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The variation in amino acid sequence, in a set of bradykinin potentiating pentape-
ptides, is described by three variables per amino acid position. The variables were
derived from a principal components analysis of a property matrix for the 20 co-
ded amino acids. The resulting structure descriptor matrix describes the observed
activity of the peptides to 97 % by means of a multivariate partial least squares
(PLS) model. It is demonstrated that this quantitative structure-activity rela-
tionship (QSAR) can be used to predict the activity of new peptide analogs.

Introduction

The increasing interest in natural and synthetic
peptides and their activity in various biological
processes is an incentive to find relationships be-
tween the variation in peptide amino acid se-
quence, and the measured peptide activity.! We
here demonstrate such a relationship for one set
of peptides. The relationship is based on the
same principle of quantitative analogy models
that previously have been shown to apply in
structure-reactivity relationships in organic
chemistry, e.g., the Hammett relationship.>?
Here the modelling rests on two cornerstones:
1. The characterisation of each individual
amino acid by three scales (z,, z, and z;),* see Ta-
ble 1. These scales are derived by a principal
components analysis® of a matrix consisting of 20
properties for the 20 coded amino acids (Table
2). We are presently working with an extension
of these scales to non-coded amino acids. This
characterisation is similar to the analysis of
Sneath® who extracted four scales from a matrix
of qualitative data (20 amino acids X 134 descrip-
tors). We prefer our scales z,, z, and z, because

*To whom correspondence should be addressed.
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they are based on quantitative (continuous)
properties; see Table 3. Cramer® has derived
scales (BCDEF) in a similar way for common or-
ganic compounds.

2. A statistical projection method, called
PLS,* which allows the modelling of a (nx 1) vec-
tor y (here peptide activity) as a combination of
K (nx1) vectors of structure descriptors x,
(k=1,K). These models apply also in the case
when the number of descriptors (K) is larger than
the number of compounds (n).

Mathematical modelling

For a set of n peptides, the structural variation is
described by z,, z, and z, in each varied position.
Then the matrix X is modelled as X = 1*% + T*P
+ E where T is the low-dimensional (nXA) score
matrix, P the corresponding (A X K) loading (or
weight) matrix and E the residuals. Simulta-
neously y is modelled as y = 1*y + T*B’' + f
where T is the same matrix as above, b is a (1*A)
coefficient row vector (' designate the transpose)
and f is a residual vector. This PLS modelling is
similar to principal components regression
(PCR),’ where X first is subjected to a principal
components analysis and then y is modelled as a
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Table 1. Descriptor scales z,, z, and z, for amino
acids. The first three score vectors of a principal
components analysis of a table with 20 properties for
the 20 coded amino acids. z, is mainly related to
hydrophilicity, z, contains additional information from
the size and hydrophobicity/hydrophilicity scales
while z, contains information from pK.oon, P/ and 'H
NMR variables.

Amino acid® 2z, z, Z,

Aa A -024 -1.74 -0.39
vai VvV -203 -1.03 -2.33
Leu L -290 -0.22 -1.01
lle | -3.22 —-0.59 -1.79
Pro P -1.07 -0.82 0.83
Phe F -3.66 0.34 0.83
Tp W —-441 2.18 2.32
Met M -220 -0.41 -0.38
Lys K 2.76 3.25 -1.57
Arg R 2.85 4.59 —-2.00
His H 2.00 0.61 1.63
Gy G 2.41 —4.08 -2.47
Ser S 1.78 ~-1.80 —-0.45
Thr T 0.99 —-0.80 -1.38
Cys C 0.90 -2.17 2.30
Tyr Y 225 1.87 0.12
Asn N 2.57 0.19 2.00
Gin Q 1.59 1.02 0.08
Asp D 2.10 -1.19 3.27
Glu E 2.10 0.60 0.39

“Symbols and abbreviations are in accordance with
the recommendations of the I[UPAC-IUB Commission
on Biochemical Nomenclature.

