
Peptides xxx (2004) xxx–xxx

Protegrin structure–activity relationships: using homology models
of synthetic sequences to determine structural characteristics

important for activity
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Abstract

The protegrin family of antimicrobial peptides is among the shortest in sequence length while remaining very active against a variety
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f microorganisms. The major goal of this study is to characterize easily calculated molecular properties, which quantitatively s
orrelation with antibacterial activity. The peptides studied have high sequence similarity but vary in activity over more than an
agnitude. Hence, sequence analysis alone cannot be used to predict activity for these peptides. We calculate structural prop
rotegrin and protegrin-analogue peptides and correlate them to experimental activities against six microbe species, as well a
nd cytotoxic activities. Natural protegrins structures were compared with synthetic derivatives using homology modeling, and
escriptors were calculated to determine the characteristics that confer their antimicrobial activity. A structure–activity relationshiof
ll these peptides provides information about the structural properties that affect activity against different microbial species.
2004 Elsevier Inc. All rights reserved.
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. Introduction

.1. Antimicrobial peptides

For the last two decades, antimicrobial peptides have been
aining recognition as highly valuable therapeutic agents in
ghting a wide range of microorganisms. Some antimicro-
ial peptides (AMPs) have been found to be antibacterial,
ntiviral, antifungal, anti-cancer, or promoters of wound heal-

ng [19]. AMPs have been found in organisms as simple as
acteria to those as complicated as humans including nearly
verything in between. These naturally occurring peptides
ave been preserved through evolution with many character-

stics of individual classes of AMPs consistent across differ-
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ent species. They have been favored through evolutio
their small size and their high potency[7,18].

In most cases an AMP first locally disrupts a target c
outer membrane. The anionic lipopolysaccharide phos
lipids that make up the outer membrane are locally in e
librium with divalent calcium and magnesium cations.
predominantly cationic AMPs have been shown[8] to have
a higher affinity for LPS, displacing Ca2+ and Mg2+ ions.
This destabilization of the outer membrane by AMPs
been termed self-promoted uptake[9]. From there, the pep
tide may create pores in the cytoplasmic membrane and
disruption resulting in cell lyses, or the peptide may actu
move into the interior of the cell and cause disruption th
[19,4].

Antimicrobial peptides are especially valuable beca
they have been shown in many cases to be unaffecte
the antibiotic resistance that renders small drug molec

196-9781/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
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Fig. 1. Structure of protegrin-1. Backbone in dark grey and side chains
(excluding hydrogen) in CPK.

useless after some time; this was shown for protegrins in[2].
AMPs do not interact with receptors or other specific sites on
their target. Indeed it is highly unlikely, if impossible, for any
organism to develop resistance to AMPs, because it is an elec-
trostatic interaction that first brings an AMP to the surface of
a cell membrane. Evolutionary time scales would be needed
for microbial species to completely alter the LPS membrane
composition. Moreover AMPs are extremely fast acting[7],
hence antimicrobial peptides are an excellent candidate for
therapeutic purposes.

Finally antimicrobial peptides are attractive for study with
computational methods because they are small, most less
than 50 residues long. This allows for quicker simulations
and minimizations. The confidence in homology modeling
increases with fewer residues to fit. Also experimental verifi-
cation of results is faster and less costly than a larger protein,
simply because of its size.

1.2. Protegrins

Protegrins are a family of five antimicrobial peptides nat-
urally found in porcine neutrophils, which have cathelicidin-
like precursors. Protegrins PG-1, PG-2, and PG-3 were pu-
rified initially [13], with PG-4 predicted from a cDNA clone
[25] and PG-5 from a genomic clone[26]. The peptides are
translated as inactive pro-peptides; extra cellular processing
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(previously unpublished data from Dr. R. Lehrer at UCLA,
Table 1). Among all of these sequences, the minimum se-
quence identity between two peptides is 22%, and on average
the sequences vary by 68% of their residues.

For the microbial species, the minimum inhibitory con-
centration was determined for these peptides (not all peptides
tested against all species). In MIC (�g/mL) the lower values
in the concentration indicate a more active peptide. Studies
have shown that a minimum peptide to membrane lipid ratio
must be achieved before a protegrin can destroy a cell[10,20].

For cytotoxicity and hemolysis, the degree of activity was
determined for a given concentration; a lower number here
means the peptides kill fewer human cells. Therefore, the
ideal peptide will have both a low value for MIC against a
microorganism, as well as a low value for the amount of host
cells that can be expected to suffer.

While the synthetic sequences differ in only a few residue
mutations at a time, the peptides have widely varying struc-
tural properties enabling the set to cover a range of activities.
Previous quantitative structure–activity relationship (QSAR)
studies[2] qualitatively described characteristics of the pro-
tegrin sequences that made them more or less active (such as:
those with four cysteines and two disulfide bonds are typi-
cally more active than the sequences with only one of these
bonds; higher positive charge imparts greater activity to a
point). However, we wish to quantitatively determine what
p dels
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emoves the pro-region, resulting in the release of active
ides. Protegrins are similar to other defensins with two d
de bonds and a�-sheet structure, and they are between
een and eighteen residues long. The structure of proteg
vailable publicly in the protein databank[1], is shown in
ig. 1.

Protegrins have been shown to act independentl
ny stereo-specific interaction, as alld-amino acid isomer
re as active as the natural peptides. These peptides
hown widespread activity against Gram-positive and G
egative bacteria and yeast. Protegrins typically kill bac
n the order of minutes, again making them attractive th
eutic targets.

