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The conformations of amino-acid residues realized in proteins correspond to the low- 
energy forms of the corresponding free monopeptides. This shows that the conformational 
states of each residue are determined to a considerable degree by the closest interactions 
which, however, do not come into contradiction with the interactions between the neighboring 
residues i~ the sequence and residues remote along the chain but spatially close in the glob- 
ule. At the present time, the geometric and thermodynamic parameters of the stable forms have 
been found for all 20 natural amino-acid residues. However, this extremely valuable informa- 
tion cannot be used directly in the conformational analysis of evencomparatively short oligo- 
peptides in the overwhelming majority of cases, since many residues have a large number of 
approximately equivalent low-energy forms. Even a tripeptide fragment is a fairly complex 
subject for investigation from the aspects of the monopeptide, since it requires the consi- 
deration of an average of l0 s variants of the structures. 

The results of experimental [1-6] and theoretical [7-9] investigations show that a given 
(n) residue in a polypeptlde chain may experience a considerable influence of the three or 
four preceding (n -- I to n -- 4) and following (n + i to n + 4) residues, interactions with 
the closest neighbors (n -- i and n + i) being the strongest, as a rule. However, interac- 
tions with more remote residues (n -- 5, n + 5, etc.) are small only if the peptide chain 
does not form a loop or an inflection. The interactions arising in this case between resi- 
dues we assign to the long-range interactions and have not so far taken them into considera- 
tion. Thus, to account for the interactions of one amino-acid residue with its neighbors 
(let us call them medium-range interactions) it is possible to limit ourselves to a nonapep- 
tide fragment. 

It is desirable to begin the investigation of the conformational possibilities of a 
nonapeptide with the central tripeptide fragment and then gradually to complicate the prob- 
lem by extending the amino-acld residues from both ends of the chain, taking into account in 
this process the results of the calculation of the preceding fragment. The large number of 
low-energy forms that, as already mentioned, exist for each residue practically excludes the 
solution of such a problem on the basis of a direct use of information on monopeptides. In 
view of this, it appeared to interest to investigate the possibility of the a priori predic- 
tion of a comparatively small set of preferred forms of the tripeptide (n -- I, n, n + I) 
with the completely known conformational states of the dipeptides (n -- l, n) and (n, n + I). 
Such an approach may open up a route to the solution of the problem of medium-range interac- 
tions under two conditions. In the first place, where the interactions of the two neighbor- 
ing residues (n -- I, n and n, n + i) lead to a considerable differentiation of the optimum 
forms of each of them and, in the second place, where the most favorable conformations of 
the tripeptlde consist of combinations of the most favorable forms of the corresponding di- 
peptides. The first promising results in relation to the fulfillment of the conditions have 
already been obtained [10-14]. 

The solution of the conformational problem for tripeptides may apparently be additional- 
ly simplified if in the formulation of the initial approximations we take into account not 
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Fig. i. Calculation model 
of the molecules: I. Ac- 
GIy-L-AIa-L-AIa-NHMe (R' = 
H, R" = R"'= Me), II. Ac- 
L-AIa-GIy-L-AIa-NHMe (R" = 
H, R' = R"'= Me), III. Ac- 
L-AIa-L-AIa-GIy-NHMe (R"' = 
H, R' = R" = Me). 

only the complementarity of the central residue (n) with re- 
spect to the residues (n -- i) and (n + i) but also the in- 
fluence exerted by skeletal interactions between (n -- i) and 
(n + I). This leads to a reduction in the number of confor- 
mations of the tripeptide fragment subjected to analysis pro- 
vided that the conformational states realized in proteins are 
close to the optimum both with respect to the interactions of 
the main chains and of the side chains. 

