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Semiempirical AM1 calculations were carried out for quantum-chemically optimized mini-
mum energy conformations of peptides (Ala)4-X-(Ala)4, where X stands for different L-a-
amino acids (Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser,
Thr, Trp, Tyr, and Val). The effect of these variable amino acids on the conformation of the
model peptide was quantified in terms of the conformational “strain energy” (DHstrain), and
also analyzed in terms of spatial compatibility of the peptides. The DHstrain corresponds to the
energy of transformation from the minimum conformation of the alanine-containing peptide
into the conformation, optimized for the X-containing peptide. The results of calculations
revealed that variation of the amino acid X influences the conformation of the model peptide
and determines the value of the “strain effect.” As the DHstrain values characterize interaction
between the amino acid side group and the surrounding peptide fragment, an attempt was made
to derive a set of parameters that would quantify the influence of a single amino acid on the
conformation of a peptide/protein molecule. These parameters could be used as structure-
dependent molecular descriptors in developing the quantitative structure–activity relationships
for peptides. q 1999 Academic Press

INTRODUCTION

The three-dimensional structure of proteins and large peptides is believed to be
determined by the primary structure of these molecules (1,2). However, even in the
case of short peptides, the relationship between the sequence of amino acids and the
three-dimensional structure of the molecule has not been resolved (3,4). Furthermore,
several experimental studies indicate the absence of a single peptide conformation in
aqueous solutions (5,6) or in other polar solvents (7,8). It has been suggested that
the decrease in the polarity of medium should lead to the formation of fixed conforma-
tions, even in the case of comparatively short peptides (7). Consequently, the bioactiv-
ity of peptides, as related to their interaction with enzyme or receptor molecules is
expected to be significantly influenced by their spatial structure, because the solvation
of ligands in the low polarity binding sites could be substantially different from those
in aqueous medium. Evidently, the related changes in the peptide conformation should
be taken into account in the analysis of the bioactivity of these molecules.
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In the present report, an attempt is made to quantify the influence of the side groups
of different amino acids on the conformation of a peptide chain by using the results
of the quantum chemical modeling. The alanine containing nonapeptide (Ala)9 was
selected as a model compound for these calculations. The conformation of this peptide,
defined as a standard helical structure (9), was perturbed by replacement of the central
(fifth) alanine residue by other L-a-amino acids, yielding nonapeptides (Ala)4-X-
(Ala)4, where X stands for Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu, Lys,
Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val. The geometrical structure of each of these
peptides was optimized and the respective heats of formation were calculated. The
effect of different amino acids X on the structure of the model peptide was quantified
in terms of the “conformational strain energy,” corresponding to the energy needed
for the transformation of nona-alanine from the minimum energy conformation to the
optimized conformation of X-containing peptide. The principles of this approach were
initially suggested in our previous study (10), where the influence of proline residues
on peptide conformation was analyzed. Proceeding from the “strain energy” values
for particular amino acids, a new scale of correlation parameters was designed for
quantitative structure–activity analysis of peptides.

COMPUTATIONAL METHODS

The peptide molecules studied were built up by using the program package PC
Model for Windows (Version 1.0). Also, a preliminary molecular mechanical optimiza-
tion was performed by the same program using the MMX method. All possible
combinations of the cis and trans peptide bonds were considered and the conformation
with the lowest energy minimum was selected. The final quantum-chemically opti-
mized structures were obtained by using the AM1 methods (11) within the MOPAC
(Version 6.0) program package (12). The geometry optimization termination criterion
GRAD # 0.01 kcal/mol was used in the energy gradient minimization.

The optimum conformation of the peptide backbone was characterized by the three
torsional angles calculated for each amino acid residue: w, the angle defined by C(O) -
N - Ca - C(O); c, defined by N - Ca - C(O) - N; and the amide torsional angle v,
defined by Ca - C(O) - N - Ca (Fig. 1). The heats of formation (DH0

f ) were calculated
for each peptide at the optimum conformation. In addition, the parameters of geometri-
cal compatibility, i.e., the torsional angle between the N-Ca bond of the first amino

FIG. 1. Definition of the geometrical compatibility parameters of peptides (L1-7 and torsional angle
j) (10).
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acid and the Ca-C(O) bond of the last amino acid of the peptide (j-angle) and the
overall length of peptide L1–9 (the distance between the a-carbon atoms of the terminal
amino acids in the nonapeptide) were calculated (Fig. 1). Also, the energies of
“conformational strain” DHstrain (the transformation energy of nonaalanine from the
minimum energy conformation into the conformation optimized for X-containing
peptide) was calculated.