combination of the first major score vectors. In
PLS, however, the projection and the “regres-
sion” steps are made simultaneously in a more ef-
ficient way.” The method is easily extended to
model multivariate data Y, i.e., if the activity is
measured as L variables giving a nX L activity
matrix Y instead of the nXx1 activity vector y.
For new peptides the activity y can be predic-
ted according to the scheme given in ref. 22c.
The y-model is similar to an ordinary regres-
sion model and has an analogous interpretation.
The variance of the residuals f in relation to the
variance of y informs about how much the model
“explains” of the data. The latent variables ¢,
(columns in T; a=1,2,...,A) are combined with
the coefficients b, (vector elements in b;
a=1,2,...,A). Since the t-values are approx-
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imately combinations of the original x-variables
with the coefficients p (elements in P), the influ-

ence of the k:th x-variable is simply >, (p,.*b,).

Table 3. Variables used to characterize the amino
acids.

Var. No. Ref. No. Property
1 - Molecular weight
2 7 pKeoon (COOH on C,)
3 7 PKy+2 (NH; on C,)
4 8 pl, pH at the isoelectric point
5 9 Substituent van der Waals
volume
6 10 'H NMR for C,-H (cation)
7 10 'H NMR for C,-H (dipolar)
8 10 'H NMR for C,-H (anion)
9 11,12 3C NMR for C=0
10 11,12 3C NMR for C,-H
11 11, 12 BC NMR for C=0in
tetrapeptide
12 11, 12 3C NMR for C-H in
tetrapeptide
13 13 R, for 1-N-(4-nitrobenzo-
furazono)-amino acids in ethyl
acetate/pyridine/water
14 14 Slope of plot 1/(R-1) versus
mole % H,0 in paper
chromatography
15 15 dG of transfer from organic
solvent to water
16 16 Hydration potential or free
energy of transfer from vapor
phase to water
17 17 R, salt chromatography
18 18 Log P, partition coefficient for
amino acids in octanol/water
19 19 Log D, partition coefficient at
pH 7.1 for acetylamide deriva-
tives of amino acids in octanol
water
20 20 dG=RTn f, f=fraction buried/

accessible amino acids in
22 proteins
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The loadings p, display directly this influence of
the x-variables.

We have earlier used the PCR and PLS ap-
proaches to model the biological activity of beta-
adrenergic agents,” anesthetics® and haloge-
nated hydrocarbons.”

Results

The example concerns a set of fifteen bradykinin
potentiating pentapeptides investigated by Ufkes
et al.” who modified the peptides in all five posi-
tions, most extensively in position 3. The biol-
ogical activity is modelled as the logarithm of the
relative activity index compared to peptide no. 1
(Val-Glu-Ser-Ser-Lys). This data set has previ-
ously been analysed by Schaper?” who used an ad-
ditive scheme, the so-called Fujita-Ban ap-
proach. That approach does not allow predic-
tions outside the investigated amino acids, which
severely limits the utility of the results.

We describe the change of amino acids in each
of the five positions by z,, z, and z;. Thus we get
an X-matrix with 15 columns (five positions X3 z-
values) and fifteen rows (fifteen investigated pep-
tides). It would also be possible to describe each

OBSERVED ACTIVITY

w

3

CALCULATED ACTIVITY (o)
PREDICTED ACTIVITY (o)}

Fig. 1. Observed, calculated (no. 1-15) and predicted
(No. 6, 16-30) activities for the pentapeptides in the
example. The peptides are, in order 1-30: VESSK,
VESAK, VEASK, VEAAK, VKAAK, VEWAK, VEANP,
VEHAK, VAAAK, GEAAK, LEAAK, FEAAK, VEGGK,
VEFAK, VELAK, AAAAA, AAYAA, AAWAA, VEWAA,
VAWAK, VKWAA, VWAAK, VAAWK, EKWAP, VKWAP,
RKWAP, VEWVK, PGFSP, FSPFR, RYLPT.
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Table 4. Loadings (p,) for the descriptor variables in
the PLS model.