The natural protegrins and over 50 synthetic seque
ave been tested for activity against many microbial sp
roperties influence protegrin activity and develop mo
or structure–activity relationships for protegrins agains
ide spectrum of microorganisms studied.

. Materials and methods

.1. Protegrin sequences

Numerous experiments have been conducted on th
ivity of natural and synthetic protegrins by Lehrer a
oworkers[11,13,15,22,24]. Other research efforts have go
nto similar studies of the protegrins and related pep
2,23,14]. For a description of all the experimental me
ds the reader is referred to[22]. In this study, we com
ine the results of activity studies on the five natural pr
rins and over 50 synthetic peptides summarized inTable 1.
hese peptides were tested against Gram-negative
ia (Escherichia coli, Psendomonas aeruginosa, Neisseria
onorrhoeae—two strains), Gram-positive bacteria (Listeria
onocytogenes), and the yeastCandida albicans(not ev-
ry peptide was tested against every organism). The pe
ere also tested against cervical epithelial cells for cyto

city and red blood cells for hemolytic activity.

.2. Homology modeling

The crystal structure of protegrin-1, PG-1, has been
olved and is publicly available in the protein databank[1],
ww.rcsb.org/pdb, under the PDB identification 1PG-1. T

http://www.rcsb.org/pdb
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Table 1
Peptide activities (MIC in�g/mL)

Name Sequence E. coli N. gonorrhoeae
(F-62)

N. gonorrhoeae
(FA-19)

L. monocytogenes C. albicans P. aeruginosaCytotoxicity Hemolysis

PC001 rggrlcycrrrfcvcvgr 0.9 1.2 1.7 0.9 5.3 0.9 4 5
PC003 rggglcycrrrfcvcvgr 2.3 1.4 1.8 2.8 9.6 Not tested 4 5
PC004 rggrlcycrgwicfcvgr 2.1 1.2 3.5 1.9 30.4 Not tested Not tested 5
PC005 rggrlcycrPrfcvcvgr 2.9 1.4 1.6 2.5 15.6 Not tested 3 5
PC006 rggrlaycrrrfcvavgr 2.1 1.1 5.5 2.6 16 Not tested 4 2
PC007 rggrlcyarrrfavcvgr Not tested 5.9 32.7 Not tested 18.5 Not tested 2 1
PC009 lcycrrrfcvcvgr 2.2 1 6.3 23.3 61.9 Not tested 2 0
PC010 rcycrrrfcvcvgr 1.1 0.8 1.8 7.9 31.4 Not tested 4 0
PC011 rggrlcycrrrfcvcv 1.3 1.5 3.8 3.7 11.6 Not tested 5 5
PC012 rggrlcycrrrfcicv 1.9 1.3 4.3 5.5 20.5 3.1 4 3
PC013 rggrlcycrrrfcvcr 2.3 1.2 1.9 2.7 10.2 Not tested 5 5
PC014 rcycrrrfcvcr 2.9 1.1 1.4 3.3 10.1 Not tested 4 5
PC015 lcycrrrfcvcv 1.5 2.3 9.8 2.4 8.8 3 3 1
PC016 lcyarrrfavcv 0.6 13.6 48.4 1.5 25.5 0.8 2 0
PC017 rcyarrrfavcr 1 1.2 2.4 0.7 10.5 0.6 3 5
PC018 laycrrrfcvav 1.2 1.6 11.8 1.4 80–250 Not tested 2 1
PC019 raycrrrfcvar 3 137.3 >500 29 29.4 Not tested 0 0
PC020 cycrrrfcvcvgr 1.9 3.5 52.8 21.7 67.5 Not tested 1 0
PC021 rggrlcycrrrfcvc 1.8 >500 >500 36.3 >250 Not tested 0.5 0
PC037 lcytrrrftvcv 1.4 1.8 10.1 4.2 27.5 1.4 3 1
PC045 ltycrrrfcvtv 0.5 2 10.1 0.3 2.7 0.5 3 1
PC064 lcytrPrftvcv 1.4 1.3 13.8 2 28.4 Not tested 3 1
PC064a lcytrgrftvcv 0.6 0.7 5.3 3.9 12.2 Not tested 2 0
PC065 lcytfrPrfvcv 3.1 4.1 30 10.5 >250 Not tested 0.5 0
PC066 lcytfrgrfvcv Not tested 59.5 158 Not tested Not tested Not tested 2 0
PC069 cycrrrfcvcv >80 38.1 127.6 80–250 >250 Not tested 0.5 0
PC070 lcycrrrfcvc 2.7 3.2 32.3 26.1 80–250 Not tested 1 0
PC071 cycrrrfcvc 3.2 4.2 13 4 31.9 9.4 3 0
PC072 cycfrrfcvc 0.6 1.8 8.4 0.7 28.4 1.2 3 2
PC073 lcycrrrrcvcv 14.1 31.7 96.9 Not tested >79.1 7.1 1 0
PC074 lcycfrrrcvcv 8.1 1.5 11.2 Not tested 27.9 9.7 2 0
PC077 lcycrfrrcvcv 1 Not tested Not tested 3.5 34.9 3.1 3 1
PC078 lcycrrfrcvcv 1.8 Not tested Not tested 1.8 >79.1 3.7 0.5 3
PC079 ycycrrrfcvcvgr 3.5 Not tested Not tested 8.8 >79.1 16 0.5 1
PC080 tcycrrrfcvcvgr 1.1 Not tested Not tested 3.6 >79.1 4.1 0.5 3
PC091 acycrrrfcvcvgr 0.7 Not tested Not tested 1.5 8.9 Not tested 4 4
PC092 vcycrrrfcvcvgr 0.7 Not tested Not tested 1.4 11.2 Not tested 3 3
PC093 icycrrrfcvcvgr 0.7 Not tested Not tested 1.4 11.7 Not tested 4 4
PC094 fcycrrrfcvcvgr 0.6 Not tested Not tested 1.3 8.7 Not tested 4 5
PC095 wcycrrrfcvcvgr 0.5 Not tested Not tested 1.4 9.9 Not tested 4 5
PC096 ecycrrrfcvcvgr 0.6 Not tested Not tested 1.2 9.3 Not tested 4 5
PC097 rggrlcycrrrfcvcy 0.6 Not tested Not tested 1.1 10.7 Not tested 4 5
PC098 rggrlcycrrrfcvct 0.7 Not tested Not tested Not tested 22 4.3 3 1
PC100 rggrlcycrrrfcvca 0.8 Not tested Not tested Not tested 3.9 1.2 4 5
PC101 rggrlcycrrrfcvcl 0.7 Not tested Not tested Not tested 4.4 1.4 2 3
PC102 rggrlcycrrrfcvci 0.8 Not tested Not tested Not tested 3.6 1.2 3 4
PC103 rggrlcycrrrfcvcf 0.7 Not tested Not tested Not tested 1.5 0.7 4 5
PC104 rggrlcycrrrfcvcw 0.6 Not tested Not tested Not tested 3.6 1 4 5
PC105 rggrlcycrrrfcvce 1 Not tested Not tested Not tested 4.4 0.7 3 5
PC106 rggrlcycrrrfcvcr 0.8 Not tested Not tested Not tested 7.5 1.4 3 5
PC107 rlcytrgrftvcv 0.6 Not tested Not tested Not tested 31.8 0.5 2 0
PC108 lcytrgrftvcvr 0.3 Not tested Not tested Not tested 3 0.4 Not tested Not tested
PC109 rlcytrgrftvcvr Not tested Not tested Not tested Not tested Not tested Not tested 4 3
PC110 lcychhhfcvcv Not tested Not tested Not tested Not tested Not tested Not tested 3 0
PC111 lcythhhftvcv Not tested Not tested Not tested Not tested Not tested Not tested 4 3
PC112 lcycrrrfcycv 5.5 Not tested Not tested Not tested >250 6 0 2
PC113 lcycrrrfcfcv 10.8 Not tested Not tested Not tested >250 23.7 0 0
PC146 lcycrrrfctcv 1 Not tested Not tested Not tested 11 1.4 Not tested 2
PC147 lcycrrrfcgcv 0.7 Not tested Not tested Not tested 9.6 0.9 Not tested 5
PC148 lcycrrrfcwcv 1.3 Not tested Not tested Not tested 25 2.6 Not tested 0
PC149 rggrlcycrrrfcvcvgr 1.2 Not tested Not tested Not tested 28.4 1 Not tested 0
PC150 rggglcycrrrfcvcvgr 0.8 Not tested Not tested Not tested 10.2 0.9 Not tested 4
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sequence of this peptide is RGGRLCYCRRRFCVCVGR*
with the asterisk denoting a C-terminal NH2 which is found
on all of the protegrins studied.

