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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
of microorganisms. The major goal of this study is to characterize easily calculated molecular properties, which quantitatively show high
correlation with antibacterial activity. The peptides studied have high sequence similarity but vary in activity over more than an order of
magnitude. Hence, sequence analysis alone cannot be used to predict activity for these peptides. We calculate structural properties of 62
protegrin and protegrin-analogue peptides and correlate them to experimental activities against six microbe species, as well as hemolytic
and cytotoxic activities. Natural protegrins structures were compared with synthetic derivatives using homology modeling, and property
descriptors were calculated to determine the characteristics that confer their antimicrobial activity. A structure—activity relationstfip study
all 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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1. Introduction ent species. They have been favored through evolution for
their small size and their high potenf;18].
1.1. Antimicrobial peptides In most cases an AMP first locally disrupts a target cell’s

outer membrane. The anionic lipopolysaccharide phospho-
For the last two decades, antimicrobial peptides have beenlipids that make up the outer membrane are locally in equi-
gaining recognition as highly valuable therapeutic agents in librium with divalent calcium and magnesium cations. The
fighting a wide range of microorganisms. Some antimicro- predominantly cationic AMPs have been sho@hto have
bial peptides (AMPs) have been found to be antibacterial, a higher affinity for LPS, displacing €aand Md¢* ions.
antiviral, antifungal, anti-cancer, or promoters of wound heal- This destabilization of the outer membrane by AMPs has
ing [19]. AMPs have been found in organisms as simple as been termed self-promoted uptgld. From there, the pep-
bacteria to those as complicated as humans including nearlytide may create pores in the cytoplasmic membrane and cause
everything in between. These naturally occurring peptides disruption resulting in cell lyses, or the peptide may actually
have been preserved through evolution with many character-move into the interior of the cell and cause disruption there
istics of individual classes of AMPs consistent across differ- [19,4].
Antimicrobial peptides are especially valuable because
* Corresponding author. Tel.: +1 612 624 4197; fax: +1 612 626 7246, €Y Nave been shown in many cases to be unaffected by
E-mail addressyiannis@cems.umn.edu (Y. Kaznessis). the antibiotic resistance that renders small drug molecules

0196-9781/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.peptides.2004.09.020



DTD 5

2 N. Ostberg, Y. Kaznessis / Peptides xxx (2004) XXX—XXX
worl) (previously unpublished data from Dr. R. Lehrer at UCLA,
T Table ). Among all of these sequences, the minimum se-
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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 protegrifi]in
AMPs do not interact with receptors or other specific sites on
their target. Indeed it is highly unlikely, if impossible, for any

guence 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 MIZd/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 §lde20]

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-

organismto develop resistance to AMPs, because itis an electural properties enabling the set to cover a range of activities.

trostatic interaction that first brings an AMP to the surface of

Previous quantitative structure—activity relationship (QSAR)

a cell membrane. Evolutionary time scales would be neededstudies2] qualitatively described characteristics of the pro-
for microbial species to completely alter the LPS membrane tegrin sequences that made them more or less active (such as:

composition. Moreover AMPs are extremely fast acfifig

those with four cysteines and two disulfide bonds are typi-

hence antimicrobial peptides are an excellent candidate forcally more active than the sequences with only one of these

therapeutic purposes.
Finally antimicrobial peptides are attractive for study with

bonds; higher positive charge imparts greater activity to a
point). However, we wish to quantitatively determine what

computational methods because they are small, most lesgproperties influence protegrin activity and develop models

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 cloii26]. The peptides are

for structure—activity relationships for protegrins against the
wide spectrum of microorganisms studied.

2. Materials and methods
2.1. Protegrin sequences

Numerous experiments have been conducted on the ac-
tivity of natural and synthetic protegrins by Lehrer and
coworkerd11,13,15,22,24]0ther research efforts have gone
into similar studies of the protegrins and related peptides
[2,23,14] For a description of all the experimental meth-

translated as inactive pro-peptides; extra cellular processingods the reader is referred {&82]. In this study, we com-
removes the pro-region, resulting in the release of active pep-bine the results of activity studies on the five natural prote-

tides. Protegrins are similar to other defensins with two disul-
fide bonds and B-sheet structure, and they are between six-

grins and over 50 synthetic peptides summarizethinle 1
These peptides were tested against Gram-negative bacte-

teen and eighteen residues long. The structure of protegrin-1ria (Escherichia coli Psendomonas aerugingshleisseria

available publicly in the protein databafik], is shown in
Fig. 1

gonorrhoeae—two strains), Gram-positive bacteriagteria
monocytogengsand the yeas€andida albicangnot ev-

Protegrins have been shown to act independently of ery peptide was tested against every organism). The peptides

any stereo-specific interaction, as slamino acid isomers

were also tested against cervical epithelial cells for cytotox-

are as active as the natural peptides. These peptides haviity and red blood cells for hemolytic activity.

shown widespread activity against Gram-positive and Gram-

negative bacteria and yeast. Protegrins typically kill bacteria 2.2. Homology modeling

on the order of minutes, again making them attractive thera-

peutic targets.