In tripeptide protein fragments only four types of main 
chains are found. The first of them, the most numerous, con- 
sists of a peptide skeleton and C~ atoms -- this is the alanine 
type of main chain. It is formed by all the natural amino- 
acid residues with the exception of Gly and Pro. The associa- 
tion of glycine or proline with any other residues comprises 
the following two types of main chain. Finally, the fourth 
type simultaneously includes residues of the alanine type and 
Gly and Pro. From the point of view of skeletal interactions, 
each type has a completely determined conformational specific 

nature. We have previously investigated the conformational possibilities of the molecules 
Ac-L-AIa-L-AIa-L-AIa-NHMe [15] and Ac-L-AIa-L-Pro-L-AIa-NHMe [14], modelling two types of 
peptide skeleton. A comparison of the calculated optimum forms of these molecules with the 
conformational states of the corresponding main chains of the tripeptide protein fragments 
led to the conclusion that in proteins a stabilizing interaction of the side chains is ex- 
erted with the low-energy forms of the main chains. 

The present paper illustrates the results of an investigation, analogous in its aim, of 
the conformational possibilities of a peptide skeleton including a glycine residue. We have 
calculated all the optimum forms of the following tripeptide molecules with a Gly residue 
in the first, second, and third positions: 

Ac-GIy-L-AIa-L-AIa-NHMe (I) 

Ac-L-AIa-GIy-L-AIa-NHMe (II) 

Ac-L-AIa-L-AIa-GIy-NHMe (III) 

The conformational characteristics of these molecules are determined mainly by the Gly re- 
sidue. Glycine, possessing the highest lability among amino-acid residues, can fulfill di- 
verse and, at first sight, mutually exclusive functions in the spatial organization of the 
protein molecule. On the one hand, it can ensure the relative conformational freedom of 
local sections of the peptide chain from the point of view of close-range and medium-range 
"interactions and thereby create favorable conditions for the realization of long-range in- 
teractions. On the other hand, glycine under the action of only close- and medium-range 
interactions, can also promote the formation of autonomous conformationally rigid sections 
of the peptide chain. In this case, because of the labile Gly link in the protein fragments, 
favorable stabilizing interactions between the residues may come into being. The calcula- 
tion of the molecules (I-III) was performed with reference to the conditions of a polar me- 
dium and without taking hydrogen bonds into account. Hydrogen bonds of types 5÷1 and 441 
which are found in proteins and are possible in the molecules (I-III) have a very low energy 
in aqueous solution (0-1.5 kcal/mole [16, 17]). They are realized in conformations of the 
chain suitable with respect to nonvalent interactions, and therefore the fact that intramo- 
lecular hydrogen bonds are not taken into account does not affect the definitive conclusions 
of the work. 

A model of the (I-III) molecules and the symbols adopted are given in Fig. I. The lengths 
of the bonds and the valence angles were taken as being the same as in thecalculation of the 
methylamide of N-acetyl-a-methylalanine [18]. The calculation of the optimum forms was per- 
formed by searching for minima in the potential energy with variations in the six angles or 
rotation ~ and ~. As the zero approximations for each tripeptide we selected the 64 struc- 
tures represented by all the combinations of the four forms of each residue corresponding 
to the optimum conformations R, B, L, and P* of the Ac-L-AIa-NHMe and Ac-GIy-NHMe molecules 

*On the ~--~ conformational map, the R form is present in the first quadrant (~= ~ = 180-0 °) , B is in 
the second quadrant (~ =--180-0 ° , ~= 0-180 °) , L in the third quadrant (~ © ~ = 0-180 °) , and P in the 
fourth quadrant (~ =0-180 ° , ~=--180-0°). 
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TABLE I. Geometric and Energy Parameters of the 
Preferred Conformations of the Molecules Ac-GIy- 
L-AIa-L-Ala-NHMe and Ac-L-AIa-L-Ala-GIy-NHMe 

