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ABSTRACT: Allowing for two conformations of the pyrrolidine ring and for cis-trans isomerization in the peptide 
group, the fractions of various conformers of oligomers of L-proline are calculated. Besides the conformations of the 
peptide group and the pyrrolidine ring, the conformational freedom of the backbone was confined to the rotation 
about the C”-C’ bonds. In the calculations of the minimum-energy conformations of each oligomer, the interactions 
over the whole molecule were taken into account. The minimum-energy conformations were employed as the rota- 
tional isomeric states of the whole molecule. The statistical weights of these rotational isomeric states were calcu- 
lated in two ways, both with and without the inclusion of the librational entropy (calculated by assuming that each 
conformer undergoes small fluctuations in conformation). Both sets of statistical weights were used to compute the 
fractions of conformers, which were then compared with experimental results. The calculated probabilities of oc- 
currence of the trans conformation at the ith residue (in the interior of the chain) appear to be in good agreement 
with experimental values, when allowances are made for end-group effects. The conformational energy and the 
fractions of conformers are affected markedly by the bulkiness of the group at the C terminus of the chain, especial- 
ly in short oligomers. The preference for the all-trans conformer in penta-L-proline arises only when the librational 
entropy is included, since the conformer ttctc is the more stable one energetically. 

Conformational energy calculations have been developed 
and applied to the determination of the stable conforma- 
tions of polypeptides and proteins and to the evaluation of 
thermodynamic quantities such as the conformational free 
energy of the polypeptide chain.3 In this development, cog- 
nizance was always taken of the importance of checking the 
validity of the computational procedure by comparing the 
results with experimental facts wherever possible. In this 
paper, we compute the conformational properties of oli- 
gomers of L-proline and compare the results with experi- 
mental data, in order to assess the reliability of our proce- 
dur“es for treating proline residues, not only in oligopep- 
tides but also in proteins. In this work, we make use of the 
geometry and energy parameters which we have deduced 
earlier4,5 for the L-proline residue. 

The conformational properties of the polypeptide chain 
molecule that have usually been studied experimentally are 
the fractions of various conformational states6 (deduced 
from infrared and nuclear magnetic resonance measure- 
ments), the average unperturbed end-to-end d i ~ t a n c e , ~ - ~  
and the dipole moment10 and optical anisotropy.ll Two 
models have been used in the statistical mechanical treat- 
ment of chain molecules, uiz., the (rotational isomeric) 
three-state model, which has been applied to  the n- alkane 
chain,s and a continuous state model (without the inclusion 
of interactions between neighboring residues), which has 
been used to compute the properties of the randomly coiled 
polypeptide In the continuous-state model, the 
statistical weights for each conformational state have been 
e ~ a l u a t e d ~ - ~  a t  discrete values (in appropriate increments) 
of the rotational angles. In this paper, we will use the rota- 
tional isomeric state model to calculate the distribution 
among cis and trans states of the peptide group for oligom- 
ers of L-proline. Besides the cis-trans isomerism about the 
peptide bond, account will be taken of the puckering of the 
pyrrolidine ring and rotation about the Co-C’ bond ( i .e . ,  
the variation of # in the standard convention12). 

There is abundant evidence for the existence of cis-trans 
isomerism about the peptide bond in poly(~-pro l ine) l~  and 
in oligomers of L-proline;G cis peptide bonds have also been 
reported for cyclic compounds such as diketopipera~ine,’~ 
cyclotri(~-prolyl),~5 and cyc1o(Pro-Gly)3,l6 for N-substitut- 
ed polypeptide chains,17J8 and for some peptide bonds in 
subtilisin BPN’I9 and ribonuclease SZo 

TonelliZ1 has computed the fraction of cis and trans 
states in oligomers of L-proline which had been investi- 
gated experimentally by Deber, et a1.;6 he carried out con- 
formational energy calculations in which he neglected long- 
er range interactions beyond the second neighboring resi- 
due. In this paper, we calculate the fraction of cis and trans 
states in oligomers of L-proline by taking into account the 
interactions over the whole molecule and also by including 
the contribution from the librational entropy22223 to each 
minimum-energy conformation. In using the rotational iso- 
meric state model, we do not consider the states of the indi- 
vidual residues (as in the three-state models) but rather the 
discrete states of the whole molecule (which occur in very 
narrow regions about the local minima on the energy sur- 
face in the case of oligomers of L-proline). Since the confor- 
mations of oligomers may be affected by the terminal 
groups, especially at  the C terminus, end effects are also 
examined in this paper. In comparing our results to those 
of Deber, et al., it should be kept in mind that solvent ef- 
fects are not included in our computations. 