RESULTS AND DISCUSSION

Peptide Conformation

The torsional angles v, w, and c for optimized structures of (Ala)9 and (Ala)4-X-
(Ala)4 are listed in Table 1. These results show that the alanine homopolymer has
indeed a regular structure with similar v, w, and c values along the whole peptide
sequence. The only exceptions are the w and c values at both terminal residues. This
peptide has a regular structure and, therefore, it was used as a standard compound
in the subsequent geometrical comparison of peptides.

The regular structure of polyalanine was significantly perturbed by the introduction
of other genetically encoded amino acids into the fifth position of the alanine nonapep-
tide, corresponding to the series of compounds (Ala)4-X-(Ala)4 (Table 1). These
perturbations are reflected by the deviation of the torsional angles w and c from the
respective angles for the alanine homopolymer. The amide torsional angle v remained
practically unchanged for all the peptides studied.

The data presented in Table 1 indicate that the w and c values depend specifically
on the chemical structure of the side chain of the amino acid X. Evidently, the effect
of substitution was not localized only in the neighborhood of the variable amino acid,
but spread along the peptide molecule. Again, these effects are highly specific for
individual amino acids.

Thus, the variation of amino acid structure in just one position affects the conforma-
tion of the whole peptide. This can be quantified by examining the two parameters,
L1–9 and j, which characterize the geometrical compatibility of peptides (10). The
length L1–9 is calculated as the distance between the terminal groups of the nonapeptide
(Ala)4-X-(Ala)4 at optimized conformation. The angle j is defined as a torsional angle
between the N - Ca bond of the first amino acid and Ca - C(O) bond of the last amino
acid of the same peptide. The respective AM1 calculated values of these parameters
are listed in Table 2. The results also indicate that no strictly isosteric replacements
of amino acids in peptides are possible. This means that two different peptides may
have identical conformations only in the case when at least one molecule has the
energetically unflavored “strained” structure.

Conformational “Strain” in Peptides

The influence of different amino acids on the three-dimensional structure of a
peptide can be quantified by the energy of the “conformational strain,” as demonstrated
by us elsewhere (10). The “strain” energy (DHstrain) was defined as the energy of the
transformation of the alanine-containing peptide (Ala)9 from its optimal (regular)
conformation into another conformation, optimized for peptide (Ala)4-X(Ala)4. In all
cases, except glycine, the transformation of the minimum conformation of nonaalanine
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TABLE 1

Torsional Angles (v, w, and c) and Heats of Formation (DH) for Quantum-Chemically Optimized Conformations of Peptide Series (Ala)4-X-(Ala)4

A4XA4, DH
X: v1 v2 v3 v4 v5 v6 v7 v8 w1 w2 w3 w4 w5 w6 w7 w8 c1 c2 c3 c4 c5 c6 c7 c8 (kcal/mol)