The peptides were studied using the Molecular Operating
Environment (MOE) software[16]. As PG-1 is the only struc-
ture publicly available, this file was used as the template for
all of the other sequences for homology modeling. Each syn-
thetic sequence was aligned to PG-1 (in the PDB file for PG-
1, the C-terminal amine is counted as a nineteenth residue;
the residue was deleted and then the NH2 group was added
onto the final arginine residue). The target sequences have an
average sequence identity of 67% with the template, and the
minimum sequence identity was 39%. Sequences this similar
typically are acceptable for homology modeling. Importantly,
the location of cysteine residues (two or four, with one or two
disulfide bonds) is absolutely conserved. There was one se-
quence (PC-8) tested with alanine replacing all four cysteine
residues; while expecting a nearly linear structure, homology
modeling with MOE did not allow the synthetic structure to
relax away from the U-shaped beta sheet of PG-1. Having
low confidence in this structure, it was discarded in the rest
of the analysis.

Using PG-1 as a template and the synthetic sequences fit
with the corresponding residue substitutions, MOE creates
homology models that find the lowest energy structure for
the new sequence, allowing the synthetic structures to re-
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Table 2
Properties calculated in MOE

Molecular weight MWEI
Formal charge CHRG
Solvent accessible surface area SASA
Hydrophobic component of SASA FOSA
Negative component of SASA NESA
Positive component of SASA POSA
Electrostatic portion of potential energy EELE
Energy change of solvation in water ESOL
van de Waals portion of potential energy EVDW
KierFlex; flexibility of the peptide FLEX
Dipole moment of peptide DIPO
Principle moment of inertia PMOI
Number of hydrogen bond acceptors HBAC
Number of hydrogen bond donors HBDN
Molecular volume MVOL
Density of the peptide DENS
Globularity of peptide GLOB
Octanol/water partition coefficient LOGP

Molecular weight is calculated based on the atoms that
MOE sees, not from a reference value for the residues.

Formal charge is determined for the specific force field
(here AMBER89), summing up each ‘q’ charge assigned to
each atom in the structure.