Calculation Procedure 
Geometry of Proline Residue. The pertinent atoms of 

an i th  proline residue are shown in Figure 1. The bond 
lengths and bond angles are maintained fixed, and the pep- 
tide groups (either cis or trans) are kept planar. However, 
certain bond angles are interchanged between the cis and 
trans c o n f o r r n a t i ~ n s , ~ ~ ~ ~  uiz., for trans proline (w, - 1 = 
B O ’ ) ,  the bond angles are taken as T ( C ~ - ~ ’ N ~ C , ~ )  = 121’ 
and 7(CL-l’NcCL6) = 126’, whereas, for cis proline ( q - 1  = 
0’1, these bond angles are interchanged to T(CC-1’NLCLa) = 
126’ and 7(Cc-l’NcCc6) = 121’. For the C2-1’-NI peptide 
bond length, we use 1.36 A which is somewhat longer than 
those5 (1.32 A) observed in peptides of ordinary amino 
acids. The larger value has been observed in X-ray crystal- 
lographic studies of p -  bromocarbobenzoxyglycylprolylleu- 
c y l g l y ~ i n e , ~ ~  cyclo -(tetrasarcosyl),26 and N,N‘-dimethyldi- 
ke top ipe ra~ ine .~~  All other bond lengths and bond angles 
are the same as those used in ref 4, 5 ,  and 28. The pucker- 
ing of the pyrrolidine ring (i.e.,  the values of 4, X I ,  x2, x3, 
and x4) for the Cy atom in the up (U) and down (D) posi- 
tions is described by Momany, et al. The existence of such 
puckering a t  the Cy atom has been indicated by experimen- 
tal results in the solid state25.29-31 and in solution.32 While 
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Figure 1. Nomenclature of pertinent atoms in a proline residue. 

H2 
(8) 

Figure 2. Representation of fragments treated initially. R desig- 
nates either a methyl ester (OCH3) or an N,N-dimethylamide 
[N(CH3)21. 

there are reports of puckering a t  the CB atom, such pucker- 
ing was not considered here5 because, in our judgment, CB 
puckering was deduced either from structures which did 
not have low reliability indices ( R  factor) or from high-reli- 
ability structures which were small and cyclic rather than 
linear. Restricting the geometry to only Cy puckering, the 
designations D and U pertain to the endo (6 = -75.0’) and 
exo (6 = -67.6’) positions, respectively, of the Cy atom. 

Energy Functions. The energy functions are the re- 
cent ones of Momany, et al. (described earlier by Lewis, et 
al.,28 and Burgess, et  aL4). They include nonbonded and 
electrostatic energy contributions. 

Since several different configura- 
tions (i.e., different bond angles for cis and trans) and con- 
formations (U and D) are considered for the fixed part of 
each proline residue, we must take into account the (inter- 
nal) energies of each of these configurations and conforma- 
tions in comparing the relative stabilities of proline oligom- 
ers. The internal energies are calculated for the structure 
shown in Figure 1, with the up or down conformation for 
the pyrrolidine ring, and for the cis or trans conformation 
of the Ci-l’-Ni peptide bond, and the results are given in 
Table I. 

In order to save computer 
time in the calculations of the energies of the longer oli- 
gomers, two types of fragments were treated initially. 
These are shown in Figures 2A and 2B. By considering 
these fragments first, we can later avoid computing the 
energies of conformations of longer oligomers in which 
these fragments have very high energies. For these frag- 
ments, as well as for the later calculations with longer oli- 
gomers, the up-down and cis-trans characters were select- 
ed, and then the only independent variables were the $’s, 
i .e. ,  the dihedral angles for rotation about Cm-C’ bonds. In 
all computations reported in this paper, the N-terminal 
group was in the cis conformation, i.e., with Co-H cis to 
C0’-00. In the structure of Figure 2B, the conformation of 
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Table I 
The Internal Energy of t h e  Fixed Part 

of a Proline Residue 
Puckering Peptide bond Internal energy, 

conformationa conformation kcal/mol 

D Cis 0 .  o o o c  

U Cis 0 ,202  
D Trans 0.336 
U Trans 0.550 

a The designations down (D) and up (U) pertain t o  the 
endo (#B = -75.0’) and exo (4 = -67.6’) positions, respec- 
tively, of the Cy atom. bThe  energy pertains t o  the unit 
shown in Figure 1. c All values are expressed as relative val- 
ues with respect t o  the down-cis conformation by subtracting 
12.355 kcal/mol from each of the computed energies. 