Ala 178.9 177.1 178.8 177.7 178.4 178.0 178.4 178.6 80.07 83.23 83.16 84.48 84.13 84.66 84.86 116.1 147.8 45.49 67.3 69.02 66.71 66.64 65.95 68.0 2433.66
Arg 174.8 178.1 174.5 177.8 177.2 175.5 170.8 177.9 153.8 84.22 55.32 55.80 58.07 64.43 98.66 107.6 88.91 147.8 69.5 64.73 60.69 67.87 81.08 20.4 2403.21
Asn 175.1 178.2 179.6 177.1 179.0 177.6 178.8 177.8 154.1 84.76 99.46 83.75 84.72 85.46 84.50 112.0 89.85 148.6 68.8 52.81 71.00 59.66 66.05 67.5 2466.91
Asp 176.5 177.6 173.8 178.4 175.1 175.8 171.2 177.6 83.95 84.25 55.63 58.31 57.94 65.12 96.96 105.4 165.7 68.18 65.5 65.35 67.72 65.51 85.81 11.3 2518.10
Cys 177.2 178.1 177.3 180.0 176.7 178.1 178.8 177.9 83.88 84.16 83.25 119.0 85.47 84.34 84.61 111.9 165.5 68.15 65.9 71.27 29.84 66.98 65.10 67.9 2425.69
Gln 176.8 177.2 177.0 176.8 169.1 177.4 178.3 178.1 84.01 84.05 60.29 75.00 100.0 84.88 84.83 112.4 165.6 67.96 62.7 41.99 23.01 73.4 64.84 67.4 2479.54
Glu 177.1 177.9 179.2 175.2 173.9 175.5 170.3 177.4 84.08 83.70 56.53 58.12 58.18 66.22 97.54 104.0 165.5 67.71 65.0 70.01 70.15 62.91 0.18 7.58 2531.69
Gly 174.5 178.3 178.0 174.0 170.5 174.1 169.6 177.5 154.2 83.96 83.61 61.13 60.26 67.81 96.05 103.9 88.85 147.7 70.2 66.20 84.81 60.08 5.81 0.94 2420.86
His 177.1 177.0 179.7 178.3 172.0 178.7 167.0 176.9 84.00 84.74 98.03 84.38 57.95 68.82 98.38 104.5 166.0 68.08 64.3 53.56 67.73 53.98 8.69 4.30 2378.92
Ile 177.3 177.6 179.8 178.4 177.3 177.9 178.6 178.0 84.03 84.56 100.0 84.19 84.71 84.51 84.71 112.3 165.7 67.98 65.6 54.44 69.35 65.40 65.52 67.3 2449.57
Leu 177.2 177.7 174.8 178.7 179.2 178.3 178.7 177.9 84.07 84.84 73.44 89.12 85.65 84.32 84.69 111.9 165.5 67.53 62.4 88.36 34.34 67.84 64.78 67.8 2448.27
Lys 176.7 177.7 174.2 176.1 176.3 175.6 170.8 177.7 83.94 84.17 57.01 56.82 57.58 65.09 97.90 105.3 165.6 68.08 65.8 69.29 60.00 67.25 84.49 14.2 2446.97
Met 176.7 177.6 174.4 176.8 176.3 175.7 170.7 177.7 83.95 84.07 56.51 56.68 57.83 64.76 98.75 106.4 165.5 68.09 66.1 67.62 62.09 66.55 83.64 17.0 2435.34
Phe 176.7 177.7 173.8 174.2 176.6 174.7 170.7 178.2 83.91 84.21 58.12 56.64 57.45 64.02 95.29 107.6 165.6 68.23 65.9 73.96 54.30 72.69 76.86 21.7 2376.77
Pro 177.4 178.0 179.4 168.7 169.8 174.1 169.6 177.5 83.96 84.08 99.91 66.16 60.18 67.49 95.92 103.9 165.7 67.77 67.2 108.1 85.07 60.00 5.26 1.25 2422.17
Ser 177.5 178.7 178.5 173.4 177.3 178.7 178.7 177.8 83.78 84.09 83.62 111.9 83.23 83.94 84.58 111.7 165.7 68.51 65.4 68.22 171.0 68.88 65.28 67.9 2479.75
Thr 176.9 177.7 175.8 177.8 178.2 176.6 170.7 177.4 83.91 83.86 54.73 51.83 56.78 65.66 98.00 104.5 165.7 68.22 66.8 60.79 60.16 62.32 88.36 9.70 2483.37
Trp 177.6 178.5 177.4 178.3 177.3 178.1 178.7 178.1 83.47 83.63 84.19 110.0 84.66 84.27 84.63 113.0 165.6 69.17 68.1 69.71 36.44 66.02 65.73 68.3 2365.49
Tyr 176.7 177.7 173.7 173.9 176.5 174.9 170.6 177.9 83.87 84.17 58.16 56.49 57.22 64.70 95.38 106.2 165.4 68.24 65.9 74.36 52.91 72.22 79.89 17.5 2446.32
Val 174.7 179.1 179.5 175.8 172.9 172.7 178.8 177.9 154.2 83.97 81.88 81.90 81.69 86.60 84.58 111.4 89.23 147.2 70.5 70.77 45.30 64.97 63.94 68.1 2434.30
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TABLE 2

Parameters of Geometrical Compatibility (L1–9), x) and Energies of Conformational “Strain” (DHstrain),
Calculated for Peptides (Ala)4-X-(Ala)4

AAAAXAAAA, X: L1–9 (Å) j DHstrain (kcal/mol)

