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Summary

Six computer-based combinatorial libraries, including tetrapeptide sequences (generated with five amino acids)
and conformations (generated with five main chain and three side chain rotamers), were obtained and sequence-
conformation probabilities were calculated with a molecular and statistical mechanics procedure. The structural
motifs α-helix, β-sheet, 310-helix, reverse turn I andγ -turn were focused in these calculations. It is shown that
sequence-conformation-probability surfaces provide a broad view of structural changes accompanying changes
in sequence. Numerical indices are defined to enable comparisons between frequencies of occurrence of these
structural motifs in peptide libraries and in a database of low sequence identity protein structures. Fine details
of sequence-conformation-probability surfaces show the effect of point mutations. Broad comparisons between
different regions of these surfaces indicate how to select the occurrence of structural motifs in the combinatorial
synthesis of peptide chains.

Introduction

A common objective of the de novo design of poly-
peptide chains is to find amino acid sequences that
adopt beta hairpins in solution [1]. Even more com-
plex features may be sought, such as the buried and
exposed surfaces, the end-to-end distance and an in-
crease in the probability of occurrence of a certain
conformation.

Although the chemical synthesis of peptide lib-
raries [2] may create polypeptide chains with the
desired properties [3], it would still be necessary to
select these chains with a high throughput screening
of structural features [4–6].

A related possibility is to make use of computer-
based peptide libraries. Combinatorial approaches
have been recently applied to the de novo design of a
zinc finger [7] and protein ligands [8], as well as to the
search [9] of lead compounds in the pharmaceutical
industry. In the present work, combinatorial libraries
are essentially tables of amino acid sequences, oli-
gopeptide structure coordinates and the corresponding
internal energies. As will be shown, screening of struc-

tural properties in these libraries is a straightforward
procedure.

In this work we generate tetrapeptide libraries ob-
tained by combining amino acid residues belonging to
sets of five amino acids resulting in large data sets,
typically containing 58 points in the sequence and
conformational spaces.

Although the generation (as it is presently done) of
all rotamer combinations (from a previously defined
set) corresponding to all tetrapeptide amino acid
residue combinations is a shot-gun strategy, the results
may be rationalized by classifying in conformational
families the chain conformations obtained in this sys-
tematic search. We may then determine which con-
formational families are adopted by which tetrapeptide
sequences.

Theory

Indexing sequences and main chain conformations
Let us denote by {a1, a2, a3, a4, a5} the combinat-
orial library of tetrapeptide chains obtained with the
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Table 1. Tetrapeptide sequences and main chain
conformations corresponding, respectively, tons
andnc values

ns , nc Sequence1 Conformation2

1 LLLL αααα

2 LLLK αααβ

3 LLLE αααγ

4 LLLI αααδ

5 LLLV αααε

.

.

.

25 LLVV ααεε

26 LKLL αβαα

27 LKLK αβαβ

28 LKLE αβαγ

29 LKLI αβαδ

30 LKLV αβαε

.

.

.

125 LVVV αεεε

126 KLLL βααα

127 KLLK βααβ

128 KLLE βααγ

129 KLLI βααδ

130 KLLV βααε

.

.

.

621 VVVL εεεα

622 VVVK εεεβ

623 VVVE εεεγ

624 VVVI εεεδ

625 VVVV εεεε

1 {L,K,E,I,V} peptide library. 2 Set ofα, β, γ , δ
andε main chain rotamer conformations defined
in the Methods section.

amino acids a1, a2, a3, a4 and a5. There are 54 = 625
tetrapeptides in this library. Each tetrapeptide chain
aiajakal is identified by the numeralns (1≤ ns ≤ 625)
according to the equations

i = int
(
ns − 1

53

)
+ 1

j = int
(
ns − 1

52

)
− int

(
ns − 1

53

)
∗ 5 + 1

k = int
(
ns − 1

5

)
− int

(
ns − 1

52

)
∗ 5 + 1

l = ns − int
(
ns − 1

5

)
∗ 5 (1)

Let us also attributeρ = 5 main chain rotamer con-
formations to each monomer residue in the library.