Dihedral  Energy, angles of  rotation, deg 
Ident i f ier  k c a l / m o l e  

E [ ~'1 [ ;?2 I ~2 I if3 [ ~'3 enon~t /~tot 
Ac-Gly-L-AIa-L-AIa-NHMe 

R - R - R  
L - - R - R  
B--R-R 
P - R - - B  

L- -R- -B  
p - -R- -R  
R--B--R 
L--B--R 
B--R--B 
L--B--B 

R - R - - R  
R - R - L  
R - B - - L  
B -  R--R 
B - - R - B  

, R - B - R  
R - - R -  1 ) 
R - R - - B  
R--L- -L  
B--B--L 
B--B--P 
B--B--R 
R--B--B 
B - R - - L  
L--R--R 

--70 
65 

--72 
58 
65 
74 

--64 
65 

--72 
65 

--74 
--63 
--67 
--65 
--64 
--64 
--67 
--70 
--67 
--63 
--64 
--66 
--67 
- 69 

55 

- -  65 --63 
e8 --68 

102 - - ~  
--I06 

66 2 6 6  
--103 --68 
- -  66 --65 

66 --69 
102 - 6 7  
65 - 67 

42 _ 311 
50 -68 - 49 
50 -69 -- 48 
47 --82 

--66 i 155 

~ --69 - -  46 
--71 -- 41 

0 - 6 5  
154 --68 152 

Ac-L-Ala-L-AIa-GI, 

- -  51 
- 4 9  

- -  50 
15,5 
t50 

- -  49 
- -  5 0  

- -  5 0  

- 49 
157 
1.56 
155 

- -  50 
1.53 
,59 

-NHMe 

--65 -- 45 --53 -- 53 
- 6 7  - -  49 65 62 
--64 156 64 67 
--66 - 49 --65 -- 65 
--60 --  45 --72 88 
--67 155 --65 -- 63 ;  
--68 - 50 74 --103 
--69 - -  48 --69 96 i 

52 59 06 66~ 
--63 157 65 67 
--64 155 71 -101 
--66 155 - 6 5  -- 66 
- 63 157 --73 102 
- 6 7  _ 47 . 5 6  
- 6 6  -- 49 --66 

0 0 
2,0 - -0 ,4  
2,0 - 0 , 3  
0,6 0,2 
2,6 0,4 
0,4 O,6 
2,7 0,6 
3,0 0,9 
2,7 1,0 
3,5 1,0 

0 ~ 0 
1,3 '--0 9 
2,0 !--0:1 
1,9 O ,  1 

2, t 0,3 
2,2 0,3 
1,6 0,4 
0,7 0,5 
2,4 0,5 
3,0 0,7 
3,1 0,7 
3,2 0,8 
2,4 0,9 
2,5 0,9 
2,7 0,9 

[19, 20]4 For the free Ala residue the most favorable, and approximately equiprobable, con- 
formations are R and B, and then come L and P. For the Gly residue, all four conformations 
are approximately equiprobable, R being equivalent to L and B to P. 

The calculation was performed with account of nonvalent and electrostatic interactions 
and also of torsional energy. The nonvalent interactions were calculated from the lennard- 
Jones potential with Scott and Scheraga'~ parameters [21]. The methyl groups were approxi- 
mated by spheres with a diameter of 3.7 A, and their interaction with one another and with 
other atoms was evaluated from the Lennard-Jones potential with parameters found in our lab- 
oratory. The electrostatic energy was calculated by means of the Coulomb law with the charges 
on the atoms suggested by Momany et al., [22] and a value of the dielectric constant e = i0, 
corresponding to a polar medium [20]. The torsional potentials and the barriers to rotation 
around the C~--N and C~-C ' bonds were taken as in previous work [23]. The reckoning of the 
angles of rotation was in accordance with the IUPAC-IUB nomenclature [24]. 