The crystal structure of protegrin-1, PG-1, has been re-

The natural protegrins and over 50 synthetic sequencessolved and is publicly available in the protein databfiik
have been tested for activity against many microbial specieswww.rcsh.org/pdbunder the PDB identification 1PG-1. The


http://www.rcsb.org/pdb
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Table 1

Peptide activities (MIC inng/mL)
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Name  Sequence E. coli N. gonorrhoeae N. gonorrhoeae L. monocytogenes C. albicans P. aeruginosaytotoxicity Hemolysis
(F-62) (FA-19)
PC001 rggrlcycrrrfcvevgr ) 12 17 09 53 09 4 5
PC003  rggglcycrrrfcvevgr 3 14 18 28 96  Not tested 4 5
PC004 rggricycrgwicfcvgr 2 12 35 19 304  Nottested Not tested 5
PC005 rggricycrPrfcvevgr 2 14 16 25 156  Nottested 3 5
PC006 rggrlaycrrrfcvavgr 2 11 55 26 16 Not tested 4 2
PC007 rggricyarrrfavevgr  Not tested %5 327 Not tested 1%  Nottested 2 1
PC009 Icycrrrfcvevgr 2 1 63 233 619  Not tested 2 0
PC010 rcycrrrfcvevgr il 0.8 18 7.9 314  Nottested 4 0
PC011 rggrlcycrrrfcvev B 15 38 37 116  Nottested 5 5
PC012 rggrlcycrrrfcicv o 13 43 55 205 31 4 3
PC013 rggrlcycrrrfcver 3 12 19 27 102  Nottested 5 5
PC014 rcycrrrfcver p.2} 11 14 33 101  Nottested 4 5
PC015 Icycrrrcvev 5 23 9.8 24 8.8 3 3 1
PC016 Icyarrrfavev ® 136 484 15 255 0.8 2 0
PC017 rcyarrrfaver 1 2 24 0.7 105 0.6 3 5
PC018 laycrrrfcvav r 16 118 14 80-250 Not tested 2 1
PC019 raycrrrfcvar 3 133 >500 29 29  Nottested 0 0
PC020 cycrrrfcvevgr b 35 528 217 675  Nottested 1 0
PCO021 rggricycrrrfcve B >500 >500 36 >250 Not tested ;) 0
PC037 Icytrrrftvev 14 18 101 42 275 14 3 1
PCO045 ltycrrrfcvtv 05 2 101 0.3 27 0.5 3 1
PC064 IcytrPrftvev u 13 138 2 284  Not tested 3 1
PCO064a Icytrgrftvev ® 0.7 5.3 39 122  Not tested 2 0
PCO065 IcytfrPrfvev 3 41 30 105 >250 Not tested 6 0
PC066 Icytfrgrfvev Not tested 58 158 Not tested Not tested  Not tested 2 0
PC069 cycrrrfcvev >80 38 1276 80-250 >250 Not tested K] 0
PC070 Icycrrrfcve Z 32 323 261 80-250 Not tested 1 0
PC071 cycrrrfcve 2 42 13 4 319 94 3 0
PC072  cycfrrfcve ® 18 84 0.7 284 12 3 2
PC073 Icycrrrrevev 14 317 969 Not tested >79 71 1 0
PC074 Icycfrrrevev 8 15 112 Not tested 2B 9.7 2 0
PC077 Icycrfrrcvev 1 Not tested Not tested .53 349 31 3 1
PC078 Icycrrfrcvev B Not tested Not tested a >791 37 0.5 3
PC079 ycycrrrfcvevgr 5 Not tested Not tested .8 >791 16 Q5 1
PC080 tcycrrrfcvevgr il Not tested Not tested .8 >791 41 0.5 3
PC091 acycrrrfcvevgr a Not tested Not tested 3 89  Nottested 4 4
PC092 vcycrrrfcvevgr a Not tested Not tested 4 112  Nottested 3 3
PC093 icycrrrfcvevgr o Not tested Not tested A4 117  Nottested 4 4
PC094 fcycrrrfcvevgr ® Not tested Not tested 3 87  Not tested 4 5
PC095  wecycrrrfcvevgr ® Not tested Not tested A4 99  Nottested 4 5
PC096 ecycrrrfcvevgr 6 Not tested Not tested a 93  Not tested 4 5
PC097 rggrlcycrrrfcvey ® Not tested Not tested A 107  Nottested 4 5
PC098 rggrlcycrrrfcvct a Not tested Not tested Not tested 22 .34 3 1
PC100 rggricycrrrfcvca 8 Not tested Not tested Not tested 93 12 4 5
PC101 rggrlcycrrrfcvcl (04 Not tested Not tested Not tested 44 14 2 3
PC102 rggricycrrrfcvci 3B Not tested Not tested Not tested 63 12 3 4
PC103 rggrlcycrrrfcvct o Not tested Not tested Not tested 51 07 4 5
PC104 rggricycrrrfcvew ® Not tested Not tested Not tested 63 1 4 5
PC105 rggricycrrrfcvce 1 Not tested Not tested Not tested 4 4 07 3 5
PC106 rggricycrrrfcver t] Not tested Not tested Not tested 57 14 3 5
PC107  rlcytrgrftvev (05} Not tested Not tested Not tested 81 05 2 0
PC108 Icytrgrftvevr (0¢} Not tested Not tested Not tested 3 .40 Not tested Not tested
PC109 rleytrgrftvevr Not tested Not tested Not tested Not tested Not tested  Not tested 4 3
PC110 Icychhhfcvev Not tested Not tested Not tested Not tested Nottested Not tested 3 0
PC111 Icythhhftvev Not tested Not tested Not tested Not tested Not tested  Not tested 4 3
PC112 Icycrrricycv 5) Not tested Not tested Not tested >250 6 0 2
PC113 Icycrrrfcfcv 138 Not tested Not tested Not tested >250 23 0 0
PC146 Icycrrrfctcv 1 Not tested Not tested Not tested 11 41 Not tested 2
PC147 Icycrrrfcgev (04 Not tested Not tested Not tested 69 09 Not tested 5
PC148 Icycrrrfcwev B Not tested Not tested Not tested 25 62 Not tested 0
PC149 rggrlcycrrrfcvevgr P Not tested Not tested Not tested 28 1 Not tested 0
PC150 rggglcycrrrfcvevgr ] Not tested Not tested Not tested .20 09 Not tested 4
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sequence of this peptide is RGGRLCYCRRRFCVCVGR* Table 2 _
with the asterisk denoting a C-terminal Mkhich is found Properties calculated in MOE