the C-terminal R group was taken as follows. When R was 
an ester group (O-CHB), both dihedral angles were taken as 
180’, i e . ,  with Cla-C1’ trans to Oester-Cmethyl and with c’- 
Oester trans to Cmethyl-H. When R was an N,N’-dimethyl- 
amide (N(CH&, the structure was planar, with Clcr-C1’ 
cis to N-cmethyl. The methyl group a t  the N terminus in 
Figures 2A and 2B was included because it influences the 
energy when $1 is varied (in general, the Ci-la atom affects 
the energy when $i is varied). When the energy of the frag- 
ment in Figure 2A was computed by allowing $1 and $2 to 
vary independently of each other, it  was found that the 
minimum-energy value of $1 was independent of the value 
of $2 for all possible conformations of U and D and cis and 
trans. Therefore, in all computations reported here (for 
only the structure of Figure 2A), the condition $1 = $2 was 
imposed. This condition was not imposed when the ener- 
gies of the various oligomers were minimized. 

The energies33 of 16 possible combinations of configura- 
tion and conformation of the structure of Figure 2A are 
plotted as a function of $1 in Figure 3, and those of Figure 
2B are plotted in Figure 4 for a methyl ester C-terminal 
group and in Figure 5 for an N,N’-dimethylamide C-termi- 
nal group. The contributions of the internal energies of 
Table I have already been subtracted from the conforma- 
tional energies plotted in Figures 3-5. 

As can be seen in Figure 3, there is only one low-energy 
value of $1, in a deep energy well with a minimum between 
160 and 170’, and this position is not altered significantly 
by variation in the conformation of the peptide group or in 
the puckering of the pyrrolidine ring. There is also a mini- 
mum (not shown in Figure 3) near $l - -60°, but the ener- 
gies are a t  least 80 kcal/mol higher than those near 160’ for 
every combination of peptide conformation or pyrrolidine 
ring puckering. The high energy in the region of $1 between 
-80 and 0’ arises mainly from the strong repulsion be- 
tween the atoms of the N-terminal pyrrolidine ring and the 
C6Hz group of the succeeding residue. Thus, when we later 
consider a fragment such as that of Figure 2A in a longer 
oligomer, we can neglect values of $1 in the region near 
-60’ and consider only those values in the lower energy re- 
gion of 160’, since the energy values near $1 = -60’ are too 
high to be compensated by long-range attractive forces in 
longer oligomers. 

On the other hand, two minima (at $l = - 4 O O  and 140’) 
are observed for N- acetyl-L-proline methyl ester (Figure 
4). The minimum a t  $1 - -40’ arises because there is no 
strong repulsion between the pyrrolidine ring and the C- 
terminal group, i f  the latter is not bulky. For a bulky C- 
terminal group, such as the N,N’- dimethylamide, however, 
the minimum a t  $ = -40’ is not observed but only the one 
a t  160’ appears (see Figure 5 ) .  

Energies of Oligomers. The results of Figures 3-5 per- 
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Figure 3. Dependence of conformational energy on $1 ( = $ 2 )  for 
the structure depicted in Figure 2A. The peptide conformations 
(WO and w1) are (A) trans-trans, (B) trans-cis, (C) cis-trans, and 
(D) cis-cis. The puckering conformations of the two pyrrolidine 
rings are (--) down-down, (- - -) down-up, (- - -) up-down, 
and (- - -) up-up in each figure. In Figure 3A, the minimum near 
$1 -120” is no longer a minimum, or is a relatively high-energy 
minimum of low statistical weight, if a C-terminal group is added 
to the fragment. 

I I I I I I I 
-180 -120 -60 0 60 120 180 

Dihedral angle  (degrees) 

Figure 4. Dependence of conformational energy on for the 
sturcture depicted in Figure 2B, with R taken as a methyl ester. 
The peptide (WO) and pyrrolidine ring puckering conformations are 
(-) trans-down; (- - -) cis-down; ( -  - -) trans-up; and (- -1 
cis-up. 

