the cyclic
peptides so that its lipophilicity falls into the narrow
range of: 7.5 < N <8.5. This can be achieved by
numerous combinations of nonpolar amino acids.
One specific example of such sequences spanning a
range of N for an ideal amphipathic cyclic scaffold
resembling the R1 and PG-1 is given. These sequences
contain homogeneous symmetric nonpolar faces
composed of mildly lipophilic residues. The most
interesting sequences, NR7-NRY, include also a
disulfide bridge that stabilises the cyclic backbone into
the form of a constrained B-hairpin structure. An
experimental study of this example (perhaps by
Robinson et al.) would be interesting and appreciated.

It is now relatively well accepted that antimicrobial
effect of the cationic peptides depends on their positive
charge and amphipathic structure. However, the
strategy of simultaneous modulation of the antimicrobi-
al and haemolytic potencies of cationic [-hairpin
peptides by specific substitutions in the nonpolar face
represents a relatively novel finding,>> which deserves
further attention. It may namely help to overcome the
serious problem of the haemolytic side effect of potent
cationic antimicrobial peptides, which hampers them
from entering into the drug development pipeline.
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Table 5. Example of symmetric cationic peptide sequences with ideal amphipathic cyclic f-hairpin structure

Pep® P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 Q@) N° MIC:®  %Hem**
(ng/mL) (%)

NR1 Tyr Arg Tyr Lys Tyr Arg Arg Tyr Lys Tyr Arg Tyr Arg Arg 8 5.76  70.7 0.9
NR2 Tyr Arg Val Lys Tyr Arg Arg Tyr Lys Val Arg Tyr Arg Arg 8 6.28 48.3 1.4
NR3 Tyr Arg Tle Lys Tyr Arg Arg Tyr Lys Tle Arg Tyr Arg Arg 8 6.62 38.9 2.0
NR4 Val Arg Tyr Lys Val Arg Arg Val Lys Tyr Arg Val Arg Arg 8 6.80 35.0 24
NR5 Nva Arg Val Lys Nva Arg Arg Nva Lys Val Arg Nva Arg Arg 8 7.20 28.2 3.6
NR6 Nva Arg Tle Lys Nva Arg Arg Nva Lys Tle Arg Nva Arg Arg 8 7.54 238 4.9
NR7 Nva Arg Cys Lys Nva Arg Arg Nva Lys Cys Arg Nva Arg Arg 8 7.84 209 6.7
NR8 Val Arg Cys Lys Val Arg Arg Val Lys Cys Arg Val Arg Arg 8 7.96 19.8 7.6
NR9 Met Arg Cys Lys Met Arg Arg Met Lys Cys Arg Met Arg Arg 8 8.00 19.5 7.9
NRIO Nva Arg Leu Lys Nva Arg Arg Nva Lys Leu Arg Nva Arg Arg 8 8.16 183 9.3
NR11 Nva Arg Nle Lys Nva Arg Arg Nva Lys Nle Arg Nva Arg Arg 8 8.28 174 10.4
NRI2 Nva Arg 1Ile Lys Nva Arg Arg Nva Lys Ile Arg Nva Arg Arg 8 836 16.9 11.3
NR13 Val Arg Ile Lys Val Arg Arg Val Lys Ile Arg Val Arg Arg 8 8.48 16.2 12.7
NRI14 Tle Arg Cys Lys Tle Arg Arg Tle Lys Cys Arg Tle Arg Arg 8 8.64 152 14.9
NR15 Tle Arg Leu Lys Tle Arg Arg Tle Lys Leu Arg Tle Arg Arg 8 8.96 13.7 20.5
NR16 Nva Arg Trp Lys Nva Arg Arg Nva Lys Trp Arg Nva Arg Arg 8 9.26 124 27.6
NR17 Leu Arg Leu Lys Leu Arg Arg Leu Lys Leu Arg Leu Arg Arg 8 10.20 9.5 70.3

Cha, L-cyclohexylalanine; Chah, L-homocylohexylalanine; Hfe, L-homophenylalanine; Nall, L-1-naphthylalanine; Nal2, L-2-naphthylalanine; Cif,

L-4-chlorophenylalanine; Bip, L-4-biphenylalanine; Orn, L-ornithine; Trb, L-(O-benzyl)tyrosine; Cit, L-citrulline; Nle, L-norleucine; Seb, L-(O-ben-

zyl)serine; Nva, L-norvaline, Tle, L-tert-leucine; Abu, L-2-aminobutyric acid.

2The peptides with sequences P.1-P.14 are based on the analogy with the lead peptide R1.** For numbering of residues, see Figure 7.

® Molecular charge Q was calculated as the sum of formal side-chain charges of all residues, in units of electron charge (&).

¢ Lipophilicity of nopolar face N was calculated as the sum of side-chain lipophilicities (ngp) over residues forming the nonpolar face (Fig. 7), for
details, see Section 4. Maximum range of N for a lipophilic face of the cyclic scaffold on Figure 7, which contains six nonpolar residues, is
0.78 < N < 22.56.

9 Predicted averaged minimal inhibitory concentration MIC; was calculated from the regression Eq. (1): MIC; =1
micrograms per milliliter.