Each tetrapeptide chain may then adopt 625 conforma-
tions cicjckcl identified by the numeralnc. Replacing
nS by nC in Equation 1, the monomer residue rotamer
combinations corresponding to these 625 conforma-
tions are generated. The {A,M,F,G,P} library is an
exception because, as shown in the Methods sec-
tion, two additional rotamers are adopted for proline
monomer residues. In that case, 5n must be replaced
by 7n in Equation 1, (n = 1, 2 or 3) in order to generate
74 conformations.

The indexing of tetrapeptide sequences and main
chain conformations bynS and nC is illustrated in
Table 1 for the peptide library {L,K,E,I,V} and five
monomer residue rotamer conformations, defined in
the Methods section, denoted by the greek lettersα,
β, γ , δ andε.

Calculation of sequence and main chain
conformation probabilities

PSC is the probability of adoption of sequencens by
conformationnc. The variablesns , nc andPsc may be
plotted forming patterns of structural preferences that
arise as the sequence and conformational spaces are
swept.

To calculatePSC it is necessary to consider that
by adoptingρ monomer residue main chain andρs
side chain rotamers, (ρ.ρs)4 different chain conforma-
tions are obtained for each tetrapeptide. Considering,
as stated before,na = 5 amino acid replacements per
amino acid residue we reach a total of (na.ρ.ρs )4 dif-
ferent sequences and conformations. In the present
work ρ = 5 andρs = 3, so that over thirty million tet-
rapeptide sequences and conformations are obtained
per tetrapeptide library.

To each sequence and conformation is attributed
the statistical weight exp(−Eσ1,σ2,σ3,σ4

nc /RT ), where
σi (1≤σi≤3) is the side chain rotamer conformation of
residuei andE is the internal energy calculated with
a matrix algorithm [10] and the ECEPP/2 force field
[11].
Zs is the partition function of tetrapeptide chainns

obtained with the equation

Zs =
625∑
nc=1

∑3
σ1=1

∑3
σ2=1

∑3
σ3=1

∑3
σ4=1

exp(−Eσ1,σ2,σ3,σ4
nc

/RT ) (2)

On the other hand,zSC , given by
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Table 2. Comparison between theoretical results and results derived from experimental data for the peptide libraries
and structural motifs in the study

α-Helix β-Sheet 310-Helix Reverse turn I γ -Turn

Ie/t It/e Ie/t It/e Ie/t It/e Ie/t It/e Ie/t It/e

{A,L,V,M,I} 0.99 0.91 0.57 0.76 1.00 0.05 1.00 0.09 0 0

{A,M,F,G,P} 0.75 0.72 0.67 0.46 0.67 0.02 0.56 0.12 1.00 0.01

{D,R,C,S,T} 0.94 0.45 0.89 0.33 0.67 0.01 0.94 0.35

{E,D,K,R,H} 0.96 0.76 1.00 0.20 1.00 0.01 0.94 0.25

{L,K,E,I,V} 1.00 0.98 0.66 0.77 1.00 0.04 1.00 0.23 0.50 0.01

{N,Q,H,Y,W} 0.98 0.32 0.91 0.20 0.00 0.00 0.80 0.03

Average 0.94 0.69 0.78 0.45 0.72 0.02 0.87 0.18 0.50 0.003

The indicesIe/t and It/e are defined in the Theory section.γ -Turns belonging to the libraries {D,R,C,S,T},
{E,D,K,R,H} and {N,Q,H,Y,W} were not found to occur in a database [14] of protein structures.

Table 3. Comparison between the extents of formation of the structural motifs in the study in six peptide libraries and
in a database [14] of low sequence identity proteins and sequences.γ -Turns belonging to the libraries {D,R,C,S,T},
{E,D,K,R,H} and {N,Q,H,Y,W} were not found to occur in a database [14] of protein structures

α-Helix β-Sheet 310-Helix Reverse turn I γ -Turn

{A,L,V,M,I} 0.47 1 0.342 0.31 0.15 0.01 0.24 0.02 0.25 0.002 0.16

{A,M,F,G,P} 0.17 0.25 0.06 0.13 0.005 0.20 0.03 0.15 0.002 0.15

{D,R,C,S,T} 0.13 0.60 0.07 0.38 0.005 0.34 0.08 0.41

{E,D,K,R,H} 0.25 0.51 0.03 0.26 0.002 0.28 0.05 0.19

{L,K,E,I,V} 0.61 0.54 0.34 0.24 0.01 0.39 0.05 0.38 0.003 0.25

{N,Q,H,Y,W} 0.08 0.37 0.04 0.25 0.002 0.31 0.01 0.33

Average ratio 0.693 0.73 0.02 0.15 0.01

1 Results derived from experimental data.
2 Present calculations.
3 Average ratio of columns 1 and 2.

zsc =∑3
σ1=1

∑3
σ2=1

∑3
σ3=1

∑3
σ4=1

exp(−Eσ1,σ2,σ3,σ4
nc

/RT ) (3)

is the statistical weight of main chain conformationnc
for all considered side chain conformations. Finally,