mit us to treat a general oligomer, shown in Figure 6, more 
easily. In order to apply the rotational isomeric state model 
to such an oligomer, we must obtain all the low-energy 
minima of such a molecule. For such a minimization pro- 
cess, we select starting conformations of the oligomer as 
follows. The initial values of $i (with i = 1 to n - 1, where 
n is the number of proline residues in the oligomer) are 
taken as those a t  the minima of Figure 3. For the initial 
values of I),, Le., for the C,a-C,’ dihedral angle next to the 
C-terminal R group, we use the conformations of minimum 
energy in Figure 4 for a methyl ester terminal group and 
160’ (Le., the minimum-energy conformation in Figure 5) 
for an N,N’-dimethylamide end group. For any value of n, 
all possible combinations of these values of $i are selected 

O L I O 0  140 

Dihedral angle  ql (degrees) 
0 

Figure 5. Same as Figure 4, but with R taken as an N,N’-dimeth- 
ylamide: (-) trans-down; (- -) cis-down. Only D puckering was 
considered for this end group since the results were to be com- 
pared with those with the methyl ester end group, for which the 
all-D conformation was the most stable. 

HY HYt I 

wi-i +i la ci w i  + i + i l  +it1 w i + i  
l’&- C b - f e  Ni j C i  j C ’ i  j N i + l j C ~ + ~ C ~ + l + t  R 

I I  I I I1 I s  I II 
0, H2C8 ?H2 Oi ~ z ~ \ ~ l s / ~ ~ ~ z  oi t i 

HZ HZ 

Figure 6. Schematic representation of an oligomer of L-proline. 
The C-terminal group R is the same as in Figure 2. 

as starting conformations for energy minimization. I t  is 
reasonable to expect that this selection of starting confor- 
mations will lead to all stable conformations in the energy 
surface, and the rotational isomeric states of the whole 
molecule may be assumed to consist of the ensemble of 
these minimum-energy conformations. 

The procedure used to  minimize the conformational en- 
ergy of the whole molecule with respect to all $i’s is the 
conjugate gradient meth0d.~~J5  In all cases, the magnitudes 
of all first derivatives at  the minimum were less than 
(kcal mol-l)/radian. 

Calculation of Librational Entropy and Statistical 
Weights. The relative statistical weights of conformations 
with small conformational fluctuations about the mini- 
mum can be by 

W = exp[-  E(qo)/RT][(2irRT)m/det  F(qo)]1’2 (1) 
where E ( q 0 )  is the value of the conformational energy a t  
the minimum 4 0  which designates the set of $;Is at  the 
minimum, m is the number of variable dihedral angles in 
the molecule ( = n  in this case), and the elements of the ma- 
trix F(q0) are the second derivatives of the conformational 
energy at a minimum, Le., at 40,  uit., a2E/a$ia$,. In using 
eq 1, it is as~umed3,22 ,~3 ,~~ that the kinetic energy of the 
molecule is independent of conformation and hence that 
det F may be regarded as the librational entropy. 

In computing a2Ela$ia$,, we have used the method of 
Go, et a1.,37 which involves the differentiation of the energy 
function and of the bond transformation matrix. In order 
to make certain that the conformation under consideration 
is a t  an energy minimum, we also calculated the first deriv- 
ative of the conformational energy using the same mathe- 
matical method. 



Vol. 7, No. 5, September-October 1974 Conformational Properties of Oligomers of L-Proline 701 

Table I1 
Rotational Isomeric States, Conformational Energy, and Statistical Weights of Di-L-prolinefl 

Starting Min energy 
Puckering Peptide bond conformation,c deg conformation, deg ConformationalrL 

confor- conformation - 
mation* wo w1 iI.1 iI.2 iI.1 +2 

D D  t 

t 

C 

C 

DU t 

t 

C 

C 

UD t 

t 

C 

C 

uu t 

t 

C 

C 

t 

C 

t 

C 

t 

C 

t 

C 

t 

C 

t 

C 

t 

C 

t 

C 

160 120 
160 - 40 
160 140 
160 - 50 
160 120 
160 - 40 
160 140 

170 130 

160 140 
160 - 40 
170 130 
170 - 40 
160 140 
160 - 40 
170 120 
170 - 40 
160 140 
160 - 50 
160 120 
160 - 40 
160 140 

170 130 

160 140 

170 130 

160 140 

160 - 50 

170 - 40 

160 - 50 

170 - 40 

160 - 40 

170 - 40 

160 - 40 

164.46 
164.45 
160.54 
159.66 
164.25 
164.27 
160.67 
161.11 
169.80 
169.81 
163.83 
163.01 
169.53 
169.55 
163.88 
165.59 
167.89 
167.79 
160.89 
159.74 
164.54 
164.57 
159.33 
160.18 
173.59 
173.57 
166 .11  
165.05 
169.72 
169.74 
163.75 
165.73 