on all of the protegrins studied. Molecular weight MWEI
The peptides were studied using the Molecular Operating Formal charge CHRG
Environment (MQE) softvyar[ﬁG]. As PG-1isthe only struc- agg’gghiﬁiiﬂz;#éﬁcsf E;rzg A FggiA
ture publicly available, this file was used as the template for negative component of SASA NESA
all of the other sequences for homology modeling. Each syn- positive component of SASA POSA
thetic sequence was aligned to PG-1 (in the PDB file for PG- Electrostatic portion of potential energy EELE
1, the C-terminal amine is counted as a nineteenth residue;Energy change of solvation in water ESOL
the residue was deleted and then the,Njoup was added \é?:rgﬁey%iig’iﬁgﬁ? t?]';p:;zggil energy FLEE\;DW
onto the final arginine residue). The target sequences have amnole moment of peptide DIPO
average sequence identity of 67% with the template, and theprinciple moment of inertia PMOI
minimum sequence identity was 39%. Sequences this similarNumber of hydrogen bond acceptors HBAC
typically are acceptable for homology modeling. Importantly, Number of hydrogen bond donors HBDN
the location of cysteine residues (two or four, with one or two 'E)Agr']es'i:t“%rf\t’ﬁéurle ide '\g\g:‘s
disulfide bonds) is absolutely conserved. There was one semobmériw of Ife;ide GLOB
quence (PC-8) tested with alanine replacing all four cysteine Octanol/water partition coefficient LOGP

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  Molecular weight is calculated based on the atoms that
low confidence in this structure, it was discarded in the rest MOE sees, not from a reference value for the residues.
of the analysis. Formal charge is determined for the specific force field

Using PG-1 as a template and the synthetic sequences fithere AMBERS89), summing up eacty ‘charge assigned to
with the corresponding residue substitutions, MOE creates each atom in the structure.
homology models that find the lowest energy structure for  Solvent accessible surface area is calculated using water
the new sequence, allowing the synthetic structures to re-as a solvent with a radius of 184for the water molecule.
lax to some energy minimum. The default MOE homology Hydrophobic {g|<0.2), negative d<—0.2), and positive
model settings were used with an AMBERS9 force field for (q>0.2) surface areas are calculated with the force field as-
the potentials. In this method for each peptide, MOE createssigned charges and the van der Waals surface area for each
ten models placing the substituted residues at random orien-atom. The accessible portion of the surface area is deter-
tations. Each of these models is minimized and the lowest mined using a connection table approximation; MOE im-
energy structure is then taken to be the best. As each of theplicitly records what is bound to each atom and has stored
sequences tested had a C-terminabMkbup, thiswas added  values for the combinations of possible neighbors.
manually for each structure. An additional minimization step ~ The electrostatic and van der Waals portions of the poten-
was run, and the relaxed structure that resulted was used irtial energy and the dipole moment of the molecule rely on the
further calculations for each peptide. force field chosen to determine partial charges. The solvation

energy is for water.
The KierFlex number is a measure of flexibility of the
2.3. Structural properties molecule as described [B].
The principal moment of inertia can be calculated in the