Ala 19.20 277.85 0.00
Arg 17.80 108.86 10.28
Asn 21.72 255.42 6.17
Asp 17.14 47.89 3.37
Cys 18.83 160.13 0.02
Gln 18.55 134.68 1.42
Glu 17.31 53.27 2.37
Gly 19.48 2148.03 n.d.
His 13.97 24.57 3.38
Ile 20.76 2104.89 0.05
Leu 17.65 2148.53 2.48
Lys 17.05 47.61 2.78
Met 17.88 46.37 2.79
Phe 16.81 47.67 3.59
Pro 18.55 169.73 10.49
Ser 18.91 30.24 0.73
Thr 17.15 46.04 3.71
Trp 20.94 178.69 0.08
Tyr 16.86 49.11 3.50
Val 17.88 2106.54 6.54

into the conformation, optimized for X-containing peptide, was not hindered by
overlapping of atoms, as the side groups of X were larger than the methyl group of
alanine. The AM1 calculated strain energies are given in Table 2. In the case of
glycine, the replacement of its hydrogen atom by the methyl group of alanine was
sterically hindered in the optimized structure of (Ala)4-Gly-(Ala)4, and therefore the
formation energy of the corresponding “strained” Ala-peptide was not calculated.

All calculated DHstrain values were positive (Table 2). Therefore, the regular polya-
lanine peptide structure was destabilized by the introduction of a different amino acid.
The extent of this perturbation is clearly dependent on the chemical structure of X
in agreement with the suggestion that the “conformational strain” is determined by
interactions between the variable amino acid and the surrounding peptide. Due to the
absence of ionic charges and polar amino acids around the variable amino acid X,
we expect that the “strain” reflects primarily the interaction of the side group of X
with the peptide “backbone.” Thus the DHstrain values may provide a unique possibility
to quantify the influence of peptide conformation on various physicochemical and
biological properties by a parameter essentially determined by its primary structure.

“Strain” and Other Substituent Effects

According to the above given definition, the “strain” effect takes into account the
energy of peptide transfer from its optimum conformation to some other conformation,
influenced, for example, by the receptor or enzyme binding site. In this case, the
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TABLE 3

Substituent Constants, Characterizing Amino Acid Side Chains

Amino acid Ss MR p Es

Ala 0.00 5.65 0.31 0
Arg 10.28 30.05 21.01 0.6
Asn 6.17 14.46 20.6 1.08
Asp 3.37 11.58 20.77 1.08
Gln 1.42 19.11 20.22 1.00
Glu 2.37 16.23 20.64 1.08
Gly n.d. 1.03 0 20.25
His 3.38 23.79 0.13 0.72
Ile 0.05 19.59 1.8 1.53
Leu 2.48 19.59 1.7 1.13
Lys 2.78 25.05 20.99 0.60
Met 2.79 23.12 1.23 0.97
Phe 3.59 30.01 1.79 0.72
Pro 10.49 13.95 0.72 0.56
Ser 0.73 11.82 20.04 0.40
Thr 3.71 11.82 0.26 0.64
Trp 0.08 39.81 2.25 0.72
Tyr 3.50 31.83 0.96 0.72
Val 6.54 14.96 1.22 0.85

Note. “Strain” parameter Ss, molecular refractivity (parameter of “bulkiness”) MR, hydrophobicity
constant p, and steric constant Es. The three latter parameters were compiled from (14,15).

“strain” should influence the binding process together with other interactions. Accord-
ingly, we propose a set of substituent constants, further denoted by Ss for the classical
QSAR analysis as Ss 5 DHstrain, defined for the model peptides (Ala)4-X-(Ala)4 (Table
3). Thus, these substituent constants can be used together with other parameters like
p (or log P) for hydrophobicity, MR for “bulkiness,” s (and analogs) for electronic,
and Es (and analogs) for steric effects and other molecular descriptors in quantitative
structure–activity relationships.

In Table 3, the “strain” constants (Ss) were compared with the MR, p, and Es

values of the side groups of the genetically encoded amino acids. Apparently, there
is no correlation between these substituent constants (Table 4). Therefore, all these

TABLE 4

Mutual Correlation of the Substituent Constants Ss, MR, p, and Es in Table 3

Parameter Ss MR p Es

Ss 1
MR 0.006 1
p 0.277 0.359 1
Es 0.089 0.111 0.179 1

Note. The correlation coefficients R are listed.
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TABLE 5

Some Examples of Application of the Strain Constant Ss in Correlation of Biological Activity of Peptides