137.54 
-38.16 
133.34 

-37.54 
134.56 

-37.50 
142.43 

-47.37 
137.49 

-34.87 
137.53 

135.44 
-34.29 
142.19 

-47 .49  
136.40 

-38.17 
133.66 

-39.25 
133.14 

-37.53 
140.55 

-47.54 
137.27 

-35.14 
137.55 

-37.55 
134.36 

-34.91 
141.09 

-36.17 

-44.90 

energy, AE, 
kcal/mol 

0 . 0  
0.186 
1 . 0 7  
0.206 
1 . 3 4  
1 . 5 2  
1 . 9 6  
1 . 5 8  
1 . 1 7  
1 . 3 4  
3 . 4 3  
2 .35  
2 . 5 8  
2 .72  
4 .21  
4 .27  
0 .337  
0 .542  
1 . 9 8  
1 . 0 8  
2 .56  
2 .76  
3 . 3 6  
3 . 0 2  
1 . 1 2  
1.31 
4 . 0 5  
3.04 
3 .97  
4 . 1 3  
5 .58  
5 . 4 9  

Statistical weightr 

From E 

1 . 0  
0 ,731  
0.165 
0 ,707  
0 . 1 0 4  
0 .076  
0.037 
0.069 
0 , 1 3 9  
0.104 
0 .003  
0 ,019  
0 .013  
0.010 
0 .001  
0 ,001  
0.566 
0 ,400  
0 .035  
0,161 
0.013 
0,010 
0 , 0 0 3  
0.006 
0 , 1 5 1  
0.110 
0.001 
0.006 
0 ,001  
0 .001  
0 . 0  
0 . 0  

0.453 
0 .193  
0.022 
0.155 
0 ,049  
0.020 
0.006 
0.007 
0 .038  
0 ,019  
0 . 0  
0.002 
0.004 
0.002 
0 . 0  
0 . 0  
0.317 
0 . 1 3 1  
0.005 
0.037 
0.007 
0 .003  
0 , 0 0 1  
0 ,001  
0 .051  
0.024 
0 . 0  
0 ,001  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

a With C-terminal methyl ester group and fixed values of W’S. * See footnote a of Table I. I_ The starting conformations were 
the minimum-energy values of $I of Figure 3 for ,bi and the minimum-energy values of $I of Figure 4 for ;c2.  The reported 
energies are relative values, .iE, with the lowest-energy conformer, i .e.,  DD-tt, assigned an energy of 0.0. e Statistical weights 
are calculated by two methods, i .e.,  by using only E (  i .e.,  by neglecting det F) and by taking the contribution from both the 
conformational energy and the librational entropy ( E  + L )  into account. f In the form of exp[ - AE/RT) [ ( ~ T R T ) ~  ’det F]’”. 

Calculation of Fraction of Conformers. The statisti- 
cal weights of each of the conformers (minimum-energy 
Conformations) of di-, tri-, tetra-, and penta-L-proline are 
calculated with eq 1. For di-L-proline, there are 32 confor- 
mers arising from all possible combinations of cis (c) and 
trans (t) peptides and up (U) and down (D) puckering of 
the pyrrolidine ring ( e . g . ,  tt-DD, tt-DU, tt-UD, tt-UU, tc- 
DD, etc., or 16 in total) and, in addition, from two mini- 
mum-energy values of $n when the C-terminal group is a 
methyl ester; when the C-terminal group is an N,N’-di- 
methylamide, there are only four conformers for di-L-pro- 
line (with only D puckering). Similarly, for tri-L-proline, 
there are 128 ( i e . ,  4 >< 4 X 4 X 2) conformers with a methyl 
ester C-terminal group. For oligomers larger than tri-L-pro- 
line, an  assumption is introduced to reduce the otherwise 
excessive computer time that would be required, uiz., only 
the D conformation is taken for the pyrrolidine ring. This 
assumption can be justified by a number of observations. 
According to recent calculations of the conformational en- 
ergy of p~ ly (L-p ro l ine ) ,~~  the chains with regular puckering 
of the pyrrolidine rings ( i e . ,  all up or all down) have lower 
energy than those with randomly distributed puckering 
conformations because of an unfavorable conflict between 
the pyrrolidine rings. Furthermore, as the chain becomes 
longer, the chain with the all-down puckering conformation 
becomes more stable than the one with the all-up pucker- 
ing c o n f ~ r m a t i o n . ~ ~  In fact, our theoretical results (Table 
111) for tri-L-proline indicate that (for a given combination 
of cis and trans peptides) UUU is -1.5 kcal/mol higher in 