Psc = zsc

Zs
(4)

is the calculated probability that tetrapeptidens as-
sumes main chain conformationnc. There are 625
zSC ’s and pSC ’s for each tetrapeptide chain. Thus,
by averaging side chain conformations in Equation 3,
the total number of sequences and conformations has
decreased to 58.

Comparison with experimental data
A rigorous validation of the present calculations re-
quires a comparison with large numbers of crystallo-

graphic or NMR structures of tetrapeptide chains or of
tetrapeptide fragments belonging to longer chains.

The main source of polypeptide structures is the
Protein Data Bank [12]. We have developed a theoret-
ical protocol, described in detail elsewhere [13], that
enables the evaluation ofPsc values from a database
[14] of low sequence identity protein structures. For
each tetrapeptide conformation a list of 625Psc values
is obtained. APsc belonging to this list is considered a
local maximum if it is equal or greater than one fifth of
the absolute maximum. By local maximum we mean
a cluster of relatively largePsc values. This defini-
tion is not necessarily equivalent to the mathematical
definition of an extreme of a continuous function.

Similarly, a list of 625 calculatedPsc values is
obtained for each tetrapeptide conformation. In this
case the definition of a localPsc maximum is more
involved. If the actualPsc value is less than one fifth
of the absolute maximum it is considered a local max-
imum if it is greater thanPs−1,c, Ps−2,c, Ps+1,c and
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Figure 1. Depicted in red, cross sections ofPSC × ns × nc surfaces, corresponding to theα-helical main chain conformation, belonging to the
peptide libraries {A,M,F,G,P}, {D,R,C,S,T}, {L,K,E,I,V}, {N,Q,H,Y,W}, {A,L,V,M,I} and {E,D,K,R,H}. Also shown, depicted in blue, the
same cross sections obtained from an analysis [13] of a database [14] of protein sequences and structures with less than 25% sequence identity.
Ps axis in arbitrary units.

Ps+2,c. If this condition is fulfilled, thenPs−1,c is also
considered a local maximum if it is greater thanPs−2,c
andPs−3c, andPs+1,c is also considered a local max-
imum if it is greater thanPs+2,c andPs+3,c. If Psc is
equal to or greater than one fifth of the absolute max-
imum it is considered a local maximum if it is greater
thanPs−1,c andPs+1,c. If this condition is fulfilled
thenPs+1,c andPs−1,c are also considered local max-

ima if they are equal to or greater than one fifth of the
absolutePsc maximum.

The adoption of these criteria is based on the prin-
ciple that proximity in thens axis is equivalent to a
similarity in amino acid composition, as an examina-
tion of Table 1 will show. Thus, clusters of localPsc
maxima corresponding to tetrapeptide chains having
similar amino acid compositions are identified.
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Figure 2. Depicted in red, cross sections ofPSC×ns×nc surfaces, corresponding to theβ-sheet main chain conformation, belonging to the
peptide libraries {A,M,F,G,P}, {D,R,C,S,T}, {L,K,E,I,V}, {N,Q,H,Y,W}, {A,L,V,M,I} and {E,D,K,R,H}. Also shown, depicted in blue, the
same cross sections obtained from an analysis [13] of a database [14] of protein sequences and structures with less than 25% sequence identity.
Ps axis in arbitrary units.

Having tabulatedPsc theoretical and experimental
local maxima we want to establish a comparison
between the two sets. If an experimentalPsc value is
a local maximum and any of the calculatedPs−2,c,
Ps−1,c, Psc, Ps+1,c andPs+2,c is also a local max-
imum then this proximity is considered a coincidence
between theory and experiment. The fulfillment of this
criterion ensures that the combinatorial synthesis of an
ns interval comprehending five tetrapeptide sequences

will create at least one tetrapeptide with the desired
structural propensity.

