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Abstract Cationic peptide antibiotics (CPAs) are known to
possess amphiphilic structure, by virtue of which they
display lytic activity against bacterial cell membranes.
Naturally occurring antimicrobial peptides contain a large
number of amino acid residues, which limits their clinical
applicability. Recent studies indicate that it is possible to
decrease the chain-length of these peptides without loss of
activity, and suggest that a minimum of two positive
ionizable (hydrophilic) and two bulky groups (hydropho-
bic) are required for antimicrobial activity. By employing
the HipHop module of the software package CATALYST,
we have translated these experimental findings into 3-D
pharmacophore models by finding common features among
active peptides. Positively ionizable (PI) and hydrophobic
(HYD) features are the important characteristics of com-
pounds used for pharmacophore model development. Based
on the highest score and the presence of amphiphilic
structure, two separate hypothesis, Ec-2 and Sa-6 for
Escherichia coli and Staphylococcus aureus, respectively,
were selected for mapping analysis of active and inactive
peptides against these organisms. The resulting models not
only provided information on the minimum requirement of
PI and HYD features but also indicated the importance of
their relative arrangement in space. The minimum require-
ment for PI features was two in both cases but the number
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of HYD features required in the case of E. coli was four
while for S. aureus it was found to be three. These
hypotheses were able to differentiate between active and
inactive CPAs against both organisms and were able to
explain the experimental results. The hypotheses were
further validated using cationic steroid antibiotics (CSAs),
a different class of facial amphiphiles with same mecha-
nism of antimicrobial action as that of CPAs. The results
showed that CSAs also require similar minimum features to
be active against both E. coli and S. aureus. These studies
also indicate that the minimum feature requirements may be
conserved for different strains of the same organism.
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Introduction

The widespread and irrational use of classical antibiotics
has led to a stupendous increase in the number of resistant
strains of bacteria [1-4]. To further worsen the situation,
only three new structural classes of antibiotics, namely the
oxazolidinones (linezolid), the streptogramins and the
cyclic lipopeptides (daptomycin) have become available
on the market in the past 40 years [5—7]. Therefore, it is
critical to develop novel, potent and efficacious classes of
antimicrobial agents. Cationic peptide antibiotics (CPAs)
have shown the potential to represent such a class of
antibiotics [8, 9]. Naturally occurring CPAs, which consti-
tute a major component of the innate self-defense system,
provide an immediate response to invading microorganisms
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and display a broad spectrum of bactericidal and fungicidal
activity [10—13].

Most of the known CPAs have an extra positive charge
due to the presence of amino acids with a positively
ionizable (PI) group in the side chain (most commonly Arg
or Lys), and also contain hydrophobic (HYD) amino acid
residues. It is now well known that CPAs adopt a particular
secondary or tertiary structure, with cationic groups on one
face of the molecule and HYD groups on the other side. This
segregation of cationic and HYD groups imparts the facial
amphiphilicity to the molecule that is responsible for mech-
anism of action of CPAs [14, 15]. The facial amphiphilicity
has been presumed to be essential and responsible for the
cell membrane lytic activity of these peptides. Although their
exact mode of action is still not completely understood, it is
well established that CPAs interact with the cell membrane
of susceptible microorganisms, where either their accumula-
tion in the membrane causes increased permeability and loss
of barrier function or they cross the membrane to access
cytoplasmic targets [16, 17]. For example, mechanistic
studies with gramicidin-S have clearly shown that this peptide
is extremely membrane active [18]. In order to exert their
activity, peptides first interact with, mainly, lipopolysaccha-
ride (LPS) and peptidoglycan and traverse the outer barrier of
the microbe. The positively charged CPAs preferentially
interact with the anionic phospholipids of the bacterial cell
membrane rather than with the neutral mammalian cell
membrane, which is made of zwitterionic phospholipids and
cholesterol, thus leading to selective action [19-23].

Various models have been proposed to explain the
mechanism of disruption of the bacterial cytoplasmic
membrane by CPAs, of which the ‘Barrel-stave model’
and the ‘Carpet model” have been widely accepted [24-27].
CPAs have many advantages, including their rapid action,
on a variety of microorganisms such as bacteria, fungi and
viruses. In addition, the development of resistance to
membrane-active CPAs, whose sole target is the cytoplas-
mic membrane, is not expected because this would require
substantial changes in the lipid composition of cell
membranes of microorganisms, which they cannot afford.
Thus, the unique mechanism of action makes CPA an ideal
class of antibiotics, especially in application against
resistant bacterial strains. However, there are some serious
drawbacks associated with naturally occurring CPAs that
limit their practical use. The major problem is their large
size, which poses several challenges regarding synthesis,
bioavailability, metabolic stability, immunogenicity, route
of administration, and high production costs [28]. Also,
being membrane active, CPAs are not completely devoid of
side effects and exert hemolytic activity. These problems
could be alleviated by designing and developing smaller
synthetic CPAs, which hopefully would be also devoid of
side effects.
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Recently, Svendsen et al. reported the synthesis and
evaluation of smaller CPAs composed of two to six natural
and synthetic amino acids [29, 30]. The motive of the latter
studies was to find the minimum requirement of hydrophilic
and hydrophobic features that should be present in CPAs in
order to exert antimicrobial activity. Basic amino acid
residues (Arg and Lys) were used to impart PI features
whereas HYD features were imparted by incorporation of
various bulky residues (such as indole, substituted and
unsubstituted Trp, and aryl rings). The results clearly
demonstrated that it is possible to decrease the size of CPAs
while retaining antimicrobial activity. From these studies, it
was concluded that a minimum of two units of PI
(hydrophilic) groups and two units of bulky (hydrophobic)
groups are required to exhibit antimicrobial activity. All
peptides also showed substantially less hemolytic activity
and are thus more selective for prokaryotic cells. However, a
few interesting issues arise from these experimental studies.
For instance, many peptides fulfilling this minimum require-
ment were found to be less active or inactive for the same
microorganism. This led us to believe that this minimum
requirement may be an essential but not sufficient condition
for activity. This is understandable as these features should
be segregated at two opposite faces of the molecule in order
to ensure the amphiphilic structure of the peptide that is
important for the antimicrobial mechanism of action.
Moreover, it was also observed that a few peptides found
active against Staphylococcus aureus (Gram positive bacte-
ria) were either inactive or less active against Escherichia
coli (Gram negative bacteria). This may be due to differing
minimum requirements of hydrophilic and hydrophobic
features for the two organisms, and thus it would be
interesting to analyze such differences among different types
of microorganisms. Also, if this concept of minimum require-
ments is valid for CPAs then logically it should be pertinent
to any other class of molecules possessing antimicrobial
activity that employ the same mechanism of action.