energy than DDD. Also, as can be seen in Figure 3, DD 
combinations have the lowest energy (by at  least 1 kcal/ 
mol) for all combinations of cis and trans peptides. Because 
of this small energy difference, we cannot neglect the exis- 
tence of U puckering in short chains; indeed (from Table 
V) it can be seen that the DD and DDD conformations are 
the dominant ones for di- and tri-L-proline, respectively, 
but that reasonable amounts of U occur in these two oli- 
gomers because of their short chain length. Finally, this as- 
sumption was checked by observing (Table VI) that the 
computed fraction of any conformer (tt, tc, . . . , ttt, ttc, 
. . . , etc.) was essentially the same in di- and tri-L-proline, 
respectively, when both U and D conformations were in- 
cluded and also when only D conformations were taken. On 
the basis of proton nmr data, Torchia3* proposed that the 
pyrrolidine rings of poly(L-proline) rapidly interconvert 
between two conformations puckered a t  the Cy atom. How- 
ever, there are ambiguities in the interpretation of vicinal 
couplings. First, to justify the existence of two puckered 
conformations, Torchia cited the results of conformational 
energy calculations performed for an isolated proline resi- 
due, which may not be applicable to a polymer chain.  Sec- 
ond, he did not examine the various possible sets of values 
of 4 and xi (i = 1-4) but fixed 4 a t  -60’ and varied only 
the values of xi. Third, the rapid rocking motions of the 
methylene groups of the pyrrolidine ring (accompanied by 
the relatively slower motion of the ring around a single 
equilibrium puckered conformation) were not taken into 
consideration in his interpretation of the vicinal proton 
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Table I11 
Energetically Favorable Confomers,. Conformational Energy, and Statistical Weights of Tri-L-proline* 

Statistical weightf 

Puckering conformation conformation,d deg Conformational From 

mationc w0 w1 W? $1 $2 $3 kcal/mol From E ( X  10) 

Peptide bond Min. energy 

confor- energy, AE,. ( E  + LP 
DDD t t t 164.45 164.52 139.61 0 . 0  1 . 0  0.813 

164.45 164.49 -39.65 0.143 0.785 0 .363  
t t C 164.46 160.20 132.74 0.722 0.296 0 .071  

164.56 159.44 -32.82 0 ,070  0.888 0.414 
t C t 161.18 163.89 136.61 1 .44  0.088 0.075 

161.23 163.96 -33.02 1 .76  0.051 0 . 2 9  
C t t 164.22 164.51 141.90 1 .36  0.100 0.076 

164.20 164.47 -39.61 1 .56  0.072 0 ,034  
C t C 164.28 159.25 -35.70 1 .34  0.104 0.046 
C C t 161.89 163.65 137.27 1 .89  0 .041  0.030 

DDU t t t 164.46 169.85 139.04 1 .15  0.142 0.070 
164.44 169.83 -35.73 1 .29  0.114 0.036 

DUD t t t 169.80 167.92 138.85 0.860 0.234 0.188 
169.79 167.84 -39.71 1 . 0 3  0.176 0 . 0 8 1  

t t C 169.89 159.28 -34.52 1 . 4 2  0.090 0.036 
UDD t t t 167.87 164.55 139.85 0.347 0.557 0.557 

167.80 164.48 -39.57 0 ,493  0.435 0 . 2 5 1  
C 1 . 0 2  0.179 0 , 5 2 8  160.06 132.48 t t 167.84 

168.04 159.33 -31.40 0 .361  0.544 0.326 
DUU t t t 169.78 173.67 138.29 1 . 6 3  0.064 0,032 

169.79 173.58 -36.20 1 .79  0.048 0.015 
UDD t t t 167.82 169.84 138.97 1 . 5 0  0.079 0 ,049  

167.81 169.82 -36.05 1 . 6 4  0.063 0.025 
UUD t t t 173.56 167.87 139.28 0.829 0.247 0 .249  

173.58 167.80 -39.65 1 . 0 0  0.184 0 ,107  
t t C 173.70 159.01 -33.05 1 . 2 1  0.129 0 ,069  

uuu t t t 173.54 173.65 138.48 1 .60  0.067 0 ,042  
173.53 173.56 -36.17 1 .77  0.050 0.020 