Solvent accessible surface area is calculated using water
as a solvent with a radius of 1.4̊A for the water molecule.
Hydrophobic (|q| < 0.2), negative (q<−0.2), and positive
(q> 0.2) surface areas are calculated with the force field as-
signed charges and the van der Waals surface area for each
atom. The accessible portion of the surface area is deter-
mined using a connection table approximation; MOE im-
plicitly records what is bound to each atom and has stored
values for the combinations of possible neighbors.

The electrostatic and van der Waals portions of the poten-
tial energy and the dipole moment of the molecule rely on the
force field chosen to determine partial charges. The solvation
energy is for water.

The KierFlex number is a measure of flexibility of the
molecule as described in[5].

The principal moment of inertia can be calculated in the
x–y–z(external) coordinates of the peptide, but the descriptor
we used is calculated in the peptide’s frame of reference.

Hydrogen bond acceptors and donors do not include acidic
and basic atoms, but will count atoms which are both accep-
tors and donors, such as anOH group.
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b mic
c

lfide
b ures
ax to some energy minimum. The default MOE homol
odel settings were used with an AMBER89 force field

he potentials. In this method for each peptide, MOE cre
en models placing the substituted residues at random o
ations. Each of these models is minimized and the lo
nergy structure is then taken to be the best. As each
equences tested had a C-terminal NH2 group, this was adde
anually for each structure. An additional minimization s
as run, and the relaxed structure that resulted was us

urther calculations for each peptide.

.3. Structural properties

Using MOE a descriptor database was developed w
haracterized the natural and novel structures. After cre
ach structure using homology modeling, the peptide

oaded into a MOE database. Twenty six properties w
alculated with the methods MOE uses which are desc
elow. Pairwise correlation coefficients were calculated
ight of the properties were eliminated as they behave
ariantly with other properties. A general cutoff of 0.95 w
sed, although some properties with higher covariance
ept because they provide different levels of insight. Fo
mple the principal moment of inertia is highly correla
ith size and weight of the molecule, but since it varies

he geometry of the peptide, a property not included in t
escriptors, we leave the moment of inertia in the anal
able 2lists the properties from MOE that were calcula
long with the abbreviations used later in the models.
Molecular volume is calculated from the van der Wa
adii, using a 0.75̊A grid approximation. Density is calculat
rom the molecular weight divided by this van der Wa
alculated molecular volume.

Globularity, or inverse condition number, is a measur
ow spherical (value of 1.0) or flat or linear (value of 0.0
olecule is. It is calculated as the smallest eigenvalue div
y the largest eigenvalue of the covariance matrix of ato
oordinates of the molecule.

In addition to these descriptors, the number of disu
onds (1 or 2) was included (descriptor: BOND). Struct
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with more disulfide bonds help to stabilize the�-sheet motif
and maintain activity[2].

Similarly to previous QSAR studies[22], we have in-
cluded the term HBAC*(HBDN1/2)/SASA as a gauge of the
electrostatic surface tension of a molecule[3,6].

Knowing that amphiphilicity is assumed to influence AMP
activity, and using the coordinates of the peptide atoms, we
calculated an amphiphilic moment according to Silverman
[21]. There are two methods included in this reference, hence-
forth called moment 1 and moment 2 (MOM1 and MOM2
respectively). For these calculations, the center of geometry
for each residue’s side chain (non-hydrogen) and�-carbon
atoms is used as the location of each residue,r i . For the pep-
tide, the center of geometry of these residue centers is used
as the reference center,rc. The values used for residue hy-
drophobicity were those used by Silverman and come from
reference[17], with the signs reversed. Hydrophilic residues
havehi negative, hydrophobic are positive. For MOM1, the
contribution of each residue is the residue hydrophobicity
multiplied by the moment arm (r i − rc) for the residue. Sum-
ming over all residues and dividing by the number of residues
gives a linear first order amphiphilic moment. This calcula-
tion gives high weight to the hydrophobic/hydrophilic char-
acter of residues far from the center of the peptide.

The more rigorous calculation of peptide hydrophobicity,
MOM 2, comes from scaling the coordinates of the peptide
f here
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Through the studies, globularity and amphiphilic charac-
teristics continued to arise as significant in building models of
protegrin activity. We then included four descriptors, which
used sequence information to indicate the actual count of
(small/big) and (hydrophobic/hydrophilic) residues, descrip-
tors SMFO, SMFI, BIFO, BIFI.

Example values for properties of 12 peptides used in this
study are presented inTable 3.

2.4. Correlating properties with activity

The software program JMP (SAS Institute Inc. 1999) was
used as a regression tool (as in[12]) to determine least-
squares-error structure–activity models. We seek to corre-
late structural properties with the activities of each peptide
against each microorganism, the microbe activity measure-
ments being available in minimum inhibitory concentrations
(MIC, �g/mL) and independent scales used for cytotoxicity
and hemolysis.

A stepwise model building method was employed. For
the selected properties and organism, the amount of error is
reported that would result from not using a property in the
linear model. The most influential property is determined and
included in the model. The errors for the remaining properties
are recalculated, factoring in the properties included in the
model. The model fit (r2) is reported in each step, and this
p cant
d

2

mol-
y skin
c toxic
b

n a
0 cen-
t nds
t .
T

T
E

P DW ro

P 4.912 5
P 7.949
P 1.387 9
P 2.150 3
P 7.9588 7
P 1.251 2
P 3.631 8
P 0.741 3
P 8.2776 2
P 2.164 6
P 9.186 1
P 6.156 6

F 6].
rom an elliptical representation to a spherical one, w
ach residue will equally influence the hydrophobic mom
his involves first rotating the peptide into a principle
rdinate orientation and then calculating scaling factor

he minor axes. The actual moment calculation is sim
o MOM 1. These methods provide both a magnitude

direction for the hydrophobic moment, but we only
lude the magnitude of MOM1 and MOM2 for our cal-
ulations.