Using MOE a descriptor database was developed which x-y-z (external) coordinates of the peptide, but the descriptor
characterized the natural and novel structures. After creatingwe used is calculated in the peptide’s frame of reference.
each structure using homology modeling, the peptide was Hydrogenbond acceptors and donors do notinclude acidic
loaded into a MOE database. Twenty six properties were and basic atoms, but will count atoms which are both accep-
calculated with the methods MOE uses which are describedtors and donors, such as a@®H group.
below. Pairwise correlation coefficients were calculated and  Molecular volume is calculated from the van der Waals
eight of the properties were eliminated as they behaved co-radii, using a0.7% grid approximation. Density is calculated
variantly with other properties. A general cutoff of 0.95 was from the molecular weight divided by this van der Waals
used, although some properties with higher covariance werecalculated molecular volume.
kept because they provide different levels of insight. For ex-  Globularity, or inverse condition number, is a measure of
ample the principal moment of inertia is highly correlated how spherical (value of 1.0) or flat or linear (value of 0.0) a
with size and weight of the molecule, but since it varies by moleculeis. Itis calculated as the smallest eigenvalue divided
the geometry of the peptide, a property not included in these by the largest eigenvalue of the covariance matrix of atomic
descriptors, we leave the moment of inertia in the analysis. coordinates of the molecule.
Table 2lists the properties from MOE that were calculated In addition to these descriptors, the number of disulfide
along with the abbreviations used later in the models. bonds (1 or 2) was included (descriptor: BOND). Structures
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with more disulfide bonds help to stabilize fBesheet motif Through the studies, globularity and amphiphilic charac-
and maintain activity2]. teristics continued to arise as significant in building models of
Similarly to previous QSAR studie2], we have in- protegrin activity. We then included four descriptors, which
cluded the term HBAC*(HBDIY2)/SASA as a gauge of the  used sequence information to indicate the actual count of
electrostatic surface tension of a moleci#gs]. (small/big) and (hydrophobic/hydrophilic) residues, descrip-

Knowing that amphiphilicity is assumed to influence AMP  tors SMFO, SMFI, BIFO, BIFI.
activity, and using the coordinates of the peptide atoms, we  Example values for properties of 12 peptides used in this
calculated an amphiphilic moment according to Silverman study are presented fable 3
[21]. There are two methods included in this reference, hence-
forth called moment 1 and moment 2 (MQMand MOM 2 2.4. Correlating properties with activity
respectively). For these calculations, the center of geometry
for each residue’s side chain (non-hydrogen) anchrbon The software program JMP (SAS Institute Inc. 1999) was
atoms is used as the location of each residué&or the pep- used as a regression tool (as[i2]) to determine least-
tide, the center of geometry of these residue centers is usedsquares-error structure—activity models. We seek to corre-
as the reference centeg. The values used for residue hy- late structural properties with the activities of each peptide
drophobicity were those used by Silverman and come from against each microorganism, the microbe activity measure-
referencg17], with the signs reversed. Hydrophilic residues ments being available in minimum inhibitory concentrations
haveh; negative, hydrophobic are positive. For MOMthe (MIC, ng/mL) and independent scales used for cytotoxicity
contribution of each residue is the residue hydrophobicity and hemolysis.
multiplied by the moment arnri(— r¢) for the residue. Sum- A stepwise model building method was employed. For
ming over all residues and dividing by the number of residues the selected properties and organism, the amount of error is
gives a linear first order amphiphilic moment. This calcula- reported that would result from not using a property in the
tion gives high weight to the hydrophobic/hydrophilic char- linear model. The most influential property is determined and
acter of residues far from the center of the peptide. included in the model. The errors for the remaining properties

The more rigorous calculation of peptide hydrophobicity, are recalculated, factoring in the properties included in the
MOM_2, comes from scaling the coordinates of the peptide model. The model fitr€) is reported in each step, and this
from an elliptical representation to a spherical one, where process is repeated, adding the most statistically significant
each residue will equally influence the hydrophobic moment. descriptors until a certain, high confidence is reached.

This involves first rotating the peptide into a principle co-

ordinate orientation and then calculating scaling factors for 2.5. Cytotoxicity versus hemolysis

the minor axes. The actual moment calculation is similar

to MOM_1. These methods provide both a magnitude and  We also compare models between cytotoxicity and hemol-
a direction for the hydrophobic moment, but we only in- ysis. A peptide that lyses red blood cells but does not kill skin
clude the magnitude of MOM. and MOM2 for our cal- cells has different therapeutic value than one that is cytotoxic
culations. but has no activity on red blood cells.

Also using the residue hydrophobicity scale, the meanhy-  The data for cytotoxicity and hemolysis are ranked on a
drophobicity of each peptide was included as a descriptor, 0-5 scale; for cytotoxicity, the scale corresponds to a concen-
MEAN _HYD, using the scale frorfi7]. This descriptor was  tration range for Egp. For hemolysis, the scale corresponds
favored over the MOE descriptor LOGP because it is easier to the percent of red blood cells killed at R8/mL peptide.

to calculate directly from sequence data. Table 4quantifies this scale.