To study these issues in detail, we decided to translate
experimental observations into a computational model that
would allow us to determine the minimum requirements for
hydrophilic and hydrophobic features within this series of
CPAs. If the model shows segregation of PI and HYD
features on two opposite faces and is able to predict the
activity of test set molecules, it can be considered as valid.
However, quantitative estimation of activity in this case was
not possible, as the biological data is given as MIC and not
as exact ICsq values. Thus, it was decided to employ the
HipHop module [31] of the software package CATALYST
(Accelrys, San Diego, CA), which identifies a set of
common chemical features shared by the given set of
molecules and their relative alignments to these features,
without considering biological activity. Since PI and HYD
are the only two important features for antimicrobial
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activity, and there is no particular receptor or protein target
for CPAs, analysis was restricted to include only PI and
HYD features for pharmacophore generation. The dataset
was divided into two categories of ‘actives’ and ‘inactives’
defined on the basis of their MICs against the organisms E.
coli and S. aureus. In order to study the differences in the
minimum requirements for these two organisms, two
different hypotheses (or pharmacophores) were generated
using ‘active’ peptides against these two organisms as the
training set. To the best of our knowledge such an approach
to pharmacophore model generation for membrane active
molecules has not previously been reported.

To further examine the proposed models, we selected
another class of facial amphiphiles based on cholic acid,
which provides three derivatizable -OH groups on the same
face. The potential of these compounds as facial amphiphiles
was initially recognized by Kahne and coworkers [32], while
Savage and coworkers [33—39] have exploited their use as
antimicrobials and membrane sensitizers. These are generally
known as cationic steroid antibiotics (CSAs), and are found
to be active against both Gram negative and Gram positive
bacteria. Hence, plausibly, the requirement for minimum PI
and HYD features should be the same for both classes of
molecules, and a good model should be able to differentiate
between active and inactive CPAs and CSAs.

Pharmacophore generation methodology

All computational analyses were conducted on a Silicon
Graphics Octane 2 workstation using an IRIX 6.5 operating
system. The HipHop module of CATALYST 4.10 [40] was
used to generate a set of hypotheses. The dataset was
adopted from the work of Svendsen et al. [29, 30], in which
they reported a variety of cationic peptides possessing
antimicrobial activities against E. coli (ATCC 25922) and S.
aureus (ATCC 25923). For the purpose of pharmacophore
development, peptides having MIC<50 pg/mL were
considered as ‘actives’ while peptides having MICs>
200 ug/mL were considered as ‘inactives’. The 3-D
pharmacophores for E. coli and for S. aureus were
constructed using 11 and 29 active peptides, respectively
(Table 1, Fig. 1). Peptide selection comprised structural
diversity as representatives of dipeptides, tripeptides,
tetrapeptides, pentapeptides and hexapeptides with a variety
of unnatural amino acids and different N- and C-terminal
groups were included (Table 2). All chemical structures
were constructed using the 2D/3D editor of CATALYST
4.10 software. Conformational space for all peptides was
explored using CHARMM force fields [41], implemented
in the software, and a constraint of 20 kcal mol™' energy
threshold above the estimated global minima was used for
considering conformers. The ‘best conformation genera-

Table 1 Sequence and biological activities of cationic peptide
antibiotics (CPAs) reported in [28] and [29]

CPA Sequence MIC

Escherichia coli
(ATCC 25922)

Staphylococcus
aureus
(ATCC 25923)

1 KF-OBzl >200 >200
2 WR-Obzl >200 200

3 KW-Obzl >200 50

4 rW-Obzl >200 25

5 RF-Obzl >200 200
6 wrw-Obzl 75 5

7 WRW-OBzl 75 5

8 WRW-NH, >200 200
9 ChaR-OBzl >300 100
10 BipR-OBzI 150 5

11 BipR-OBzIPh 50 5

12 WR-NH-BzI >300 100
13 AthR-NHBzl 150 20
14 K(COO)w-OBzl 150 50

15 K(COO)W-OBzI 150 50
16 RW-OBzl >200 15

17 TbtR-NHBzI 10 2.5
18 TbtR-NH, >150 15

19 AR-OBzIPh 300 100
20 wRW-OBzI 75 20
21 kW-OBzl >200 75
22 WWR-OMe >200 >200
23 Rw-OBzI >200 50
24 RWR-NH, >200 >200
25 WR-OMe >200 >200
26 Kw-OBzI >200 75
27 rw-OBzl >200 50
28 FtbR-OBzl 200 25
29 BipR-OMe >300 150
30 BipR-NHBzI >50 15

31 FR-OBzIPh 100 12.5
32 TbtR-OMe 30 5

33 TbtR-NHiPr 50 7.5
34 FR-OBzl >200 >200
35 K(CH,NH)W-OBzI >300 150
36 GtbR-OBzl >300 >300
37 AtbR-OBzI >300 >300
38 WRWR-OMe >200 >200
39 RWRW-0OBzI 50 2.5
40 RWrw-OBzI 75 5

41 RWWR-OMe >200 75
42 RWWR-NH, >200 100
43 WRWR-NH, >200 200
44 WRRW-NH, >200 200
45 WRWRWR-NH, 10 7.5
46 RWRWRW-NH, 5 5