Finally, the following definitions are also neces-
sary. The number of experimentalPsc local maxima
coincident with theoreticalPsc local maxima divided
by the total number ofPsc experimental local maxima
is defined as theIe/t index. The number of theoretical
Psc local maxima coincident with experimentalPsc
local maxima divided by the total number of theor-
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Figure 3. Depicted in red, cross sections ofPSC×ns×nc surfaces, corresponding to the 310-helix main chain conformation, belonging to the
peptide libraries {A,M,F,G,P}, {D,R,C,S,T}, {L,K,E,I,V}, {N,Q,H,Y,W}, {A,L,V,M,I} and {E,D,K,R,H}. Also shown, depicted in blue, the
same cross sections obtained from an analysis [13] of a database [14] of protein sequences and structures with less than 25% sequence identity.
Ps axis in arbitrary units.

etical Psc local maxima is defined as theIt/e index.
The total number ofPsc experimental local maxima
divided by 625 is the experimental evaluation of the
extent of formation of conformationnc by the peptide
library. The total number ofPsc theoretical local max-
ima divided by 625 is the theoretical evaluation of the
extent of formation of conformationnc by the peptide
library.

Methods

Five main chain rotamers (α: φ = –57◦, ψ = –47◦; β:
φ = –139◦, ψ = 135◦; γ : φ = –60◦, ψ = –30◦, δ: φ =
–90◦, ψ = 0◦ andε: φ = 70◦, ψ = –60◦; for proline
residuesζ : φ = –75◦, ψ = 158◦; ω: φ = –75◦, ψ =
149◦ replaced theα andβ main chain rotamers) were
employed. For the side chain conformations we have
made use of the gauche minus, trans and gauche plus
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Figure 4. Comparison ofα-helical andβ-sheet regions ofnc×ns×Psc surfaces corresponding to the {L,K,E,I,V}, depicted in blue, and
{A,L,V,M,I}, dep icted in red, peptide libraries.

rotamers of the Ponder and Richards [15] classifica-
tion (the numerals 1, 2 and 3 indicate, respectively, the
gauche minus, trans and gauche plus rotamers ofχ1).
Gas phase energies were calculated with the ECEPP/2
force field [11]. All calculations were carried out on
an Origin 200 Silicon Graphics workstation.

Results and discussion

As discussed below, the simultaneous exploration
of the sequence and conformational spaces enables
a broad view of structural changes accompanying
changes in sequence. With such an analysis it should
be possible to predict, based on amino acid com-

position, the structural diversities of different peptide
libraries.

To compare the present calculations and experi-
mental data we have established a comparison with
calculations carried out with a methodology described
elsewhere [13] in which frequencies of occurrence of
structural motifs in the Protein Data Bank are eval-
uated. Probabilities equivalent toPSC obtained from
these calculations will be referred to as data derived
from experimental data or simply as experimental
data.

The coincidence betweenPSC maxima in the the-
oretical and experimental data sets, rather than their
relative magnitudes is considered relevant. This choice
is justified by reasoning that, although both the occur-
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rence and relative magnitudes ofPSC maxima indicate
structural preferences, the latter may be overwhelmed
by interactions with the external environment, which
in the present study is everything beyond the tet-
rapeptide domain. The highIe/t values shown in
Table 2 also add to the validity of comparing only the
locations ofPSC maxima.

The ability of the present calculations to predict
whether a peptide library may form a particular struc-
tural motif is measured by the indexIe/t defined in the
Theory section. AnIe/t close to 1 indicates a coincid-
ence betweenns regions where that structural motif is
found and predicted to occur. The ability to precisely
predict thens regions that form a structural motif is
measured by theIt/e index, asIt/e near unity indicates
a coincidence between theoretical and experimental
PSC maxima.

Tables 2 and 3 and Figures 1–3 show com-
parisons between the peptide libraries {A,L,V,M,I},
{A,M,F,G,P}, {D,R,C,S,T}, {E,D,K,R,H}, {L,K,E,
I,V} and {N,Q,H,Y,W} and Psc derived from exper-
imental data for the structural motifsα-helix,β-sheet,
310-helix, reverse turn I andγ -turn.