Table 3

Example values for calculated structural properties of 12 peptides

Peptide MWEI CHRG FOSA EVDW PMOI HBAC GLOB Mean Hydro
PCO001 216270 7 146317 —24912 1779006 19 Q130 Q15
PCO005 20964 6 145840 —17.949 158684 19 Q159 Qa5
PCO009 208%0 7 147513 —21.387 1735207 19 Q139 —1.09
PCO016 161107 6 11197 42150 901092 13 0157 Q33
PCO020 14485 4 106402 —7.9588 6700862 13 0166 227
PC045 18383 6 128107 1251 14010% 16 Q099 Q52
PCO71 13981 4 989774 —13631 609615 12 Q171 268
PCO073 129658 4 906391 —10.741 500497 11 Q217 193
PCO074 12866 3 91777 —8.2776 504420 11 Q195 372
PC095 17222 5 122742 —-12164 107436 15 0123 256
PC105 19851 6 139915 —19.186 1491714 17 Q107 151
PC112 14583 4 97219 —16.156 6204% 13 0182 546

FOSA inA2, EVDW in kcal/mol, PMOI in amu, Mearydro scale fronj26].
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Table 4 as key for antimicrobial activity, such as positive charge and

Cytotoxicity and hemolysis scales amphiphilicity, do not appear to correlate highly with antimi-

Reported Cytotoxicity Hemolsysis (%RBC killed crobial activity or with hemolytic activity or cytotoxicity. The
(ECs0) (ng/mL) at 80pg/mL of peptide) (%) number of disulfide bonds has the best correlation with ac-

0 >400 0-3 tivity against microbesjr¢c| > 0.58, but this property is also

; igg“z‘gg g‘iz highly correlated with hemolytic and cytotoxic activity. This

3 50_100 1;_25 is consistent with previous qualitative studj@f suggesting

4 2550 25 50 that the molecular topology as dictated by the disulfide bond

5 <25 >50 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.

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-3.3. Property—activity models
tween their activities will be modeled best by similar struc-
tural properties. 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

3. Results with the data. For example, while the easy hydrophobic mo-
ment calculation alone does not correlate perfectly \Eith
3.1. Activity correlations between species coli activity, it might add valuable depth to the data when

considered with globularity. Finding the most statistically
Table 5displays the correlation of activity between the significant properties one at a time results in good models
species tested. The correlation between specidé. gon- for some organisms but not all of them.
orrhoeaeis very high (0.96); although the magnitude of the TThe simplest model foE. coli, ModelE1, is:

activities for strain FA-19 is generally higher than F-62, they Activity (MIC, pg/mL) = — 0.044 (-0.006552)x FOSA +

move in a covariant way. We expect these strains to incorpo- 0.000208 £-0.00003)x PMOI + 58.65 (£9.34) x GLOB
rate the same properties in a quantitative structure—activity 1.500 (1 i14)>< MOM 1 + 0 50'0 (0 2'27)X

relationship, albeit they will have different magnitudes for

. - MEAN_HYD
the coefficients for each property. Conversely, the correlation
betweenC. albicansandN. gonorrhoead--62 is low (0.10)
and these will likely be modeled best by different properties.

TheF ratio statistic is smaller than 0.001 for FOSA, PMOI
3.2. Property—activity pairwise correlations and GLOB. A scatter plot of the predicted activity agaiast

coli versus the actual is shown ffig. 2 An almost identical

Looking at the pairwise correlations between activities resultcomes from usingM concentrations instead pfy/mL

and propertiesTable 6, itis interesting to note that there are  for MIC. MIC was reported imwg/mL in the majority of the lit-
generally minimal relationships between the individual prop- erature surveyed, so this will be used throughout. The average
erties and activity; the correlation coefficients are greater than hydrophobicity and the amphiphilic moment only marginally
0.5 for only a very small number of properties and activities. contribute to the accuracy of the model. Madell shows def-
It is interesting that individual properties broadly regarded inite trends in the data, as discussed in Sectidriefly, we

n=>55,r2=0.69

Table 5
Above the diagonal are the correlation coefficients between species; below the diagonal are the number of peptides tested in both of the reigsective spe

E.coli N.gonorrhoeae N.gonorrhoeae L. monocytogenes C. albicans P. aeruginosaytotoxicity HEMOLYSIS

(F-62) (FA-19)
E. coli 0.200 Q0654 Q491 Q327 Q715 —0.484 —0.359
N. gonorrhoeadF-62) 28 0964 Q509 Q0103 0281 —0.484 —0.294
N. gonorrhoeadFA-19) 26 29 0494 Q491 Q0285 —0.594 —0.463
L. monocytogenes 38 26 24 0714 0826 —0.634 —0.557
C. albicans 46 24 23 30 0488 —0.544 —0.669
P. aeruginosa 32 11 11 13 26 —0.619 —0.448
Cytotoxicity 50 30 28 37 40 26 0.660

Hemolysis 56 31 29 38 46 31 56
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Table 6