47 WRWRW-NH, 15 10
48 RWRWR-NH, 200 25
49 WRWRY-NH, 100 50
50 Ftb-OMe >300 >300
51 RRRWWW-NH, 5 5

52 RWWWRR-NH, 5 5

53 WWRRRW-NH, 25 10
54 WRYRW-NH, 100 50

MIC Minimum inhibitory concentration (pg/mL)
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Fig. 1 Structures of various
unnatural amino acids incorpo-
rated in the cationic peptide
antibiotics (CPAs) used for
pharmacophore generation
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tion’ option within CATALYST, which utilizes the poling
algorithm [42—44], was employed as a method to generate
conformational models, and a maximum of 250 conformers
for each molecule was generated to ensure maximum
coverage of the conformational space. Among the dataset,
peptides with MIC<5 pg/mL (Table 2) were selected as
reference molecules, with Principal=2 and MaxOmitFeat
(MOF) = 0, whereas Principal=1 and MOF=1 were used
for the remaining peptides. Only PI and HYD features
were selected for hypothesis generation, as only these
features are critical for exhibiting biological activity.
Furthermore, PI definition was customized to include also
pyridyl and imidazolyl rings. In the case of S. aureus, a
minimum of one and a maximum of five PI and HYD
features were demanded to generate hypotheses, while in
case of E. coli a minimum of zero and a maximum of five
such features were requested. Default values were used for
various other parameters (such as Spacing, Misses, Com-
pleteMisses, Minipoints and MiniSubsetPoints) in the
advanced options.
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Mapping of compounds onto a particular hypothesis
was done using the Compare/Fit command within the
CATALYST program. There are two options of fitting a
molecule to the hypothesis, namely the ‘Best fit’ method
and the ‘Fast Fit’ method. The ‘Fast Fit” method finds the
optimum conformer from the already generated confor-
mation space that fits the hypothesis, while the ‘Best Fit’
method manipulates the first 100 conformers within the
specified energy threshold to minimize the distance between
the hypothesis and mapped atoms in the molecules. The
‘Best Fit” method was used to map all the peptides in this
study. Furthermore, a molecule can either be forced to fit all
the features using MOF=0 in the Compare/Fit command or it
can be given freedom to miss one or two features by se-
lecting MOF=1 or MOF=2, respectively. This allows one to
identify a feature of the hypothesis that may be present but is
not important for activity, in case a highly active molecule
lacks that particular feature. The program maps the particular
compound onto the hypothesis accordingly using the confor-
mation space and calculates the ‘fit value’. The higher the fit
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Table 2 CPAs active against

E. coli and S. aureus, used as E. coli (ATCC 25922)

the training set for model de-

velopment, together with the fit CPA Sequence MIC* Confs® Principal® MaxOmitFeat’ BestFit-0° (AE)
Eal‘;es "‘dgasmsg the hyp‘?thfs‘s 11 BipR-OBzIPh 50 251 1 1 NME
¢-2 and Sa-, respectively 17 TbtR-NHBzI 10 251 1 1 3.79 (8.00)
32 TbtR-OMe 30 251 1 1 3.21 (18.2)
33 TbtR-NHiPr 50 251 1 1 4.83 (8.7)
39 RWRW-OBzI 50 251 1 1 5.74 (11.8)
45 WRWRWR-NH, 10 250 1 1 5.19 (7.9)
46 RWRWRW-NH, 5 250 2 0 4.55 (11.2)
47 WRWRW-NH, 15 250 1 1 4.90 (10.3)
a . . 51 RRRWWW-NH, 5 236 2 0 6.00 (7.00)
. As described in Table 1 52 RWWWRR-NH, 25 241 1 1 4.47 (18.8)
Total number of conforma- g5 WWRRRW-NH, 25 251 1 1 435 (13.8)
th.I’IS generated for a compot}nd Avg=4.70
using Fhe, ‘best conformation S. aureus (ATCC 25923)
g‘;ﬁi‘g‘;{’pﬁg"‘m‘i 3 KW-OBzI 50 251 1 I 4.57 (0.0)
CPrinicipal:1p mgeans that this 4 rW-OBzI 25 251 ! ! 4.70 (15.6)
compound must map onto the 6 wrw-OBz1 5 251 2 0 3.88 (13.5)
hypothesis generated by the 7 WRW_OBZ] > 21 2 0 3.96 (10.7)
search procedure. Partial map- 10 B¥pR-Ole > 251 2 0 2.57 (18.8)
. . . 11 BipR-OBzIPh 5 251 2 0 4.02 (5.93)
ping is allowed. Principal=2
means that this is the reference 13 AthR-NHBz| 20 21 ! ! 3.31 (18.2)
compound and chemical fea- 16 RW-OBzI 15 251 1 1 4.55 (18.5)
tures of such a compound must 17 TbtR-NHBzI 2.5 251 2 0 3.61 (12.4)
be used to define the initial set 18 TbtR-NH, 15 251 1 1 3.49 (10.8)
of potential hypotheses 20 wRW-OB7I 20 251 1 1 3.64 (8.1)
dMaxOmitFeat:l means that 23 RW-OBZ] 50 251 1 1 434 (58)
one feature of the compound 27 Kw-OBzl 50 251 1 1 3.96 (5.1)
may not be mapped on the 28 rw-OBzl 25 251 1 1 3.51 (19.4)
hypothesis. MaxOmitFeat=0 30 BipR-NHBzI 15 251 1 1 3.56 (12.3)
means that all the features of a 31 FR-OBzIPh 12.5 251 1 1 2.31(9.3)
compound must map to the 32 TbtR-OMe 5 251 2 0 3.53 (17.2)
hypothesis 33 TbtR-NHiPr 75 251 1 1 3.69 (17.1)
*This value was generated 39 RWRW-OBzl 2.5 251 2 0 4.84 (13.3)
using MaxOmitFeat = 0 in the 40 RWrw-OBzI 5 251 2 0 5.00 (10.1)
‘Compare/Fit’ command of 45 WRWRWR-NHZ 7.5 250 1 1 4.89 (169)
CATALYST, and means that 46 RWRWRW-NH, 5 250 2 0 4.08 (3.8)
the molecule is forced to map 47 WRWRW-NH, 10 250 1 1 3.77 (14.1)
all the features. The greater the 48 RWRWR-NH, 25 251 1 1 4.70 (4.6)
best fit value, the better the 49 WRWRY-NH, 50 251 1 1 4.72 (19.6)
molecule fits to the hypothesis 51 RRRWWW-NH, 5 236 2 0 4.24 (19.7)
"Energy difference between the 52 RWWWRR-NH, 5 241 2 0 4.85 (17.6)
best fit conformer and the 53 WWRRRW-NH, 10 251 1 1 4.79 (5.4)
estimated global minima for 54 WRYRW-NH, 50 212 1 1 2.70 (17.4)
the same molecule Avg=3.99