Only those conformers with energy less than 2 kcal/mol are listed. There are 17 other conformers in the energy range be- 
tween 2 and 3 kcal/mol and 21 conformers between 3 and 4 kcal/mol. The total number of conformers under consideration is 
128. With C-terminal methyl ester group and fixed values of w's. c See footnote a of Table I. The starting conformations were 
the minimum-energy values of $, of Figure 3 for of Figure 4 for $3. e The re- 
ported energies are relative values, 4E, with the lowat-energy conformer, Le., DDD-ttt,  assigned an energy of 0.0. ' See 

aud $2 and the minimum-energy values of 

footnote e oFTable 11. g See footnotefof Table 11. 

couplings. For these reasons, it does not appear to us that 
the nmr data rule out the existence of a single puckered 
conformation in a long poly(L-proline) chain. With the as- 
sumption that only D conformations can occur in oligomers 
longer than tri-L-proline, we have 32 ( i .e . ,  24 X 2) and 64 
( i e . ,  25 X 2) conformers for tetra- and penta-L-proline, re- 
spectively, with methyl ester C-terminal groups. 

In the rotational isomeric state model, the partition 
function 2 for an n-mer is given as a sum over the statisti- 
cal weights W of all conformers, i.e. 

z ( n )  = c CW., a, P )  (2 ) 
C U B  

where a and /3 are summation indices for the conformation- 
al states of the pyrrolidine ring and peptide group, respec- 
tively (a appearing only for di- and tri-L-proline). The frac- 
tions of conformers fa and f p  are then readily calculated 
from the partition function; e.g. ,  f a  (where, say for di-L- 
proline, /3 refers to tt, tc, etc.) is given by 

.fB(n) rz z(n)- 'x  w(n, 0, 0) (3 1 
(Y 

The probability, Pi;t, of finding the i t h  peptide bond in the 
trans conformation may also be calculated from the parti- 
tion function as 

P,;,(d = z(n)-l c c w(n, a, P )  (4 ) 
(Y B ' B i , t  

where Z D = ~ , = ~  means that the sum is taken over the statisti- 
cal weights of only those conformers in which the i t h  pep- 
tide bond is trans. In order to investigate the role of the li- 
brational entropy, we compute the statistical weights W in 

two ways, both with and without inclusion of the term det 
F of eq 1. All values of fractions of conformers and proba- 
bilities are computed a t  a temperature of 25' for later com- 
parison with nmr data6 in chloroform a t  this temperature. 

Results and Discussion 
The rotational isomeric states, conformational energies, 

and statistical weights of the local minimum-energy confor- 
mers of di-, tri-, tetra-, and penta-L-proline, with N-termi- 
nal acetyl and C-terminal methyl ester groups, are given in 
Tables 11-IV. For di-L-proline (Table 11), the results for all 
32 conformers under consideration here are listed. For the 
remaining oligomers, only the energetically favorable con- 
formers [with relative energies of less than 2.0 kcal/mol 
(Table 111) or less than 1.5 kcal/mol (Table IV)] and some 
high-energy conformers are given for illustrative purposes. 

The fractions of conformers with respect to pyrrolidine 
ring puckering, fa, in di- and tri-L-proline were calculated 
by an analog of eq 3 and are given in Table V. From the 
calculations, it appears that the D conformations are more 
preferred than the U ones in these two oligomers. No ex- 
perimental results, with which these calculations can be 
compared, are available a t  the present time. 

The calculated values of the fractions of the dyad and 
triad conformers of di- and tri-L-proline, respectively, are 
given in Table VI. While experimental results are not avail- 
able for these oligomers, having the end groups used in our 
calculations, Deber, et ~ l . , ~  obtained these quantities ex- 
perimentally for oligomers of L-proline with an N-terminal 
tert-  butyl group and a C-terminal benzyl group; these ex- 
perimental values are given in the last column of Table VI. 
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Table IV 
Energetically Favorable Conformers," Conformational Energy, and Statistical 

Weights of Tetra- and Penta-L-prolineb 

Statistical weighte 

mational From 
energy, AE,d ( E  + L)' 

Oligomer w0 W ,  w2 wg w4 $1 $2 $3 +4  $ 5  kcal/mol From E ( x 102) 