Activity—property correlations

E. coli N. gonorrhoeae  N. gonorrhoeae L. monocytogenes  C. albicans  P. aeruginosaCytotoxicity =~ hemolysis
(F-62) (FA-19)
MWEI —0.400 -0.262 —0.476 —0.195 —0.325 —0.475 Q572 0559
CHRG —-0.312 -0.063 —0.506 Q035 —0.239 —0.436 Q460 Q378
FOSA —0.446 -0.274 —0.472 —0.175 —0.308 —-0.521 0584 0574
NESA —-0.422 -0.212 —0.453 —0.110 —0.232 —0.496 Q570 Q434
POSA -0.288 -0.178 —0.466 —0.079 —0.254 —0.316 Q484 0421
EELE 0342 Q367 Q117 Q245 Q031 Q277 —0.348 —0.251
ESOL 0109 -0.079 Q442 —0.159 Q187 0283 —0.159 —0.200
EVDW —0.069 Q262 Q285 Q156 —0.033 —0.109 —0.056 -0.270
FLEX —0.460 —0.270 —0.499 —0.211 —0.301 —0.544 0616 0516
DIPO —0.030 -0.237 —-0.481 —0.258 Q003 —0.070 Q409 Q422
PMOI —-0.367 -0.217 —0.494 —0.110 —0.282 —0.470 0548 Q500
HBAC —-0.319 -0.261 —0.345 —0.165 —0.266 —-0.323 Q517 Q427
HBDN —0.333 —-0.265 -0.377 —0.180 —-0.275 —0.331 0548 0466
SASA —0.438 -0.145 —0.503 Q016 —0.270 —0.506 Q527 Q477
DENS Q091 -0.141 —0.230 —0.539 —0.382 —0.161 0239 0286
GLOB 0.568 Q090 Q583 Q232 Q376 Q563 —0.604 —0.445
MVOL —0.408 —0.255 —0.467 —0.158 —0.299 —-0.471 Q0565 0546
LOGP Q114 Q010 Q336 —0.052 Q055 Q195 —0.359 —0.045
BOND —0.156 —0.330 —0.372 —0.690 —0.579 —-0.731 0386 0549
ACC*(DON”Z)/ —0.105 -0.262 —0.035 —0.261 —0.225 —0.009 Q283 Q204
SASA

SMFI —-0.127 -0.030 —0.095 Q254 Q103 —0.190 Q184 Q021
BIFI —0.338 —0.063 —0.506 Q035 -0.178 —0.442 Q0439 Q0312
SMFO —-0.234 -0.610 —0.493 —0.726 —0.454 -0.235 Q442 0660
BIFO —0.041 —0.007 Q199 Q025 —0.251 -0.112 Q041 Q279
MEAN_HYD 0.272 -0.202 0286 —0.345 —0.073 0439 —0.289 Q070
MOM_1 —0.190 0266 —0.042 Q170 0203 Q076 Q038 —0.077
MOM_2 —0.013 —0.008 Q135 —0.394 Q0163 0028 Q031 Q071

note here that the activity is inversely proportionate to the  Less statistically significant models can be built to model
hydrophobic component of the surface area and the measurectivity against the other species. In every case, it is possible
MOM _1 of hydrophobicity of the molecules. Interestingly, to find descriptors that provide a better fitting model (see
activity againste. coli appears to be linearly related to the Appendix A).
peptides’ amphiphilic moment, although this descriptor does By considering just the most active or least active pep-
not enter the model with high statistical significance. The hy- tides as a subset, interesting results emerge. Looking at the
drophobic component of the solvent accessible surface aredeast active peptides, the six with MIC > 3.8/mL, we get
is highly correlated with the principle moment of inertia and Model E2 (scatter plot irFig. 3):
it would be assumed _thf';\t only one or the other would be re- Activity (MIC, pg/mL) = 254.8 (£31.88)x GLOB — 41.45
quired to model activity; however, excluding either of these (+6.147)
model effects prevents any reasonable fit for the data. '

n=6,r?=0.941,F <0.0001 for GLOB

15 16

= /
12,5+ # / 14 4 s
4 -
g 10- ) 52 LA T
E g 10 - o T
L 754 o A
3 8 P s — i
B 5 w
2.5+
0 |
0 5 10 15 10 15
E.coli Predicted P<.0001 RSq=0.69 RMSE=1.477 E.coli Predicted RSq=0.94 RMSE=1.1722

Fig. 2. Actual activity vs. predicted with Modél1. Fig. 3. Actual activity vs. predicted with Modé&l2.
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When comparing the most active peptides one recurring in- 4. Discussion
teresting result is that the van der Waals energy term is one

of the most significant components of the model. 4.1. E. coliQSARs

For reference, ModeE3-based on peptides with
MIC <0.7 ng/mL is: All models contain the globularity property and indicate
. _ that it is statistically very significant. In each of tke coli
ACEtzQ/W(MIC’ 0 g%nalé) - 0_0 0%501997DI§8.0203§ 3)6; 1 models, the GLOB coefficientis positive; therefore, less glob-
(0 0561_8) : &0. ) x ' 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 th@-sheet motif and thus are elongated, thin
) _ ) molecules. The actual values for GLOB can be nearly quan-
Modeling how the protegrins act on skin cells compared tifieq in the length of the sequence (although simply using
to red blood cells aims to give insight into how to design pep- the number of residues as a descriptor does not model activ-
tides that are inactive to at least one of these cell types. Theity nearly as well as globularity); those peptides with GLOB
best model for cytotoxicity, ModeCyto: less than~0.15 have 13-18 residues, and those with higher