The results of the calculation of the molecules (I-III) are shown in Fig. 2 in the form 
of histograms and in Tables i and 2. To denote the forms of the main chain, a system of 
identifiers has been adopted. An identifier consists of three letters, each of which charac- 
terizes one of the four possible conformational states of a residue (R, B, L, and P). Exam- 
ples of the correspondence of the identifiers to the angles of internal rotation are given 
in Tables i and 2. The heights of a column on the histogram as compared with the optimum form 
of the given tripeptide corresponds to the magnitude of its relative energy. For the 
least preferred forms the energies on the histograms are not given, and it is indicated only 
that they exceed 5 kcal/mole. The figure below the column corresponds to the frequency with 
which the givenconformation of the main chain is found in the corresponding tripeptide frag- 
ments in proteins*; and the figures on the histogram of the Ac-GIy-L-AIa-L-AIa-NHMe molecule 
(Fig. 2a) relate to protein fragments of the type of GIy-X-Y, those for the Ac-L-AIa-GIy-L- 

*X-Ray structural information for myoglobin [25], lysozyme [26], e-chymotrypsin [27], carboxy- 
peptidase A [28], cytochrome C [29], and insulin [30] was used. 
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TABLE 2. Geometric and Energy Parameters of the Pre- 
ferred Conformations of the Molecule Ac-L-AIa-GIy-L- 
Ala-N~4e 

Identifier 

R--R--R 
R--P--R 
L--L--R 
B--R--R 
R--L--P 
R-B--R 
R--L--L 
B--L--R 
R--B--B 
R--L--B 
L--R--R 
B-R--B 

Dihedral angles of  ro ta t ion ,  deg 

--74 l-- 46 --66 -- 45 
51 57 

--62 ' 158 

--67 I-- 49 --64 - 48 
--67 -- 48 
--62 157 
--66 /-- 48 
--67 -- 49 

54 60 
--70 151 

72 

--61 
73 
64 

--67 
65 

--66 
62 
65 

--68 
65 

--65 
--62 

~2 

--58 
--79 

62 
--66 

64 
97 
64 
67 
96 
64 

--68 
--62 

'P3 I ~3 

--59 I !  49 --69 41 
--69 49 
--6~ 5O 
--68 49 
--  69 48 

57 56 
- 68 50 
--70 153 
--68 I 153 
--68 1- 50 
--71 152 

Energy, 
kcal /mole  

anon~ Etot 

0 0 
1,2  - 0 , 8  
2,3 
1,9 0,I 
2,1 0,3 
1,9 0,6 
2,5 0.6 
2.5 0,6 
2,4 0.7 
2.6 0,8 
2,7 1,0 
2,5 1,0 

/term 

5,7 
8,7 
8,5 
7,3 

11,2 
9,9 
8,9 

I0,5 
9,4 

12,2 
8,8 
9,1 

TABLE 3. Distribution with Respect to Energy 
of the Conformational States of the Main Chains 
of Tripeptide Fragments with a Gly Residue in 
Proteins 

Type of 
fragment 

Gly-X-Y 
X-GIv-Y 
X-Y-Gly 

Number I Energy range, kcal /mole 
of frag- less ments lthan]l 1-2 2-3 13-4 14-5 I grea~t-er- ~'han 5 

76 34 39 3 
70 44 16 1 . -- 

Note: X, Y ~ Gly and Pro. X-ray structural in- 
formation on myoglobin, lysozyme, a-chymotryp- 
aln, carboxypeptidase A, cytochrome C, and in- 
sulin was used. 

AIa-NHMe molecule (Fig. 2b) to X-GIy-Y, and those for Ac-L-AIa-L-AIa-GIy-NHMe (Fig. 2c) to 
X-Y-GIy (X, Y @ Gly, Pro). 

The tables show, in addition to the total energy (Etot) , the energies of the nonvalent 
interactions (Enonv) , which makes it possible to judge the stabilizing role of other energy 
components (in all cases, the torsional contribution is insignificant). In Table 2 the dis- 
tances between the carbon atoms of the terminal methyl groups (Iterm) are also given. 