Var. No. Pos. No.  Descriptor p,, Pox
1 1 z, -0.07 -0.32
2 1 z, 0.07 0.30
3 1 2z, 0.04 -0.05
4 2 Z, 0.02 0.21
5 2 z, 0.01 0.04
6 2 z, 002 0.29
7 3 2, -0.36 —0.06
8 3 2, 048  0.18
9 3 Z, 0.45 0.12
10 4 z, -0.34 040
11 4 2, 039 -045
12 4 z, 039 -045
13 5 2z, 0.04 0.16
14 5 z, 0.04 0.16
15 5 2z, -0.04 -0.16

amino acid position in the pentapeptides by the
20 properties and relate the resulting 15x100 ma-
trix to the biological activity. However, the ap-
proach using the z-values as descriptors gives
equivalent results and is more convenient. Prior
to the data analysis the descriptor and biological
activity data were scaled to unit variance.

The PLS analysis gives two highly significant
components, b;=0.46 and b,=0.31, explaining
97% (81% and 16 % respectively) of the vari-
ance in the activity, see Fig. 1. The loadings p, for
the 15 variables used in the model are given in
Table 4. From Table 4 it is seen that position
number 3 has the main influence on the activity.
The influence of the other positions 1, 2, 4 and 5
is not negligible, however.

Subsequently we found in the literature an-
other set of one inactive and fifteen active brady-
kinin potentiating pentapeptides published by
Ufkes et al.® These data refer to the same test
system. On the basis of our previously developed
model, predictions of the activity for these pep-
tides were calculated, see Fig. 1. As see from Fig.
1 the differences between the predicted and
measured activities are small. In addition the in-
active peptide (Gly-Gly-Gly-Gly-Gly) was pre-
dicted to have a relative activity index of 0.001
compared to the reference peptide (No. 1), i.e. it
is correctly predicted to be inactive. To our



knowledge this is the first peptide-QSAR which
has demonstrated a significant predictive capabil-
ity.

To further test the predictive power of the mo-
del, the most active peptide (No. 6, Val-Glu-Trp-
Ala-Lys) was removed and a new model calcu-
lated from the remaining fourteen peptides.
Then the activity of No. 6 was predicted by inser-
ting its z-values into the model. As seen in Fig. 1
the prediction is precise. This is even more re-
markable since Trp is not represented in position
3 in the “training” peptides; No. 6 is the only
peptide having Trp in this position.

This model can also be used to construct pep-
tides predicted to be highly active. On the basis
of the loadings p, of the model and the z-values in
Table 1 we propose that the peptide Ile-Asn-Trp-
Ala-Lys will be more potent than any peptide in-
cluded in the set. With its z-values inserted in the
model the predicted activity is 3.20. Hence, it is
predicted to be more potent than the “optimal”
pentapeptide <Glu-Lys-Trp-Ala-Pro (<Glu =
pyroglutamic acid) proposed by Ufkes et al.?*
Other, more potent peptides can also be predic-
ted from the model.

Discussion

In conclusion, we have shown that the same prin-
ciples as used in the extrathermodynamic rela-
tionships in physical organic chemistry, can be
used to model and predict the biological activity
of peptides. By deriving three “scales” for amino
acids, and using these scales in multivariate mod-
els, remarkably precise relationships have been
found in a number of examples of which we here,
for brevity, report only one. A full report will be
given later.

The fact that bilinear models based on the de-
scription of the individual amino acids well de-
scribe the activity shows that, at least here, the
conformational variation between the peptides
either has no effect on the activity, or, in some
way is accounted for by the model. If this is valid
for many peptide sets, which we are currently in-
vestigating, this considerably simplifies the pic-
ture of peptide activity and also warrants some
modifications of the interpretation of the influen-
ce of conformation on activity.
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