£No mapping possible

value, the better the compound maps to the given hypothesis.
In this case, mapping was done using the ‘Best Fit’ option
with MOF=0 and MOF=1, leading to two different or
identical fit values BestFit-0 and BestFit-1, respectively.

Results and discussion

For short cationic peptides (data shown in Table 1),
Svendsen and coworkers reported that the requirement for
positive charge is fulfilled by the guanidino group of the
arginine (R) residue and the free amino group at the N-

terminus, while the indole ring of tryptophan (W) and other
aromatic rings fulfill the criteria for hydrophobic or bulky
groups [29, 30]. In addition, it was also mentioned by the
authors that the two units of bulky (hydrophobic) groups
may actually have more than two hydrophobic point
features. For instance, the indole ring of Trp was counted
as one bulky unit but has two aromatic rings as two
hydrophobic point features and can be compared to the
biphenyl moiety. However, there is no mention about the
arrangement of these features in space although it is well
documented that an amphiphilic structure is important [30].
Also, the peptides WRWR-NH, and WRRW-NH, (43 and
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44 in Table 1, respectively) both have two Arg and two Trp
residues, which fulfills the minimum requirement for two
PI and two bulky groups as reported by the authors, but
show contradicting high MIC values against both organ-
isms (200 pg/mL against S. aureus and >200 pg/mL
against E. coli, Table 1) [29].

It is known that facial amphiphilicity plays an important
role in the mechanism of action of CPAs and is important for
their antimicrobial activity. Thus, it is expected that, in the
active peptide, PI and HYD features should be arranged in
such a way that an amphiphilic structure can be attained,
while an inactive peptide might not be able to do so despite
fulfilling the minimum requirements. The experimental study
also showed that most of the highly active peptides against S.
aureus were only moderately active or inactive against E.
coli. This is expected, given the fact that these organisms
belong to different classes (one is Gram positive and the
other Gram negative) of bacteria, leading to inherent differ-
ences between their cell membranes—the site of action of
these CPAs. Thus, the minimum requirement of hydrophobic
and hydrophilic features may be different for these organ-
isms. Hence, we also aimed to develop separate hypotheses

for both E. coli and S. aureus and to validate these
hypotheses with the help of reported activity data.

The HipHop module of CATALYST was employed for
pharmacophore (hypothesis) generation, which yielded the
top ten hypotheses with the corresponding chemical features
and scores (Table 3). The higher the score, the higher the
significance of the hypothesis, and the lower the possibility
of chance correlation. The top hypothesis for E. coli (Ec-1)
scored 172.25, while the last hypothesis (Ec-10) scored
152.49. In the case of S. aureus, the corresponding values
were 409.07 (Sa-1) and 398.67 (Sa-10) as shown in Table 3.
For S. aureus, all hypotheses showed the presence of three
HYD and two PI features. This was also the case with E.
coli, with the exception of the top two hypotheses (Ec-1 and
Ec-2), which showed the presence four HYD features, and
the last hypothesis (Ec-10), which showed the presence of
only one PI feature. However, it should be noted that all of
these hypotheses may not be relevant and one has to identify
a valid hypothesis among those generated. We followed three
criteria for selecting a relevant hypothesis in both cases: (1)
the PI and HYD features of the hypothesis should be at two
opposite faces giving amphiphilic structure, since this is the

Table 3 Details of the top ten

hypotheses generated against E. coli (ATCC 25922)

E. coli and S. aureus

Ranking score®

Direct hit (DH) and partial hit (PH)"

Hypothesis Features
Ec-1 2xPL, 4xHYD
Ec-2 2xPI, 4xHYD
Ec-3 2xPL, 3xHYD
Ec-4 2xPL, 3xHYD
Ec-5 2xPI, 3xHYD
Ec-6 2xPI, 3xHYD
Ec-7 2xPL, 3xHYD
Ec-8 2xPI, 3xHYD
Ec-9 2xPL, 3xHYD
Ec-10 1xPI, 4xHYD
S. aureus (ATCC 25923)
Sa-1 2xPL, 3xHYD
Sa-2 2xPI, 3xHYD
PI Positively ionizable, HYD Sa-3 2xP1, 3xHYD
hydrophobic group
*The higher the ranking score, Sa-4 2xPI, 3xHYD
the lower the probability of
chance correlation. The best Sa-5 2xPI, 3xHYD
hypothesis shows the highest
value Sa-6 2xPL, 3xHYD
°Each number in the DH and
PH rows corresponds to a Sa-7 2xPI, 3xHYD
molecule used to generate hy-
pothesis (in the same order Sa-8 2xPI, 3xHYD
from right to left as shown in
Table 2). DH and PH indicates Sa-9 2xPI, 3xHYD
whether (1) or not (0) a mole-
cule mapped to every feature or Sa-10 2xPL, 3xHYD

