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Abstract: Herpes simplex virus (HSV) causes a number of diseases and new therapies are being pursued vigorously. Earlier
studies have shown that modified peptides based on lactoferricins reduce HSV-1 and HSV-2 infection, and structure–activity
studies indicate that the anti-viral activity correlates with the binding affinity for heparan sulphate and chondroitin sulphate. In
this study it is shown that theoretically derived amino acid descriptors can be used to model the anti-viral activity of peptides, as
well as other peptide properties, even more accurately. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Herpes simplex virus (HSV) infections cause clin-
ical symptoms ranging from periodic skin lesions
to encephalitis. Latent virus may be reactivated in
response to various types of physiological stress [1].
Most of the treatment for HSV is based on acy-
clovir and acyclovir-like drugs. However, the dis-
eases are usually self-limiting in the immunocom-
petent host. Among HIV-positive patients the inci-
dence of resistant HSV-2 isolates is slowly increasing
[2].

The entry of HSV occurs at the cell surface due to
fusion of the viral envelope with the plasma membrane
of the cell [3]. The initial attachment of HSV to cells
is through binding of the viral glycoprotein gC to
heparan sulfate (HS) on the cell surface [4]. If gC
is lacking, glycoprotein gB will replace this function
and bind to HS. In the absence of HS, virus can
bind to chondroitin sulfate (CS), although with lower
efficiency [5]. The entry process involves additional viral
glycoproteins which all are possible targets for new
anti-viral drugs.

The development of novel compounds with alternative
mechanisms of anti-viral action is important. A
common feature of anti-viral peptides is their net
positive charge and their propensity for forming
highly ordered amphipathic conformations, such as
α-helices or β-sheets. α-Helical peptides (magainins,
cecropins, clavanins and LL-37) have been shown
to cause little HSV inactivation [6–8], while β-
sheet peptides (defensins, tachyplesin and protegrins)
show higher activity towards HSV [9,10]. Lactoferricin
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peptides have also shown anti-HSV activity [11,12].
Lactoferricin (Lfcin) is generated by pepsin cleavage
from the N-terminal part of milk protein, lactoferrin
(LF) [13], which has shown anti-viral activity against
several viruses [14]. In the LF molecule the Lfcin
sequence makes an amphipathic alpha-helical [15,16]
but after pepsin cleavage the peptide changes into
a distorted β-sheet between a C-C bridge [17].
Whether the activity of LF is solely influenced by
the Lfcin segment or is the combination of the Lfcin
segment in concert with other structural features is
unknown.

In order to decide which part is responsible for the
activity it would be necessary to synthesize peptides
expressing only the α-helix or β-sheet structure. The
difficulty in designing such peptides caused us look into
using other parameters for modelling anti-viral activity.
The peptide’s affinity for heparan sulfate as a probe for
activity was considered based on the theory that some
anti-viral peptides need to bind to negatively charged
residues on the cell surface. Since the parameter
set, using HS-affinity, CS-affinity or other parameters
related to charge of the peptides, did not fully model
the biological activity, the use of other parameters as
descriptors was considered. Having used amino acid
descriptors successfully in modelling both antibacterial
[18,19] and anti-cancer activities [20] of peptides, this
appeared to be a natural choice for the study of anti-
viral activity. There have been a few reports on the
use of QSAR and PLS in HIV studies [21–23] and as
a general method in peptide research [24], but to the
best of our knowledge this approach is new in HSV
research.

The advantages of this approach are clear, since
no measurements of peptide properties are needed
and the results can be used directly for designing
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new peptides. As in the earlier studies, a parameter
set (Table 1) describing each naturally coded amino
acid by three theoretically derived variables, denoted
z1, z2 and z3, was chosen [25,26]. These variables
were originally derived from a set of physico-chemical
parameters describing lipophilicity — hydrophilicity,
size and charge related properties of the amino acids,
in addition to NMR- and HPLC-data.