Also using the residue hydrophobicity scale, the mean
rophobicity of each peptide was included as a descr
EAN HYD, using the scale from[17]. This descriptor wa

avored over the MOE descriptor LOGP because it is e
o calculate directly from sequence data.

able 3
xample values for calculated structural properties of 12 peptides

eptide MWEI CHRG FOSA EV

C001 2162.70 7 1463.17 −2
C005 2091.64 6 1458.40 −1
C009 2089.60 7 1475.13 −2
C016 1611.07 6 1119.7 4
C020 1446.85 4 1064.02 −
C045 1838.33 6 1281.07
C071 1395.81 4 989.774 −1
C073 1296.68 4 906.391 −1
C074 1286.66 3 917.77 −
C095 1723.22 5 1227.42 −1
C105 1985.51 6 1399.15 −1
C112 1451.83 4 972.19 −1

OSA inÅ2, EVDW in kcal/mol, PMOI in amu, MeanHydro scale from[2
rocess is repeated, adding the most statistically signifi
escriptors until a certain, high confidence is reached.

.5. Cytotoxicity versus hemolysis

We also compare models between cytotoxicity and he
sis. A peptide that lyses red blood cells but does not kill
ells has different therapeutic value than one that is cyto
ut has no activity on red blood cells.

The data for cytotoxicity and hemolysis are ranked o
–5 scale; for cytotoxicity, the scale corresponds to a con

ration range for EC50. For hemolysis, the scale correspo
o the percent of red blood cells killed at 80�g/mL peptide
able 4quantifies this scale.

PMOI HBAC GLOB Mean Hyd

177900.6 19 0.130 0.1
158684.6 19 0.159 0.5
173520.7 19 0.139 −1.0
90106.92 13 0.157 0.3
67008.62 13 0.166 2.2

140109.6 16 0.099 0.5
60961.5 12 0.171 2.6
50049.7 11 0.217 1.9
50442.9 11 0.195 3.7

107436.5 15 0.123 2.5
149171.4 17 0.107 1.5
62045.6 13 0.182 5.4
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Table 4
Cytotoxicity and hemolysis scales

Reported Cytotoxicity
(EC50) (�g/mL)

Hemolsysis (%RBC killed
at 80�g/mL of peptide) (%)

0 >400 0–3
1 200–400 3–6
2 100–200 6–12
3 50–100 12–25
4 25–50 25–50
5 <25 >50

While the magnitude of these effects will vary between
peptides, they do change in the same direction; a peptide with
a reported value of five for both cytotoxicity and hemolysis
is very toxic to both types of cells.

We looked at correlations of activity between the microbe
species. We anticipated that species with high correlation be-
tween their activities will be modeled best by similar struc-
tural properties.

3. Results

3.1. Activity correlations between species

Table 5displays the correlation of activity between the
species tested. The correlation between species ofN. gon-
orrhoeaeis very high (0.96); although the magnitude of the
activities for strain FA-19 is generally higher than F-62, they
move in a covariant way. We expect these strains to incorpo-
rate the same properties in a quantitative structure–activity
relationship, albeit they will have different magnitudes for
the coefficients for each property. Conversely, the correlation
betweenC. albicansandN. gonorrhoeaeF-62 is low (0.10)
and these will likely be modeled best by different properties.

3

ities
a re
g rop-
e than
0 ies.
I ded

as key for antimicrobial activity, such as positive charge and
amphiphilicity, do not appear to correlate highly with antimi-
crobial activity or with hemolytic activity or cytotoxicity. The
number of disulfide bonds has the best correlation with ac-
tivity against microbes,|rcc| > 0.58, but this property is also
highly correlated with hemolytic and cytotoxic activity. This
is consistent with previous qualitative studies[2] suggesting
that the molecular topology as dictated by the disulfide bond
constraints is important for activity. However, in most cases
the correlation coefficients are between 0.1 and 0.3. In terms
of physical understanding, this may simply mean that broad
conclusions drawn about the role of single properties such
as the amphiphilicity of the molecules do not provide useful
insight.

3.3. Property–activity models

The basis for constructing a QSAR model of activity is that
although any number of properties may not correlate with ac-
tivity individually, together a linear combination may fit well
with the data. For example, while the easy hydrophobic mo-
ment calculation alone does not correlate perfectly withE.
coli activity, it might add valuable depth to the data when
considered with globularity. Finding the most statistically
significant properties one at a time results in good models
f

A

n

T OI
a t
c l
r
f -
e erage
h ally
c -
i

T
A below t ve spe

L. mo

E 0.49
N 0.50
N 0.49
L
C 30
P 13
C 37
H 38
.2. Property–activity pairwise correlations

Looking at the pairwise correlations between activ
nd properties (Table 6), it is interesting to note that there a
enerally minimal relationships between the individual p
rties and activity; the correlation coefficients are greater
.5 for only a very small number of properties and activit

t is interesting that individual properties broadly regar

able 5
bove the diagonal are the correlation coefficients between species;