all but one feature in the
hypothesis, respectively

172.25 DH: 11111111111 PH: 00000000000

161.99 DH: 11111111110 PH: 00000000001

157.80 DH: 11111111111 PH: 00000000000

156.28 DH: 11111111111 PH: 00000000000

156.23 DH: 11111111111 PH: 00000000000

153.93 DH: 11111111111 PH: 00000000000

153.67 DH: 11111111110 PH: 00000000001

153.65 DH: 11111111111 PH: 00000000000

152.61 DH: 11111111110 PH: 00000000001

152.49 DH: 11111111110 PH: 00000000001

409.07 DH: 101111111111 111111111 1111111111
PH: 0100000000000000000000000000000

406.39 DH: 1111111111111 111111 111111111111
PH: 0000000000000000000000000000000

403.28 DH: 1111111111101111111111111111111
PH: 0000000000010000000000000000000

403.02 DH: 1111111111110 1111 1111111111111
PH: 0000000000001000000000000000000

402.20 DH: 1111111111111 111111111111111111
PH: 0000000000000000000000000000000

401.40 DH: 1011111111111111111111111111111
PH: 0100000000000000000000000000000

400.30 DH: 1111111111111 111111 111111111111
PH: 0000000000000000000000000000000

399.82 DH: 1111111111111 111111 111111111111
PH: 0000000000000000000000000000000

399.80 DH: 1111111111111 111111 111111111111
PH: 0000000000000000000000000000000

398.67 DH: 111111111101 111111 1111111111111

PH: 0000000000100000000000000000000
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necessary condition for the activity, (2) if more than one
hypothesis fulfills the above criteria, the one with the higher
rank should be selected, and (3) inactive peptides should
either map the hypothesis poorly or lack one or more
features of the hypothesis. Consequently, Ec-2 and Sa-6 were
found to match all the above mentioned criteria, and further
detailed mapping analysis was carried out using these
two hypotheses.

Mapping analysis of CPAs with hypothesis Ec-2

The ‘BestFit’ values of all the training set molecules for E.
coli with hypothesis Ec-2, which has two PI features and four
HYD features, are given in Table 2. These features are
arranged on two opposite faces, thus providing the facial
amphiphilicity required for activity. With the exception of
peptide 11, all molecules mapped quite well to all the
features of the hypothesis, with fit values ranging from 3.21
to 6.00 and an average fit value of 4.70. As expected, the two
PI features were mapped by either a free amino group and a
guanidino group or both guanidino groups. The mapping of
an active CPA (33) with Ec-2 is shown in Fig. 2a, which
demonstrates the separation of the PI and HYD features on
the two opposite faces together with the distance
tolerances among these features. One guanidino group
and one free -NH, group mapped to the two PI features.
The three HYD features were mapped by the substituted
indole ring and one by the iPr group at the C-terminus.
Interestingly, the majority of the inactive peptides
(MIC>200 pug/mL) ,when forced to map to all the features
(BestFit-0) of hypothesis Ec-2, did not show any mapping
(Table 4). Out of the thirty inactive peptides, mapping was
not possible with twenty-four, while two of the peptides (22
and 43) showed poor ‘BestFit-0’ values of 0.52 and 1.62,
respectively. Only pentapeptide 48 showed a fit value
greater than the average fit value (4.70) of the active
peptides. When inactive peptides were provided with the
freedom of missing one feature of the hypothesis (MOF=1),
all the inactive peptides could also map to the hypothesis
except 1, 5, 9, 19, 34, 36 and 37. Although the fit values
(BestFit-1, Table 4) improved, the compounds lacked
either the PI or HYD feature of the hypothesis. For
example, peptide 2 lacked one of the two essential PI
features of Ec-2 as shown in Fig. 2b. These results
indicate that, for activity against E. coli, a peptide should
fit all the features of Ec-2 in the given relative position in
space with high BestFit-0 values. On the other hand, an
inactive peptide does not fulfill this criteria and fits the
hypothesis either poorly or partially by missing an
important feature of Ec-2. Thus, the developed hypothesis
is able to differentiate between active and inactive small
CPAs in the given series. However, compounds 38, 41, 42

Fig. 2 Example of (a) active and (b) inactive CPAs against
Escherichia coli mapped to hypothesis Ec-2. Cyan- and brown-
colored spheres represent HYD and PI features, respectively

and 48, which are shown to be inactive experimentally,
were found to possess minimum features of Ec-2 and
mapped well to the hypothesis. These exceptional results
may be due to some other factors, such as self-aggregation
of the peptides, leading to a decrease in effective con-
centration, or these peptides may not be able to attain the
required conformation under the given conditions.

Mapping analysis of CPAs with hypothesis Sa-6

Similar to Ec-2, hypothesis Sa-6 shows that, in the case of
S. aureus, a minimum of two PI features are required, while
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Table 4 Inactive CPAs against E. coli and S. aureus, together with
best-fit values against hypotheses Ec-2 and Sa-6