METHODS

Jenssen et al. characterized 12 peptides with six
descriptors, either measured or calculated (Table 2)
[12]. Affinities were measured against three different
sepharose columns using heparan sulfate (HS), chon-
droitin sulfate (CS) type A or C as ligands. The grand
average of hydropathicity (GRAVY) [27], aliphatic index
[28] and net charge at pH 7.0 were calculated. The anti-
viral activity against HSV-1 and HSV-2 was measured
by infection assay using MRC-5 cells, serial dilutions
of HSV-1 or HSV-2 and a checkerboard titration with
different peptide concentrations. The calculations of
IC50 values were based on the median effect princi-
ple of Chou and Talalay [29]. To evaluate the cytotoxic
effect of the peptides against the MRC-5 cells, the MTT
reduction assay was employed [30].

The program package Simca-P 10.0 from Umetrics,
Umeå, Sweden was used for all calculations. The
theoretically derived z-scales were used without scaling,
since the variables used for the original analysis
had been scaled, and activity data were used as

Table 1 Descriptor Scales z1, z2 and z3 for Amino Acid

Amino acid z1 z2 z3

A 0.07 −1.73 0.09
V −2.69 −2.53 −1.29
L −4.19 −1.03 −0.98
I −4.44 −1.68 −1.03
P −1.22 0.88 2.23
F −4.92 1.30 0.45
W −4.75 3.65 0.85
M −2.49 −0.27 −0.41
K 2.84 1.41 −3.14
R 2.88 2.52 −3.44
H 2.41 1.74 1.11
G 2.23 −5.36 0.30
S 1.96 −1.63 0.57
T 0.92 −2.09 −1.40
C 0.71 −0.97 4.13
Y −1.39 2.32 0.01
N 3.22 1.45 0.84
Q 2.18 0.53 −1.14
D 3.64 1.13 2.36
E 3.08 0.39 −0.07

the logarithm. All the data were centred prior to
calculations.

A subset of the original 25-mer peptides was chosen
for the study [12]. The omitted peptides included those
in which the hexane moieties had been incorporated to
mimic lipophilic sectors. However, peptide B3, in which
amino acids 1 and 25 were left out, was included, as
was B4 which is the only linear peptide, in order to test
the robustness of the model.

RESULTS

In the original data set each of the peptides was
described by 75 descriptors, i.e. 25 amino acids, each
described by three z-values. The calculated model
resulted in six significant components (according to
cross validation or large eigenvalue) explaining all the
variation in the x-variables and more than 95% of the
variation in the y-variables. Most of the information is
contained in the first two components, which explain
more than 70% of the variation in both the x-variables
and the y-variables.

In order to visualize the results from the calculation,
predicted vs observed values for selected y-variables
were plotted (Figures 1a,b,2a–c). As seen from the
r2-values included in the plots, the correlations
between the calculated values and those obtained from
measurements, or other types of calculations, varied
from good to excellent. This indicates that the variables
employed provide a good model for both the anti-viral
activities and other properties of the peptides.

In Figure 3a,b the loadings for the calculation were
plotted, describing the relative importance of the
variables z1, z2 and z3, with variables far from the
origin being those most important for the modelling.

DISCUSSION

General Discussion

From the data it is clear that binding to HS (Figure 2a)
and CS-C (Figure 2b) as well as the calculated GRAVY
parameter (Figure 2c) are well modelled by the amino
acid descriptors as judged from the experimentally
derived values compared with what the model predicts.
This is not surprising since the amino acid descriptors
are derived using parameters dealing with both charge
and lipophilicity. Still, this is further evidence that
information about charge, size and lipophilicity are
reflected in the amino acid descriptors.

The plots of activity against HSV-1 (Figure 1a) and
HSV-2 (Figure 1b) of the peptides should be treated with
some caution, since only seven peptides are included in
the study. Also, it should be noted that the activity has
not been measured above a certain threshold value.
Peptides with no detectable anti-viral activity within
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Figure 1 (a) Predicted vs measured activity against HSV-1, (b) Predicted vs measured activity against HSV-2.

the tested concentration range were given an anti-viral
activity value equal to the threshold value, obviously not
the same as the model would predict. Different amino
acid contents in the peptides will give different activities
but it is only one of the peptides (B3) that is predicted
to have a better activity than that which is actually the
case. Peptides H1 and H3 are both predicted to have an
anti-viral activity above the tested concentration, which
is in accordance with experimental data.