As was to be expected, the incorporation of glyclne into the composition of a tripeptide 
increases its conformational possibilities. In actual fact, calculation has shown that with 
the replacement of even one Ala residue by Gly in a tripeptide the number of low-energy con- 
formations rises considerably. While in the Ac-L-AIa-L-AIa-L-AIa-NHMe molecule the number 
of forms with energies less than 2 kcal/mole is 16 [15], in the molecule of (I) it is 25, in 
(II) 29, and in (III) 30. The increase in conformational freedom takes place because the 
interactions within the limits of the main chain do not prevent the realization in the Gly 
residue of conformations with an angle ~ > 0 ° (L and P forms). As can be seen from Fig. 2 
and Tables i and 2, the state of the chain with Gly in the L and P forms is found as frequent- 
ly as with it in the R and B forms. Moreover, the L--R--R (I), R--P--R (II), and R-R--L (III) 
conformations possess the lowest energies. Their preferential nature is due to the compara- 
tively low energy of the nonvalent interactions and the mainly stabilizing effect of the elec- 
trostatic interactions. From the value of Enonv" the global conformations in all cases are 
the a-hellcal forms R--R--R, which is due to the large negative contribution of the dispersion 
interactions. The possibility of the realization of a considerable number of low-energy 
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Type of  conformazion 

Fig. 2, Distribution of the con- 
formation of Ac-~Iy-L-AIa-L-AIa- 
NHMe in the GIy-X-Y fragments 
(a), Ac-L-AIa-GIy-L-AIa-NHMe in 
the X-Gl~-Y fragment (b) and of 
Ac-L-AIa-L-AIa~GIy-NHMe in the 
X-Y-GIy fragments (X, Y # Gly, 
Pro) (c) in six proteins [25-30]. 
The identifiers of the forms not 
shown in the histogram have a 
running third index. For exam- 
ple, after the R--R--R forms the 
R--R--B, R--R--L, and R--R--P forms 
follow in~uediately. 

conformations with Gly in the L and P forms is due to 
the presence of this residue in proteins in the majority 
of those sections of the chain which form inflections 
and loops [31]. As is well known, at angles ~ > 0 ° the 
main chain sharply changes its direction. 

A comparison of the results of the calculation of 
the molecules (I-III) with the structure of protein tri- 
peptide fragments of types GIy-X-Y, X-GIy-Y, and X-Y-GIy 
shows that the skeletal conformations observed in a pro- 
tein correspond to the low-energy forms of the correspond- 
ing isolated main chains. Table 3 gives the distribution 
with respect to energy of the conformational states of 
the tripeptide fragments of six proteins including the 
Gly residue. In 93% of the protein fragments considered 
(210 out of 226), the state of the main chains correspond 
to the conformations of the molecule (I-III) possessing 
energies of less than 2 kcal/mole. Nevertheless, the 
structure of the protein chain is affected by a large 
number of other factors beside the skeletal interactions 
that are absent in (I-III). Among them may be mentioned 
the interaction between voluminous and charge-bearing 
side chains and of the side chains with the main chain, 
and interactions with residues remote along the chain. 
Each of the factors mentioned makes a considerable energy 
contribution. For example, the energy of the interaction 
of the side chains of two neighboring phenylalanine re- 
sidues may amount to --3 to --4 kcal/mole [12]. The fact 
that, in spite of this, in all the cases considered a 
good correspondence is observed between the conformations 
of the tripeptide fragments in the proteins and the low- 
energy forms of the molecules (I-III) shows that other 
forms of interaction do not contradict one another and 
exist with the favorable forms of the main chain. Thus 
(see also [32, 33, 13-15]), we come to the conclusion of 
the agreement in proteins of the whole multiplicity of 
close-, medium-, and long-range interactions. This pro- 
perty is characteristic only of evolution-selected amino- 
acid sequences. It is just because of the agreement be- 
tween all the types of interactions and with the condi- 
tion of their maximum degree of saturation that protein 
chains, unlike synthetic, artificial, polypeptides, pos- 
sess a unique tertiary structure. 

SUMMARY 

i. The conformational states of glycine residues -- 
R, B, L, P -- in the low-energy forms of the tripeptides 
(I-III) are found with equal frequency. 

2. The conformations of the main chain in sections 
of protein with glycine residues correspond to the preferred forms of the tripeptide frag- 
ments (I-III). 

3. The close-, medium-, and long-range interactions in proteins do not contradict one 
another and exist at the favorable forms of the main chain. 
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