Cytotoxicity = 0.0732340.02491)x EELE + 0.02016 GLOB have 10-12 residues and are almost all less active
(0.005268)x ESOL + 0.249340.05782)x FLEX — than protegrin-1. Since all of the peptides are of the same
23.42 (:6.055)x GLOB + 4.350 (-1.985) general shape, GLOB serves as an indicator of the inverse of

n=53,r2 = 0.58,F < 0.005 for each descriptor the length of the peptide. This implies that peptides with high
] o GLOB (having fewer residues) are simply shorter in overall
These properties for cytotoxicity cannot be transferred to length and cannot span the lipid bilayer well enough to be

hemolysis. Doing so degrades the model severely; for thef,y active. The number of residues alone cannot describe
59 peptides tested against red blood cefls; 0.308. How-  this hecause when specific residues (those at the ends of the
ever, finding the best properties for hemolysis, Modelmo: peptide or at the turn) are mutated to Arg, activity stays high;
Hemolysis = 0.02584+0.004333)x FOSA— 0.07892 itis possible that these side chains can stretch out and interact

(+0.01653)x NESA — 16.25 (+7.760)x GLOB + with the necessary polar head groups of the bilayer lipids.
1.252 (£0.4378)x BOND — 8.362 (2.601) When we consider just the most active peptides, we see

n=59,r2=0.651,F < 0.04 for GLOB,F < 0.006 for others for the first time explicit energy terms in the QSAR (charge
and the sum of the van der Waals interactions). These mod-
els compared 23 peptides with MIC ranging from 0.3 to

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

3.4. Cytotoxicity versus hemolysis

If these properties are used with cytotoxicity, a model only

gives an accuracy of =0.443, _ 0.9pg/mL. Modeling peptides that have such similar activ-

_ Itappears that energy terms play a larger role in cytotox- i requires introducing a more sensitive measure (EVDW)
icity and size terms play a role in hemolysis (considering {hat was not needed in Mod&lL to separate the most active
that the properties cross over well in modeling these activi- peptides. EVDW values cover a much wider range, relative
ties). Also where increased flexibility increases cytotoxicity, , s1.0B for example, providing a term to differentiate these
increasing numbers of disulfide bonds (and thereby implied jiharwise similar peptides.

rigidity) increase hemolytic activity. These modelstrytocap-  \when we model the least active peptides, we achieve an
ture the properties that influence hemolysis or cytotoxicity o<t perfect fit? = 0.941, with only one descriptor. While

andz can therefqre, be used to describe nove_l peptides thaModeLEz contains just six peptides, they span a range of
are inactive against at least one of the cell tygeg.(4). activities from MIC=3.2 to 14.Lg/mL, and only the de-

scriptor GLOB is needed to separate them.

2 N i // Taking the results from the least and most active sets leads
: a3 e us to conclude that globularity is important for spatial packing
é 4 = /:f//{ o of peptides together on the surface of the target cell. There are
< 3 - large differences in globularity in the least active peptides that
% - /_/;/_/ lead to a large range of minimum inhibitory concentrations
E . - /_/4 v high above the norm. Considering the most active peptides,
<= o 2 globularity was nearly insignificant in establishing small dif-

0 /—;/ - -—— ferences in MIC. All of these peptides have the required ge-

1 : [ ; ; ] ] ometry to be active. The terms differentiating activity must

-2 -1 0 1 2 3 4 5

hemolysis Predicted P<.0001 RSq=0.71
RMSE=1.1978

Fig. 4. Actual hemolytic activity vs. predicted with ModElemo.

be more sensitive and van der Waals energy terms become
important. This is not to suggest that pure van der Waals in-
teractions are determining the activity, but simply that itis no
longer physical geometry of the molecule that confers activ-
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ity, but a more sensitive measure is required to differentiate particularly accurate quantitative structure—activity relation-

the protegrins. ships, the methods described show that models of peptide
activity can be effectively developed, providing insight into
4.2. Which hydrophobic moment to use? peptide activity.