E. coli (ATCC 25922)

CPA  Sequence MIC®  BestFit-0° (AE)® BestFit-1¢ (AE) ©
1 KF-OBzI >200 NM° NM
2 WR-OBzI >200 NM 437 (10.8)
3 KW-OBzI >200 NM 4.81 (2.6)
4 rW-OBzI >200 NM 4.88 (19.2)
5 RF-OBzI >200 NM NM
8 WRW-NH, >200 NM 458 (9.1)
9 ChaR-OBzI >300 NM NM
12 WR-NH-Bzl  >300 NM 4.69 (13.0)
16  RW-OBzl >200 NM 437 (17.7)
19 AR-OBzIPh 300 NM NM
21  kW-OBz >200 NM 457 (4.8)
22 WWR-OMe  >200 0.52 (14.1) 478 (9.6)
23 Rw-OBz >200 NM 4.87 (7.0)
24 RWR-NH, >200 NM 4.64 (18.6)
25  WR-OMe >200 NM 3.36 (11.9)
26  Kw-OBzl >200 NM 4.66 (6.67)
27  w-OBzl >200 NM 4.82 (8.1)
28  FtbR-OBzl 200 NM 3.68 (11.0)
29  BipR-OMe >300 NM 1.87 (8.2)
34  FR-OBzl >200 NM NM
35  K(CH,NH) >300 NM 4.90 (11.8)
‘W-OBzl
36  GtbR-OBzl >300 NM NM
37  AtbR-OBz >300 NM NM
38 WRWR-OMe >200 3.83 (10.1) 4.93 (10.0)
41  RWWR-OMe >200 5.6 (14.7) 5.69 (14.7)
42 RWWR-NH, >200 4.20 (9.15) 4.90 (8.1)
43  WRWR-NH, >200 1.62 (17.9) 4.83 (11.0)
44  WRRW-NH, >200 NM 4.95 (10.4)
48  RWRWR-NH, 200 NM 5.44 (10.6)
50  Ftb-OMe >300 NM 2.42 (10.6)
S. aureus (ATCC 25923)
1 KF-OBz >200 NM 3.87 (13.6)
2 WR-OBzl 200 NM 3.70 (14.2)
5  RF-OBzl 200 NM 3.90 (5.6)
8  WRW-NH2 200 3.20 (13.0) 4.00 (4.5)
22 WWR-OMe  >200 247 (11.1) 3.99 (9.9)
24 RWR-NH, >200 0.98 (10.2) 3.99 (7.8)
25  WR-OMe >200  0.90 (9.3) 3.63 (17.5)
34  FR-OBzl >200 NM 3.71 (1.9)
36  GtbR-OBzl >300 NM 2.56 (9.3)
37  AtbR-OBzl >300 NM 3.49 (2.3)
38  WRWR-OMe >200 3.82 (13.6) 3.99 (14.9)
43  WRWR-NH2 200  3.32(12.9) 3.98 (14.9)
44  WRRW-NH2 200  2.89 (8.45) 4.00 (15.9)
50  FtbR-OMe >300 1.80 (19.6) 3.68 (9.5)

? As described in Table 1

" ¢ As described in Table 2

9This value was generated using MaxOmitFeat = 1 in the ‘Compare/
Fit" command of CATALYST, and means that the molecule was
allowed to miss only one feature. The greater the best fit value, the
better the molecule fits the hypothesis

¢No mapping possible
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only three HYD point features, arranged closely in space,
are required. In this case, the PI and HYD features are also
arranged to form an amphiphilic structure. All the peptides
map well to the hypothesis, with an average best fit value
of 3.99 (Table 2), except peptides 10, 31 and 54, for which
this value is less than 3.00. The mapping of an active CPA
(3), against Sa-6 is shown in Fig. 3a together with the
distance tolerances among various features of Sa-6. Again,
the two PI features are mapped by one guanidino and one

Fig. 3 Example of (a) active and (b) inactive CPA against S. aureus
mapped to hypothesis Sa-6. Cyan- and brown-colored spheres
represent HYD and PI features, respectively
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Table 5 Cationic steroid anti- R o . 4 .
biotics (CSAs) (Fig. 4) evalu- CSA MIC BestFit-0"(AE) BestFit-19(AE)
;tse;lz;g)gaézzt ;,5 .ac:rlefu(sA(ﬂl;ACTCCC E.coli S. aureus E.coli S. aureus E.coli S. aureus
259232’;°gei}}‘ler W‘g‘ ﬁzt Vagles 55 22 (20) 3.1 1.80 (5.1) 4.05 (11.5) 4.77 (11.8) 4.05 (11.5)
as‘ga;ns ypotheses e-= an 56 5.1 (7.0) 1.0 1.21 (14.7) 3.83 (5.8) 4.80 (8.7) 3.96 (14.5)
& 57 1.4 (2.0) 0.6 431 (15.1) 4.48 (12.8) 4.80 (0.0) 4.48 (12.8)
58 80 (140) 8.6 NM® 1.83 (14.1) NM 3.71 (14.2)
59 36 (36) 2.0 NM 0.64 (12.2) 3.58 (10.3) 3.77 (6.9)
60 6.6 (11) 0.55 0.41 (17.2) 3.86 (14.2) 477 (2.3) 3.94 (6.6)
61 3.0 (1.5) 0.40 3.01 (4.4) 3.38 (16.3) 477 (6.2) 3.97 (16.3)
62 0.31 (1.0) 0.59 2.03 (12.5) 4.44 (18.0) 478 (10.2) 4.44 (18.0)
63 1.0 1.8 4.98 (9.6) 4.12 (13.3) 4.98 (9.6) 4.12 (13.3)
64 7.0 4.0 3.68 (10.6) 3.34 (19.2) 479 (19.6) 3.97 (19.2)
® As described in Table 1. 65 35 12 5.68 (8.8) 4.30 (8.8) 5.68 (8.8) 4.30 (8.8)
Minimum inhibitory concen- 66 60 15 NM 0.12 (16.6) 4.51 (15.5) 3.85 (15.3)
trations against £.Coli (ATCC 67 30 11 NM 2.80 (9.5) 4.70 (17.1) 3.97 (18.0)
10798) are given in parenthesis 68 23 14 NM 2.04 (15.0) 479 (1.3) 3.99 (8.8)
As described in Table 2 69 >100 >100 NM NM 1.53 (17.7) 3.75 (13.9)
¢ 9 As described in Table 4 70 6.6 4.6 NM 4.05 (11.3) 4.82 (8.5) 4.05 (11.3)
“No mapping possible 71 7.3 2.0 NM 3.13 (14.3) 4.55 (9.3) 3.99 (10.7)