E. coli N. gonorrhoeae
(F-62)

N. gonorrhoeae
(FA-19)

. coli 0.200 0.654

. gonorrhoeae(F-62) 28 0.964

. gonorrhoeae(FA-19) 26 29
. monocytogenes 38 26 24
. albicans 46 24 23
. aeruginosa 32 11 11
ytotoxicity 50 30 28
emolysis 56 31 29
or some organisms but not all of them.
TThe simplest model forE. coli, Model E1, is:

ctivity (MIC, �g/mL) = − 0.044 (±0.006552)× FOSA +
0.000208 (±0.00003)× PMOI + 58.65 (±9.34)× GLOB
− 1.500 (±1.114)× MOM 1 + 0.500 (±0.227)×
MEAN HYD

= 55,r2 = 0.69

heF ratio statistic is smaller than 0.001 for FOSA, PM
nd GLOB. A scatter plot of the predicted activity againsE.
oli versus the actual is shown inFig. 2. An almost identica
esult comes from using�M concentrations instead of�g/mL
or MIC. MIC was reported in�g/mL in the majority of the lit
rature surveyed, so this will be used throughout. The av
ydrophobicity and the amphiphilic moment only margin
ontribute to the accuracy of the model. ModelE1 shows def
nite trends in the data, as discussed in Section4. Briefly, we

he diagonal are the number of peptides tested in both of the respecticies

nocytogenes C. albicans P. aeruginosaCytotoxicity HEMOLYSIS

1 0.327 0.715 −0.484 −0.359
9 0.103 0.281 −0.484 −0.294
4 0.491 0.285 −0.594 −0.463

0.714 0.826 −0.634 −0.557
0.488 −0.544 −0.669

26 −0.619 −0.448
40 26 0.660
46 31 56
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Table 6
Activity–property correlations

E. coli N. gonorrhoeae
(F-62)

N. gonorrhoeae
(FA-19)

L. monocytogenes C. albicans P. aeruginosaCytotoxicity hemolysis

MWEI −0.400 −0.262 −0.476 −0.195 −0.325 −0.475 0.572 0.559
CHRG −0.312 −0.063 −0.506 0.035 −0.239 −0.436 0.460 0.378
FOSA −0.446 −0.274 −0.472 −0.175 −0.308 −0.521 0.584 0.574
NESA −0.422 −0.212 −0.453 −0.110 −0.232 −0.496 0.570 0.434
POSA −0.288 −0.178 −0.466 −0.079 −0.254 −0.316 0.484 0.421
EELE 0.342 0.367 0.117 0.245 0.031 0.277 −0.348 −0.251
ESOL 0.109 −0.079 0.442 −0.159 0.187 0.283 −0.159 −0.200
EVDW −0.069 0.262 0.285 0.156 −0.033 −0.109 −0.056 −0.270
FLEX −0.460 −0.270 −0.499 −0.211 −0.301 −0.544 0.616 0.516
DIPO −0.030 −0.237 −0.481 −0.258 0.003 −0.070 0.409 0.422
PMOI −0.367 −0.217 −0.494 −0.110 −0.282 −0.470 0.548 0.500
HBAC −0.319 −0.261 −0.345 −0.165 −0.266 −0.323 0.517 0.427
HBDN −0.333 −0.265 −0.377 −0.180 −0.275 −0.331 0.548 0.466
SASA −0.438 −0.145 −0.503 0.016 −0.270 −0.506 0.527 0.477
DENS 0.091 −0.141 −0.230 −0.539 −0.382 −0.161 0.239 0.286
GLOB 0.568 0.090 0.583 0.232 0.376 0.563 −0.604 −0.445
MVOL −0.408 −0.255 −0.467 −0.158 −0.299 −0.471 0.565 0.546
LOGP 0.114 0.010 0.336 −0.052 0.055 0.195 −0.359 −0.045
BOND −0.156 −0.330 −0.372 −0.690 −0.579 −0.731 0.386 0.549
ACC*(DON1/2)/

SASA
−0.105 −0.262 −0.035 −0.261 −0.225 −0.009 0.283 0.204

SMFI −0.127 −0.030 −0.095 0.254 0.103 −0.190 0.184 0.021
BIFI −0.338 −0.063 −0.506 0.035 −0.178 −0.442 0.439 0.312
SMFO −0.234 −0.610 −0.493 −0.726 −0.454 −0.235 0.442 0.660
BIFO −0.041 −0.007 0.199 0.025 −0.251 −0.112 0.041 0.279
MEAN HYD 0.272 −0.202 0.286 −0.345 −0.073 0.439 −0.289 0.070
MOM 1 −0.190 0.266 −0.042 0.170 0.203 0.076 0.038 −0.077
MOM 2 −0.013 −0.008 0.135 −0.394 0.163 0.028 0.031 0.071

note here that the activity is inversely proportionate to the
hydrophobic component of the surface area and the measure
MOM 1 of hydrophobicity of the molecules. Interestingly,
activity againstE. coli appears to be linearly related to the
peptides’ amphiphilic moment, although this descriptor does
not enter the model with high statistical significance. The hy-
drophobic component of the solvent accessible surface area
is highly correlated with the principle moment of inertia and
it would be assumed that only one or the other would be re-
quired to model activity; however, excluding either of these
model effects prevents any reasonable fit for the data.

Less statistically significant models can be built to model
activity against the other species. In every case, it is possible
to find descriptors that provide a better fitting model (see
Appendix A).