The following trends are expected. Since only
intramolecular interactions belonging to tetrapeptide
domains are included in the calculations, better res-
ults are expected when short range interactions play an
important role in the stabilization of structural motifs.
Better Ie/t values are expected for peptide libraries
and structural motifs in which sterical overlaps play an
important de stabilizing role and for the tetrapeptide
libraries and structural motifs in which electrostatic
interactions play an important stabilizing role, as these
interactions are faithfully reproduced by the ECEPP/2
force field.

As shown in Table 2, averageIe/t values above
0.70 indicate that, in most cases, the peptide libraries
in the study form the structural motifs they are pre-
dicted to form. It is also shown in Table 2 that only
for theα-helix andβ-sheet structural motifsIt/e val-
ues higher than 0.70 were obtained, indicating that the
calculations are able to predict thens intervals where
these structural motifs occur (or do not occur).

Instances of highIe/t and lowIt/e are seen in Fig-
ure 3 for the 310-helix. Although in most cases the
few tetrapeptide sequences able to form a 310-helix are
coincident withPSC maxima, there are more theoret-
ical than experimentalPSC maxima. The conclusion is
either that the remainingPSC theoretical maxima cor-
respond to tetrapeptide sequences unable to form the
310-helix or simply that the 310-helix could be found if

a larger set of low sequence identity protein structures
was employed in the evaluation of experimentalPSC
maxima.

Low It/e values also cause the low average ratios
shown in Table 3 between the extents of formation of
the reverse turn I and 310-helix conformations in the
experimental and theoretical data sets. We conclude
that for theα-helix andβ-sheet conformations it is
possible to predict precisely thens intervals that form
these structural motifs and the extent of their adoption
by different peptide libraries. For the remaining struc-
tural motifs in the study there is a coincidence between
experimental and theoreticalPSC maxima. We would
not be able to point out, however, their exact locations
on thens axis if we did not examine the experimental
data. In these cases it is necessary to produce, in par-
allel with theoretical calculations,Ps×ns plots based
on experimental results.

Besides the numerical and graphical comparisons,
shown in Tables 2 and 3 and Figures 1–3, between
peptide libraries and between libraries and experi-
mental data it is also possible to establish comparisons
by superposing, as shown in Figure 4, cross sections
of the PSC×ns×nc surfaces of different peptide lib-
raries. Such a comparison is illustrated in Figure 4
for the α-helix andβ-sheet structural motifs and the
{L,K,E,I,V} and {A,L,V,M,I} peptide libraries.

Both libraries havens intervals (ns≥375 and
221≤ns≤372, ns≥495, respectively) in which there
is a marked decrease inPSC for theα-helix conforma-
tion. In these regions there is a predominance of theβ

branched side chains of isoleucine and valine that may
de stabilize [16] theα-helix. A similar effect is ob-
served in theα-helix cross section of the {A,M,F,G,P}
library shown in Figure 1. In this case it is due to the
occurrence of anα-breaking proline residue at every
fifth position on thens axis. Since thesens intervals
may be populated by experimentalPSC maxima, we
conclude that the predicted decrease inPSC may be
counter acted by long range interactions or distortions
in theα-helical conformation.

As already carried out in model peptides [17], the
alternation between high and lowPSC regions in the
α-helix cross sections could be employed to select-
ively design the occurrence ofα-helical conformations
in libraries containing short peptide chains devoid of
long range intramolecular interactions.

A similar periodicity is observed in theβ-sheet
cross sections of Figure 4. In this case, however, the
same trend is followed by experimental data, as shown
in Figure 2. The alternation betweenβ-sheet form-
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ing ns intervals for the {L,K,E,I,V} and {A,L,V,M,I}
libraries, shown in Figure 4, could also be employed
in the design of peptide libraries containing (or not
containing) theβ-sheet conformation.

Conclusions

In comparison with another comparative conforma-
tional analysis of peptide chains, the present calcu-
lations comprehend much larger data sets, including
hundreds of peptide chains. This was achieved at the
cost of some simplifications, which are mainly the ad-
option of gas phase force field potentials and a grid of
five main chain and three side chain rotamers.

As shown in the previous discussion, despite these
simplifying assumptions the present calculations re-
flect a detailed level of behavior of tetrapeptide chains.
The main advantage of this approach is its broadness,
which makes possible a simultaneous comparison of
various peptide libraries.
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