free -NH, group, while the HYD features are mapped by
the indole ring and the phenyl moiety at the C-terminus.
Similarly, mapping analysis of the inactive peptides was
also carried out with Sa-6 (summarized in Table 4). Of the
fourteen inactive peptides (MIC>200 pg/mL), six did not
map at all to the hypothesis when forced to map to all the
features (BestFit-0, Table 4). Peptides 24 and 25 mapped to
all the features but with very poor fit values of less than 1.0,
while peptides 22, 44 and 50 also produced best fit values
less than the average best fit value (3.99) of the active
peptides. An improvement in fit values was observed when
these inactive peptides were allowed to miss one feature of
the hypothesis (BestFit-1, Table 4). For instance, the
inactive CPA 37 missed one HYD feature of the hypothesis
Sa-6 (Fig. 3b). Thus, as in the case of E. coli, all the
peptides inactive against S. aureus also fit either poorly or
partially to the computational hypothesis Sa-6. Therefore,
the given hypothesis Sa-6 is in accordance with the ex-
perimental observations of Svendsen and coworkers [29,
30] that two units of a bulky group is a minimum require-
ment for high antimicrobial activity against S. aureus.
However, the computational hypothesis (Sa-6) shows that
the two bulky groups should actually have a total of three
HYD point features. The mapping analysis has also shown
that these HYD features may be mapped by two bulky
groups or even a single bulky group such as a substituted
indole ring. This hypothesis also explains why the stereo-
chemistry or sequence of the constituent amino acids may
not be important as long as the overall peptide structure can
adopt an amphiphilic structure as predicted by the hypoth-
esis. For example, peptides 6 (wrw-OBzl) and 7 (WRW-
OBzl), which have identical sequences but opposite
configuration at the chiral centers of the amino acids,

exhibited high activity against S. arueus (MIC=5 pg/mL)
and are also able to map to all the features of the hypothesis
with comparable best fit values of 3.88 and 3.96, re-
spectively. Experimentally, it has also been reported that
smaller peptides with closely positioned bulky groups are
more active than those having distantly situated bulky groups.
For example, peptide 16 (RW-OBzl; MIC=15 pg/mL), where
Trp and benzyl groups are close together, is more active than
peptide 2 (WR-OBzl; MIC=200 pg/mL), which has the op-
posite sequence. Hypothesis Sa-6 also shows that all three

Table 6 CSAs evaluated against a different strain of £. coli (ATCC 10798)

CSA MIC? E. coli BestFit-0° (AE)°
(ATCC 10798)

72 85 M

73 80 NM

74 85 1.41 (15.6)

75 70 NM

76 >100 NM

77 >100 NM

78 85 NM

79 80 NM

80 100 NM

81 5.0 NM

82 140 NM

83 70 NM

84 70 NM

85 28 NM

86 3.0 4.94 (10.0)

87 3.0 3.02 (11.4)

88 12 NM

? As defined in Table 1
¢ As defined in Table 2
¢No mapping possible
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Fig. 4 Structures of the cationic
steroid antibiotics (CSAs) used

for the validation of pharmaco-

phore models Ec-2 and Sa-6
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Fig. 5 Example of (a) active and (b) inactive CSAs against E. coli
mapped to hypothesis Ec-2. Cyan- and brown-colored spheres
represent HYD and PI features, respectively

HYD groups should be located in close proximity in order to
form the amphiphilic structure required for activity. Peptide
16 fulfills this requirement with its closely situated indole and
benzyl groups at the C-terminus, whereas peptide 2 failed to
map to all features despite containing all the required features
in the hypothesis. Hence, the computationally generated hy-
pothesis Sa-6 not only suggests the minimum requirement of
hydrophobic and hydrophilic features for activity against S.
aureus, but also maintains that a particular arrangement in
space should be attained for activity.

Validation with cationic steroidal antimicrobials

The computational hypotheses Ec-2 and Sa-6 were further
validated on a different class of antimicrobial molecules:

cationic steroid antibiotics (CSAs). This class of molecules
is also known to possess facial amphiphilicity and to act by
the same mechanism as that exhibited by CPAs [33, 39].
Initially, it was decided to select from the literature only
those CSAs that had been tested against the same strains

Fig. 6 Example of active (a) and inactive (b) CSA against S. aureus,
mapped to hypothesis Sa-6. Cyan- and brown-colored spheres
represent HYD and PI features, respectively
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of E. coli (ATCC 25922) and S. aureus (ATCC 25923)
[37-39]. However, the same activity trend was observed
for some CSAs tested against a different strain of E. coli
(ATCC 10798), e.g., CSAs 55-62 shown in Table 5 [34—
36]. Thus, activity data of CSAs against the latter strain of
E. coli were also included to increase the size of the
validation set of molecules (Table 6). Accordingly, a total
of 34 CSAs were selected from the literature—all reported
by the same research group (Tables 5, 6; Fig. 4).

However, since the two separate research groups are
involved in the synthesis and biological evaluation of CPAs
[29, 30] and CSAs [34-39], the biological assay protocols
adopted are different in the two cases. Thus, the definition
of ‘active’ and ‘inactive’ CSAs is also not expected to be
identical to that used for CPAs but should follow the same
trend. In the case of CPAs, the activity defined against E.
coli (ATCC 25922) ranged from 5 pg/mL to 50 ug/mL, i.e.,
the most active peptide was ten times more potent than the
least active in the training set. Thus, since the most highly
active CSA in this series had an MIC equal to 0.31 pg/mL
against E. coli (Table 5), molecules with activity up to
3.1 pg/mL should be considered as active. Interestingly, all
the molecules in this range (0.31-3.1 pg/mL; 57, 61, 62, 63,
and 65) mapped well to hypothesis Ec-2 as was evident
from their BestFit-0 values (Table 5). Along similar lines,
the ‘inactive’ CPAs (MIC>200 pg/mL) have MICs at least
four times higher compared to ‘active’ CPAs (5-50 pg/mL).
Consequently, in the case of CSAs, molecules with MIC>
12.4 pug/mL can be labeled as ‘inactive’. Hypothesis Ec-2
also predicted the CSAs in this activity range to be inactive
as evident from the inability of 58, 59, 66, 67, 68 and 69 to
map to Ec-2 (Table 5).