By considering just the most active or least active pep-
tides as a subset, interesting results emerge. Looking at the
least active peptides, the six with MIC > 3.1�g/mL, we get
Model E2 (scatter plot inFig. 3):

Activity (MIC, �g/mL) = 254.8 (±31.88)× GLOB − 41.45
(±6.147)

n = 6, r2 = 0.941,F < 0.0001 for GLOB
Fig. 2. Actual activity vs. predicted with ModelE1.
 Fig. 3. Actual activity vs. predicted with ModelE2.
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When comparing the most active peptides one recurring in-
teresting result is that the van der Waals energy term is one
of the most significant components of the model.

For reference, ModelE3-based on peptides with
MIC < 0.7�g/mL is:

Activity (MIC, �g/mL) = − 0.001997 (±0.000386) ×
EVDW − 0.01906 (±0.0051) × DIPO + 0.7631
(±0.05618)

n = 11,r2 = 0.857,F < 0.006 for EVDW, DIPO

3.4. Cytotoxicity versus hemolysis

Modeling how the protegrins act on skin cells compared
to red blood cells aims to give insight into how to design pep-
tides that are inactive to at least one of these cell types. The
best model for cytotoxicity, ModelCyto:

Cytotoxicity = 0.07323 (±0.02491)× EELE + 0.02016
(±0.005268)× ESOL + 0.2493 (±0.05782)× FLEX −
23.42 (±6.055)× GLOB + 4.350 (±1.985)

n = 53,r2 = 0.58,F < 0.005 for each descriptor

These properties for cytotoxicity cannot be transferred to
hemolysis. Doing so degrades the model severely; for the
59 peptides tested against red blood cells,r2 = 0.308. How-
ever, finding the best properties for hemolysis, ModelHemo:

H

n s

I nly
g

tox-
i ring
t tivi-
t city,
i plied
r ap-
t icity
a s that
a

4. Discussion

4.1. E. coli QSARs

All models contain the globularity property and indicate
that it is statistically very significant. In each of theE. coli
models, the GLOB coefficient is positive; therefore, less glob-
ular molecules will have a higher activity. Linear or flat 2D
molecules have a GLOB rating of 0, while a perfect sphere
has GLOB = 1. The values of GLOB observed for the set
of protegrins range from 0.083 to 0.218. All of the pep-
tides maintain the�-sheet motif and thus are elongated, thin
molecules. The actual values for GLOB can be nearly quan-
tified in the length of the sequence (although simply using
the number of residues as a descriptor does not model activ-
ity nearly as well as globularity); those peptides with GLOB
less than∼0.15 have 13–18 residues, and those with higher
GLOB have 10–12 residues and are almost all less active
than protegrin-1. Since all of the peptides are of the same
general shape, GLOB serves as an indicator of the inverse of
the length of the peptide. This implies that peptides with high
GLOB (having fewer residues) are simply shorter in overall
length and cannot span the lipid bilayer well enough to be
fully active. The number of residues alone cannot describe
this because when specific residues (those at the ends of the
peptide or at the turn) are mutated to Arg, activity stays high;
i teract
w s.
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o re are
l that
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emolysis = 0.02584 (±0.004333)× FOSA− 0.07892
(±0.01653)× NESA− 16.25 (±7.760)× GLOB +
1.252 (±0.4378)× BOND − 8.362 (±2.601)
= 59,r2 = 0.651,F < 0.04 for GLOB,F < 0.006 for other

f these properties are used with cytotoxicity, a model o
ives an accuracy ofr2 = 0.443.

It appears that energy terms play a larger role in cyto
city and size terms play a role in hemolysis (conside
hat the properties cross over well in modeling these ac
ies). Also where increased flexibility increases cytotoxi
ncreasing numbers of disulfide bonds (and thereby im
igidity) increase hemolytic activity. These models try to c
ure the properties that influence hemolysis or cytotox
nd, can therefore, be used to describe novel peptide
re inactive against at least one of the cell types (Fig. 4).

Fig. 4. Actual hemolytic activity vs. predicted with ModelHemo.
t is possible that these side chains can stretch out and in
ith the necessary polar head groups of the bilayer lipid
When we consider just the most active peptides, we

or the first time explicit energy terms in the QSAR (cha
nd the sum of the van der Waals interactions). These
ls compared 23 peptides with MIC ranging from 0.3
.9�g/mL. Modeling peptides that have such similar ac

ty requires introducing a more sensitive measure (EVD
hat was not needed in ModelE1 to separate the most act
eptides. EVDW values cover a much wider range, rela

o GLOB for example, providing a term to differentiate th
therwise similar peptides.

When we model the least active peptides, we achiev
lmost perfect fit,r2 = 0.941, with only one descriptor. Wh
odel E2 contains just six peptides, they span a rang
ctivities from MIC = 3.2 to 14.1�g/mL, and only the de
criptor GLOB is needed to separate them.

Taking the results from the least and most active sets
s to conclude that globularity is important for spatial pac
f peptides together on the surface of the target cell. The

arge differences in globularity in the least active peptides
ead to a large range of minimum inhibitory concentrat
igh above the norm. Considering the most active pept
lobularity was nearly insignificant in establishing small

erences in MIC. All of these peptides have the required
metry to be active. The terms differentiating activity m
e more sensitive and van der Waals energy terms be

mportant. This is not to suggest that pure van der Waa
eractions are determining the activity, but simply that it is
onger physical geometry of the molecule that confers a
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ity, but a more sensitive measure is required to differentiate
the protegrins.