Comparing predicted HS affinity and anti-HSV
activity it is clear that the correlation for binding
is better than for the anti-viral activity. This is in
accordance with the data from the previous study
[12] where it was shown that there is information
about anti-viral activity in the affinity data, but that
anti-viral activity cannot solely be explained by the
affinity. Binding to the cell surface is believed to be the
mode of action of lactoferricin, thus preventing virus
attachment, followed by subsequent penetration of the
cell [31]. If this were to be the only mode of action
of anti-viral peptides, the activity of a peptide would
depend upon the combined effects of concentration and
the number cationic residues participating in binding,
as in the antibacterial peptide carpet model [32]. Since
this does not seem to be the case, this indicates that
the mode of action is more complicated than solely
binding.

In order to further investigate this, more peptides will
have to be included in the study, and work is in progress
to address this. It should, however, be noted that the
peptides should be of similar length so that they may
be used successfully in the same calculations.

Analysis of Amino Acid Content

From the loading-plots it is possible to deduce those
variables that are the most important for modelling the
activity and it is also possible to see how variables
are correlated to each other. The variables having the
largest influence on the model are found furthest from
the origin. Examination of Figure 3a reveals that the
most important amino acids are those in positions (1),
4, 8, 9, 14, 15 and 25, but it is the different properties of
the amino acids that are responsible for this. In amino
acids 4, 8 and 25 it is z1, which contains information
about hydrophilicity/hydrophobicity, which is the most
important while the others are dominated by the size-
related variable, z2, vide infra. In Figure 3b the y-
variables are extracted from Figure 3a. By examining
the position of the variables it is possible to see
which y-variables are positively/negatively correlated
with x-variables, and/or y-variables. It is clear that
the anti-viral activity is negatively correlated with all
other y-variables in the first dimension while HSV-1
and HSV-2 activities are negatively correlated to each
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Figure 2 (a) Predicted vs measured binding to heparan sulfate, (b) Predicted vs measured binding to chondroitin sulfate C, 2(c)
Predicted vs calculated grand average of hydropathicity.

other in the second dimension. Since the activities are
not modelled equally by the amino acids included in
the calculations it should be possible to use this fact
for designing peptides with specificity for either strain
of virus, in addition to designing peptides with higher
activity. Amino acids that are to be included in new
peptides are chosen from the information contained
in the plots. For example, amino acid 25 has a large
influence on the activity and since z1 for this amino
acid is positively correlated to the anti-viral activities,
amino acids that have large negative z1 values should
be included in this position (Tables 1 and 2). For the
amino acid in position 15 it is seen that it is z2 that
is important for modelling and that this property is

negatively correlated with HSV-activity. Thus, amino
acids with large z2 values are to be incorporated into
this position in order to increase HSV-activity. Since
z1 for amino acid 25 and z2 for amino acid 15 are only
present in the first dimension, incorporating new amino
acids with the desired values should in theory only
affect activity and not specificity. As a change of amino
acid will cause the desired effect in one descriptor (z1, z2

or z3) accompanied by a change in the other descriptors
simultaneously, this approach is only valid in theory.
Another problem arises when substitutions are made
in, for example, position 4 (z3) and 14 (z2). This should
ideally result in better selectivity without significantly
influencing the activity. As discussed before, this is
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Figure 3 (a) Loading plot for entire data set (b) Loading plot for y-variables.

only an ideal case, but one of the strengths of the
described approach is that before any peptides are
synthesized, they can be ‘tested’ in the model. If the
model does not predict a better result it is probably
better to design a new peptide before proceeding with
synthesis. Once more peptides have been synthesized
and tested these can be included in the test set and
new and more accurate models can be developed in an
iterative fashion. Work is in progress in our laboratories
on refining the model and synthesizing new peptides.

CONCLUSIONS

Theoretically derived amino acid descriptors are well
suited for modelling activity against HSV, as well
as other peptide properties such as HS/CS-affinity

and GRAVY. From the data it appears clear that
the mechanism(s) for the action of peptides is more
complicated than simply binding to the cell surface.
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