Comparing protegrin-1 (MIC: 0.2g/mL) with PC-108 K |
(MIC: 0.3pg/mL) and PC-73 (MIC: 14.Lg/mL) provides  A\cknowledgments
some insight as to which hydrophobic moment to use. The

first method described in Methods emphasizes the residues Wg are} very grlat.eful r?f Alan W{aring .""F‘d (Ij?obert Lehlrer
away from the center of the peptide—the residues at the turn@t UCLA for supplying the protegrin activity data. We also

and those at the ends of the sequence. As shown below, aiivould like to acknowledge the University of Minnesota Su-

three of these sequences have the exact same amino aci&ercomputi_ng Institute, the UniversityofMin_nesota Biotech-
from positions six through fifteen. These are the residues, nology In_stltute, 3M and IBM for computational resources
which contain the four cysteines, which maintain fhsheet and funding for this work.
structure of each peptide and everything in between. BeyondAppendix A. QSAR models for each species
these residues, the ends of the peptide can freely rotate and
perhaps play a role in aggregation of peptides. E. coli:

The formal (_:har.ge on the two more active p_eptides is+7  Activity (MIC, pg/mL) = — 0.04327 (0.006413)x
vyhlle thg inactive is +3. Positive charge may mfl_uence ac- FOSA + 0.000200740.000032)x PMOI + 56.84
tivity, or it may be a byproduct simply from the size of the (49.480)x GLOB + 56.84 (-9.480)x GLOB +
individual peptides (the longer sequences simply have more 56 84 (-9.480)x GLOB — 1.411 @-1.140)x

arginine residues). MOM _1 + 5.752 (-2.972) x MEAN_HYD + 24.35
Instead it is interesting to note that the more robust hy- (44.696)

drophobic moment, MOM (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
about half that of PC-73. However, using MQM the mo-
ments of PC-108 and PG-1 are more than double that of PC-
73. This supports using the hydrophobic moment that gives N- gonorrhoeagF-62):

n=55,r2 = 0.68,F < 0.0001 for FOSA, PMOI, GLOB,
F < 0.23 for others

greater weight to the residues far from the center. Activity (MIC, pg/mL) =1.523 ¢£0.6840)x EELE
0.2759 (£0.1577)x ESOL — 6.925 (-6.253) x

4.3. Concluding remarks SMFO — 190.4 ¢87.00)x MEAN_HYD + 190.8
(+45.48)

Most of the models constructed contained some terms de-
scribing the size, shape, and energy of the peptide. At times, - 28,12 = 0.5148 F < 0.28 for SMFOF < 0.1 for
when just one or two of these properties can be used to cre- 5inarg
ate a good fit with the data, the addition of other structural
descriptors does allow better prediction.

In the other models where globularity was a factor (see N. gonorrhoeadFA-19):

Appendix A), the coefficient is positive as fd. coli, indi- Activity (MIC, pg/mL) =—1.738 (£1.162)x DIPO
cating for those species flatter molecules again have higher ~ *550.0 (-197.4)x GLOB + 0.8161 {0.6253)x
activity. EVDW + 2365 (-1563) x HBAC x

In those models where the amphiphilic moment was sig- ~ HBDNY2/SASA — 111.3 (£59.16)
nificant, we find the coefficient is often greater than zero.
This is unexpected, as we believe peptides with hydrophobicn = 27,r2 = 0.4796 F < 0.15 for all but EVDWFgvpw
and hydrophilic components well separated would be increas- =0.2
ingly active.
Over a wide variety of sequences, all based on the same; monocytogenes

structural motif, this study reveals a strong correlation be- -
: . ; : Activity (MIC, png/mL) = — 0.03460 £0.01613)x
tween peptide activity and structural properties of the peptide
pepuce ac Wity uctura’ propert pept ESOL — 476.8 (-236.2) x HBAC x

monomers. Emphasis was put on properties that can be very

easily calculated and then used to reliably model activity in HBDN'/#/SASA — 15.40 (-2.194) < BOND +

a variety of microbe species. 42.11 €9.737)
We have completed a quantitative structure activity rela-

tionship study on a large set of peptide sequences and struch = 36,r% = 0.6347 F < 0.0001 for BONDF < 0.5 for

tures. Although the dataset occasionally does not allow for ~other two
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C. albicans
Activity (MIC, pg/mL) =0.2682 £0.1244)x NESA
+0.9898 (-0.4449)x DIPO — 12.21 (2.962) x
HBAC + 7.727 &3.546)x SMFI — 15.80 ¢-6.852)
x BOND + 139.8 :18.21)

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

P. aeruginosa

Activity (MIC, wg/mL) = 53.49 (£15.48)x GLOB —
17.65 (-3.169)x BOND + 30.54 (£7.233)

n=32,r2 = 0.6698F < 0.0001 for BONDFgiog =
0.0017

Cytotoxicity = 0.0732340.02491)x EELE +
0.02016 £0.005268)x ESOL + 0.02016
(+£0.005268)x ESOL + 0.249340.05782)x
FLEX — 23.42 (£6.055)x GLOB + 4.350 (-1.985)

n=53,r?2 = 0.573,F < 0.005 for each descriptor

Hemolysis = 0.025840.004333)x FOSA —
0.07892 (£0.01653)x NESA — 16.25 (-7.760)
GLOB + 1.252 (-0.4378)x BOND — 8.362
(+£2.601)

n=59,r2 = 0.651,F < 0.04 for GLOB,F < 0.006 for
others
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