4.2. Which hydrophobic moment to use?

Comparing protegrin-1 (MIC: 0.9�g/mL) with PC-108
(MIC: 0.3�g/mL) and PC-73 (MIC: 14.1�g/mL) provides
some insight as to which hydrophobic moment to use. The
first method described in Methods emphasizes the residues
away from the center of the peptide—the residues at the turn
and those at the ends of the sequence. As shown below, all
three of these sequences have the exact same amino acids
from positions six through fifteen. These are the residues,
which contain the four cysteines, which maintain the�-sheet
structure of each peptide and everything in between. Beyond
these residues, the ends of the peptide can freely rotate and
perhaps play a role in aggregation of peptides.

The formal charge on the two more active peptides is +7
while the inactive is +3. Positive charge may influence ac-
tivity, or it may be a byproduct simply from the size of the
individual peptides (the longer sequences simply have more
arginine residues).

Instead it is interesting to note that the more robust hy-
drophobic moment, MOM2 (which treats each residue the
same) calculated for PC-73 is greater in magnitude than the
other two, with the magnitude of the moment for PC-108
a -
m f PC-
7 ives
g

4

s de-
s imes
w cre-
a ural
d

(see
A
c igher
a

sig-
n ero.
T obic
a reas-
i

same
s be-
t tide
m very
e ty in
a

ela-
t struc-
t for

particularly accurate quantitative structure–activity relation-
ships, the methods described show that models of peptide
activity can be effectively developed, providing insight into
peptide activity.
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Appendix A. QSAR models for each species

E. coli:

Activity (MIC, �g/mL) = − 0.04327 (±0.006413)×
FOSA + 0.0002007 (±0.000032)× PMOI + 56.84
(±9.480)× GLOB + 56.84 (±9.480)× GLOB +
56.84 (±9.480)× GLOB − 1.411 (±1.140)×
MOM 1 + 5.752 (±2.972)× MEAN HYD + 24.35
(±4.696)

n = 55,r2 = 0.68,F < 0.0001 for FOSA, PMOI, GLOB,

N

n

N

n

L

n

bout half that of PC-73. However, using MOM1, the mo
ents of PC-108 and PG-1 are more than double that o
3. This supports using the hydrophobic moment that g
reater weight to the residues far from the center.

.3. Concluding remarks

Most of the models constructed contained some term
cribing the size, shape, and energy of the peptide. At t
hen just one or two of these properties can be used to
te a good fit with the data, the addition of other struct
escriptors does allow better prediction.

In the other models where globularity was a factor
ppendix A), the coefficient is positive as forE. coli, indi-
ating for those species flatter molecules again have h
ctivity.

In those models where the amphiphilic moment was
ificant, we find the coefficient is often greater than z
his is unexpected, as we believe peptides with hydroph
nd hydrophilic components well separated would be inc

ngly active.
Over a wide variety of sequences, all based on the

tructural motif, this study reveals a strong correlation
ween peptide activity and structural properties of the pep
onomers. Emphasis was put on properties that can be
asily calculated and then used to reliably model activi
variety of microbe species.
We have completed a quantitative structure activity r

ionship study on a large set of peptide sequences and
ures. Although the dataset occasionally does not allow
F < 0.23 for others

. gonorrhoeae(F-62):

Activity (MIC, �g/mL) = 1.523 (±0.6840)× EELE
0.2759 (±0.1577)× ESOL− 6.925 (±6.253)×
SMFO− 190.4 (±87.00)× MEAN HYD + 190.8
(±45.48)

= 28,r2 = 0.5148,F < 0.28 for SMFO,F < 0.1 for
others

. gonorrhoeae(FA-19):

Activity (MIC, �g/mL) = − 1.738 (±1.162)× DIPO
+ 550.0 (±197.4)× GLOB + 0.8161 (±0.6253)×
EVDW + 2365 (±1563)× HBAC ×
HBDN1/2/SASA− 111.3 (±59.16)

= 27,r2 = 0.4796,F < 0.15 for all but EVDW,FEVDW
= 0.2

. monocytogenes:

Activity (MIC, �g/mL) = − 0.03460 (±0.01613)×
ESOL− 476.8 (±236.2)× HBAC ×
HBDN1/2/SASA− 15.40 (±2.194)× BOND +
42.11 (±9.737)

= 36,r2 = 0.6347,F < 0.0001 for BOND,F < 0.5 for
other two
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C. albicans:

Activity (MIC, �g/mL) = 0.2682 (±0.1244)× NESA
+ 0.9898 (±0.4449)× DIPO− 12.21 (±2.962)×
HBAC + 7.727 (±3.546)× SMFI − 15.80 (±6.852)
× BOND + 139.8 (±18.21)

n = 45,r2 = 0.5999,F < 0.0002 for HBAC,F < 0.04 for
others

P. aeruginosa:

Activity (MIC, �g/mL) = 53.49 (±15.48)× GLOB −
17.65 (±3.169)× BOND + 30.54 (±7.233)

n = 32,r2 = 0.6698,F < 0.0001 for BOND,FGLOB =
0.0017

Cytotoxicity = 0.07323 (±0.02491)× EELE +
0.02016 (±0.005268)× ESOL + 0.02016
(±0.005268)× ESOL + 0.2493 (±0.05782)×
FLEX − 23.42 (±6.055)× GLOB + 4.350 (±1.985)

n = 53,r2 = 0.573,F < 0.005 for each descriptor
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