Regression statistics
Structural

Nr Reaction series Ref. n parameters Correlation equation R s F

1. Encephalin-like activity (A) 16 5 p, MR, Ss logA 5 2(2.2 6 0.5) 2 (0.8 6 0.7)p 1 0.9731 0.4109 5.9512
of Tyr-Gly-Gly-Phe-X in (0.15 6 0.06)MR 2 (0.15 6 0.05)Ss
mouse vas deferens

p, MR logA 5 2(2.6 6 1.1) 1 (0.2 6 1.2)p 1 0.7283 0.8645 1.1293
(0.08 6 0.11)MR

Ss logA 5 2(0.7 6 0.5) 2 (0.12 6 0.10)Ss 0.5855 0.8349 1.5650
2. Inhibition of ristocetin 17 5 p, MR, Ss logI 5 2(2.5 6 0.2) 1 (0.04 6 0.08)p 2 0.9501 0.0523 3.0942

binding (I) to Micrococcus (0.012 6 0.004)MR 2 (0.02 6 0.02)Ss
luteus cells by N-Ac-X-
Gly-Gly

p, MR logI 5 2(2.68 6 0.08) 1 (0.09 6 0.05)p 2 0.9397 0.0421 4.5343
(0.010 6 0.003)MR

MR logI 5 2(2.64 6 0.09) 2 (0.007 6 0.003)MR 0.7688 0.0643 4.3353
MR, Ss logI 5 2(2.4 6 0.1) 2 (0.013 6 0.003)MR 2 0.9397 0.0421 7.5526

(0.020 6 0.009)Ss
Ss logI 5 2(2.85 6 0.07) 1 (0.01 6 0.01)Ss 0.2891 0.0962 0.2736

3. Inhibition of growth 13 5 p, MR, Ss logI 5 2(0.7 1 0.2) 1 (0.1 6 0.1)p 2 0.9920 0.1411 20.6971
hormone release (I) by (0.019 6 0.009)MR 1 (0.33 6 0.04)Ss
c(Aha-Phe-X-dTrp-Lys-
Thr-Phe)

p, MR logI 5 2(0.3 6 0.9) 2 (0.1 6 0.8)p 1 0.0998 0.7887 0.0101
(0.00 6 0.05)MR

MR, Ss logI 5 2(0.7 6 0.1) 2 (0.015 6 0.005)MR 1 0.9891 0.1168 45.0411
(0.32 6 0.03)Ss

p, Ss logI 5 2(0.8 6 0.3) 2 (0.2 6 0.2)p 1 0.9533 0.2393 9.9666
(0.30 6 0.07)Ss

Ss logI 5 2(1.0 6 0.2) 1 (0.29 6 0.07)Ss 0.9295 0.2387 19.0611

Note. Regression statistics: n, number of data; R regression constant; s, standard error; F, F-factor.
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parameters can be simultaneously used in structure–activity correlations as being
basically colinear scales. Also, the absence of relationship between these parameters
implies the different physical nature of the phenomena, quantified by them. Therefore,
the Ss parameters can be expected to account for the special binding effects, especially
for those depending on the alteration of the peptide conformation in the process of
peptide–protein complex formation.

It is evident that the “strain” effect should appear in structure–activity relationships
for comparatively rigid systems, where the conformational transition is an obligatory
part of the ligand-binding process. Therefore, it is not surprising that in many cases
the traditional structural parameters have provided statistically good correlations with-
out any need for the “strain” constants. On the other hand, however, even a superficial
survey of literature revealed some cases where the strain parameters were significant
to correlate bioactivity data. Some examples of these correlations are given in Table 5.

The two first series in Table 5 were short glycine-rich peptides, which seemed to
possess rather rigid structure. In both cases introduction of the “strain” effect into
the appropriate correlation equations improved the quality of the relationships obtained
with MR and p. At the same time the “strain” parameter alone was not effective to
describe the biological activity of these peptides.

The third example was selected from cyclic peptides, which obviously possess a
more rigid conformationally constrained structure. Therefore it was not surprising
that hydrophobicity (p) as well as bulkiness (MR) of the variable amino acid in these
cyclic structures were not sufficient to correlate the bioactivity of these peptides,
while the introduction of the “strain” parameters (Ss) significantly improved this
correlation. Moreover, the strain parameters alone were rather effective for correlation
of bioactivity of these cyclic peptides, providing results comparable with the much
more sophisticated methodology of the three-dimensional quantitative structure activ-
ity relationships (13).
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