It is interesting to note that two of the four HYD features
of Ec-2 are mapped by the long aliphatic chain present at C-
17, as evident from the mapping of 63 (Fig. 5a). This is in
agreement with the experimental observation that the long
hydrophobic substituents at C-17 improve the activity of
CSAs against E. coli. On the other hand, CSA 58, with no
substitution at all at C-17, lacks both side chain HYD
features (Fig. 5b) and is thus inactive. The high MIC of 69
(>100 pg/mL) is explained by the fact that the presence of a
free -COOH group would partially neutralize the overall
positive charge of the molecule. However, according to
mapping analyses, the inactivity of 69 is due to the inability
of this molecule to conform to the given hypothesis Ec-2,
showing no mapping with BestFit-0 and a poor BestFit-1
value (Table 5). It is also possible that both of these factors
contribute to making 69 a highly inactive molecule com-
pared to the other molecules in the series. The CSAs with
intermediate activity against E. coli (60, 64, 70 and 71; MIC
between 3.1 and 12.4 pg/mL) showed mixed results when
mapped to hypothesis Ec-2. While 64 (MIC=7.0 pg/mL)
showed a good fit value of 3.68, 70 (MIC=6.6 ug/mL) and
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71 (MIC=7.3 pg/mL) failed to map to the hypothesis, and
60 (MIC=6.6 pug/mL) showed a poor fit value (0.41).
Similarly, mapping of CSAs was performed with
hypothesis Sa-6. A 20-fold difference was found between
the least active (MIC=2.5 pg/mL) and most active (MIC=
50 pg/mL) CPA in the training set against S. aureus.
Accordingly, the CSAs within the MIC range of 0.40—
8.0 pg/mL may be considered as ‘active’ against S. aureus,
while CSAs with MIC>32 pg/mL may be labeled as
‘inactive’. As expected, all the active CSAs (55-57, 59-65,
70, 71) mapped well to hypothesis Sa-6, with fit values of
greater than 3.0—the only exception being 59 with a poor
BestFit-0 value of 0.64. As observed experimentally, a long
hydrophobic chain at C-17 is not critical for activity against
S. aureus. According to Sa-6, this is because the minimum
requirement for HYD features in this case is only three, of
which only one maps to the C-17 group. This is clear from
the mapping of 60 to hypothesis Sa-6 (Fig. 6a). Again, as is
the case with E. coli, the inactivity of 69 against S. aureus
can be explained on the basis of its inability to map to all
the features of hypothesis Sa-6 (Fig. 6b). When a poorly
active or inactive CSA was allowed to miss one feature, it
showed improved fit values with both hypotheses (BestFit-
1, Table 5). These results demonstrate that, like CPAs,
CSAs also require the same number of minimum HYD and
PI features to be active against E. coli and S. aureus. In

62 (mapped to Ec-2)

62 (mapped to Sa-6)
Fig. 7 Van der Waal surface of a representative of the CPA (17) and

CSA (62) classes of antimicrobial compounds, mapped to hypotheses
Ec-2 and Sa-6
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addition, the relative three-dimensional arrangements of the
features in both cases are same and explain the experimen-
tally observed differences among active and inactive
molecules. To visualize the similarity in the amphiphilic
structure of chemically diverse CPAs and CSAs, the van
der Waal surface was generated for 17 and 62, together with
the features mapped to these molecules (Fig. 7). This figure
presents a clear picture of oppositely placed PI and HYD
features in the two classes of molecules.

The CSAs evaluated against a different strain of E. coli
(ATCC 10798) were also tested with Ec-2. Most of the
selected CSAs were found to be inactive against the given
strain (Table 6) except 86 and 87, both of which have MIC=
3 pug/mL, whereas the activity range for other CSAs was 70—
100 pg/mL. Interestingly, as expected, none of the inactive
compounds mapped to hypothesis Ec-2, except 74, which
also showed a poor fit value of 1.41 (Table 6). On the other
hand, active CSAs 86 and 87 showed good fit values of 4.94
and 3.02, respectively. Thus, it can be stated that the
requirement for minimum PI and HYD features is conserved
among various strains of the same organism (at least in case
of E. coli), although more experimental data is required to
increase confidence in this regard.

Conclusions and future prospects

In conclusion, the minimum requirements for hydrophilic
and hydrophobic features contributing to antimicrobial
activity of CPAs has been established by employing
HipHop-based pharmacophore mapping analysis. Two
separate hypotheses, Ec-2 and Sa-6, were generated for
Gram negative (E. coli, ATCC 25922) and Gram positive
(S. aureus, ATCC 25923) bacteria, respectively, using
reported experimental data. The generated pharmacophores
showed separation of PI and HYD features on opposite
faces of the molecules, reflecting the presence of amphi-
pathic structure in active CPAs. A minimum of two PI
features were found to be sufficient for activity in both
cases, although the models differed in the number of HYD
features. Mapping analyses showed that all the active
peptides were able to adopt the proper conformation to
map to the given hypothesis with good fit values. On the
other hand, inactive peptides mapped either partially or
poorly to the respective hypotheses. The hypotheses were
further validated on a set of CSAs, which are reported to act
as antimicrobials with a mechanism of action similar to that
of CPAs. The hypotheses Ec-2 and Sa-6 were also able to
distinguish active and inactive molecules among CSAs. The
model Ec-2 could also predict active and inactive CSAs
against another strain of E. coli (ATCC 10798), indicating
that the minimum features required might be conserved
among different strains of the same organism.

Hence, it can be stated that hypotheses Ec-2 and Sa-6
indicate the minimum hydrophobic and hydrophilic features
required for antimicrobial activity, and they illustrate the
importance of amphiphilic structure in this regard. Howev-
er, it is important to note that these hypotheses can provide
only qualitative estimate of activity. They can distinguish
active molecules from inactive ones, but cannot predict
biological activity in a precise manner. This is obvious as
precise activity data is not used for generation of these
pharmacophores. Nevertheless, final pharmacophoric mod-
els can be used for rapid virtual screening of large libraries
of small peptides, peptidomimetics, amphiphilic steroids
and other molecules possessing facial amphiphilicity, in
order to find potentially novel antimicrobial agents.
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