¢ Predicted percentage of haemolysis of human red blood cells %Hem* at peptide concentration of 100 pg/mL was calculated from the regression
Eq. 2: %Hem* = 10C2331+0431M) iy o4,

0(-291-0180.0+14380/N) 1y ynits

4. Methods tistical significance o > 95%) and interpolation/extrapo-

lation of the linear dependence. The index mcpogp Was

4.1. Molecular descriptors calculated for all considered amino acids by the
CLOGP program,*' which uses a molecular fragment

Molecular descriptors used in the QSAR analysis of the method of the logP,, estimate, as 7crogp =

peptides were defined as additive parameters obtained CLOGP(a.a.) — CLOGP(Gly).
by summing up the contributions of residues either by

including the whole sequence or only the residues form- Bulkiness of peptides was expressed via surface areas
ing the polar or nonpolar face of the cyclic B-hairpin of the analogues and their two faces, which were cal-
(Fig. 1). culated as the sum of side-chain surface areas over
residues forming the polar (Sp) and nonpolar face
Molecular charge of the peptides was calculated as (Sn), as for example, Sy =Z°"S; and S=Sp+ Sy.
0 = 3%y, where ¢; is the formal charge of a residue The residue side-chain surface area was calculated as
at the pH of 7, which depends on the pK, constant Si = Scon(a.2.) — Scon(Gly), using the Connolly surface
of its side chain.?* Hydrophobicity/lipophilicity param- calculation method*? of Insight-IT modelling package*?
eters, L, P and N, were defined via residue side-chain with a probe radius of 1.4 A, surface point density of
lipophilicity parameter, ngp, of Fauchere and Pliska,* 30 points/A%. The amino acids modelled in an fully
as a summation over all residues of the peptide (L) or extended conformation were minimized with CFF91
over residues forming the polar (P) or nonpolar (N) force filed** by Newton-Raphson method assuming
face as, for example, N = X" rgp;. The npp parameter a convergence threshold of the gradient of
represents the difference between experimental parti- 0.001 kcal/(mol A) and dielectric constant of 80 to
tioning coefficients in n-octanol/water system, log Py, mimic the effect of solvent upon the side-chain confor-
of a given amino acid and glycine: 7gp =logP,, mation.*> Molecular weights of the analogues (M.,
w(a.a.) — log Pow(Gly), (Table 3). For unusual amino Myp and MyN) were computed as the sum of the rel-
acids the mpp parameters were obtained by a linear evant residue contributions. Count of small lipophilic
regression fitting of 7mgp to mcpogp for the training residues (Csp), highly lipophilic residues (Cyp) and
set of 20 natural amino acids: nEp = 1.070936 - aromatic residues (Car) within the nonpolar face
ncLogp — 0.02784 (number of samples n = 20, squared was also considered.
correlation coefficient R?>=0.91, leave-one-out cross-
validated correlation coefficient RZ, = 0.90, Fischer test Amphipathicity descriptors were defined as the ratio of

F-test = 165.5, standard deviation ¢ = 0.43, level of sta- molecular properties that characterize the whole peptide
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and/or its polar and nonpolar faces: P/L, P/IN, LIN, Q/L,
OIN, SplSn, MyplMyn, QICsp, O/Cyr and Q/Car (Ta-
ble 3).

Flexibility of the peptide was approximately expressed
via total number of rotatable (single nonaromatic)
bonds in the side chains as: RotBon = X¥'R.B.;, where
R.B.; is the number of rotatable bonds in an amino acid
side chain: R.B.; = R.B.(a.a.) — R.B.(Gly).

4.2. Bioactivity data

The minimal inhibitory concentrations (MICs)
against Gram-negative and Gram-positive bacterial
strains (E. coli, P. aeruginosa and S. aureus) and
the percentage of haemolysis of human red blood
cells (%oHem) at the concentration of 100 pg/mL of
the 97 cationic peptides considered were taken from
Robinson et al.3* The MIC values averaged over the
panel of bacterial strains tested (MIC,) were used to
facilitate the assessment of the overall antimicrobial
effect of the PG-1 analogues which display activity
against a wide range of bacteria, yeast and

fungi 14,25-27

4.3. Generation of QSAR models and statistical analysis

The space of possible QSAR models on the set of
molecular descriptors considered was sampled by the
genetic function approximation (GFA) algorithm?® of
the Cerius® package®® using the Friedman’s lack-of-fit
(LOF) score®’ to estimate the fitness of each model.

In the GFA, progeny populations of QSAR models
are created by evolving a random initial population
of equations constructed from the set of available
descriptors by standard regression techniques, using
the genetic algorithm. The genetic algorithm automat-
ically selects the type and number of descriptors to be
used in the models by combining (crossing-over) equa-
tions with the best fitness scores as good combinations
of genes (i.e., descriptors) are expected to lead to im-
proved models in the resulting offspring population of
equations.

For both antimicrobial and haemolytic activity data
the analyses started by building of a population of
500 randomly constructed linear equations containing
combinations of three descriptor terms. The initial pop-
ulation was then evolved for 50,000 generations with a
variable equation length and mutation probabilities set
at: (1) adding new term 50%, (ii) reducing number of
terms 50% and (iii)) extending number of terms 50%.
The smoothness parameter was set to 2.0 to bias the
equation scoring and evolution towards smaller num-
ber of terms, that is, more compact and easier to inter-
pret QSAR models. Least-squares regression method
was used to generate the QSAR equations for the sam-
pled combinations of descriptors. At the end, the final
population of regression equations was ranked based
on the LOF score and the best scoring QSAR models
were subjected to removal of outliers and leave-one-
out cross-validation.
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