Peptide bond Confor- 
conformation Min. energy conformation,c deg 

Tetra-L-proline t t t t 164.54 164.60 164.59 138.28 0 . 0  1 . 0  1 . 4 5  
164.49 164.53 164.52 - 39.48 0.136 0.794 0.644 

t t t c  164.52 164.57 160.02 132.97 0.666 0.325 0 .141  
164.49 164.66 159.02 - 31.38 0.026 0.957 0.854 

t t c t  164.37 160.85 163.82 138.21 1.18 0.136 0.210 
t c t t  161.09 163.81 164.40 143.34 1 . 4 1  0.092 0.139 
c t t t  164.24 164.53 164.60 140.34 1 . 3 4  0.104 0.148 

164.25 164.52 164.53 - 40.21 1 .47  0.084 0.068 
t c t c  161.31 163.21 159.79 129.51 1 .12  0.152 0 .041  

160.82 164.32 158.85 - 24.73 0.327 0.576 0.338 
c t t c  164.26 164.65 159.10 -31.57 1 .36  0.101 0.090 
c t t c  162.14 163.20 159.95 -46 .51  1 . 2 1  0 .131  0.033 

Penta-L- t t t t t 164.47 164.55 164.54 164.52 139.14 0.529 0.409 0.103 
proline 164.48 164.50 164.48 164.52 -39.48 0.683 0.316 0 ,046  

t t t t c 164.46 164.59 164.58 160.02 132.94 1 .24  0.123 0.009 
164.46 164.59 164.65 159.01 -32.11 0.546 0.397 0 .061  

t t c t c 164.74 162.43 164.47 160.86 133.19 0 . 0  1 . 0  0.020 
164.47 158.77 164.47 159.66 -21.60 0 .074  0.883 0 .091  

t c t t c 161.08 163.91 164.61 159.11 -30.18 0.925 0.210 0.039 
c t c t c 163.02 160.94 162.89 159.81 148.04 1 .49  0 .081  0.002 

164.82 157.63 165.02 158.98 -34.11 1 . 2 2  0.128 0.015 
c c c c c 154.78 162.07 166.65 168.23 154.09 1 1 . 4 8  0 .0  0 . 0  

154.72 162.07 166.89 169.02 -74.99 13.50 0 . 0  0 . 0  

a Only those conforrnlers with energy less than 1.5 kcal/mol are listed. There are ten conformers of tetra-L-proline and 23 con- 
formers of penta-~-proline in the energy range between 1.5 and 3.0 kcal/mol. With C-terminal methyl ester group and fixed 
values of W ' S .  c The starting conformations were the minimum-energy values of to +n-l and the mini- 
mum-energy values of The reported energies are relative values, AE, with the lowest energy conformers, 
i.e., tttt for tetra-L-proline and ttctc for penta-L-proline, assigned an energy of 0.0. e See footnote e of Table 11. f See foot- 
note f of T a  ble 1 1 . 0  These high-energy conformers are given only for illustrative purposes. 

of Figure 3 for 
of Figure 4 for +,,. 

As shown experimentally by Madison and Schellman,s9 the 
fractions of conformers in oligomers of proline are very sen- 
sitive to the bulkiness of the C-terminal group (and not so 
sensitive to the bulkiness of the N-terminal group). These 

also pointed out that the solvent plays a less im- 
portant role in determining the conformations of oligomers 
of derivatives of L-proline when the C-terminal group is 
bulky. Therefore, to examine the effect of the bulkier C- 
terminal group, the calculations were repeated by replacing 
the methyl ester (ME) by an N,N'-dimethylamide (DMA) 
end group, and the results are also presented in Table VI. 
It can be seen that the calculated values are indeed mark- 
edly affected by the bulkiness of the C-terminal group. In 
the case of di-L-proline, ct becomes more favorable than tc, 
and in the case of tri-L-proline, ctt becomes more favorable 
than ttc, when DMA in substituted for the ME end group, 
and these results are in accord with the qualitative trend of 
the experimental results.21 For di- and tri-L-proline, with 
an ME end group, the result that  f t c  and fttc are larger than 
f c t  and fc t t ,  respectively, is due mainly to the low energies 
of the DD-tc conformer ($1 = 159.7' and $2 = -37.5O; 
Table 11) and the DDD-ttc conformer (+I = 164.6O, $2 = 
159.4', and $3 = -32.8"; Table 111); these values of the ter- 
minal $ (--35') can aippear only a t  the end of the chain. 
Since $, - -35' is a high-energy conformation for a DMA 
end group, f c t  and fctt become larger than ftc and fttc when 
DMA is substituted for ME. Thus, these results are not in 
conflict with the indication40 from nmr studies that it is 
preferable for a trans sequence to follow a cis sequence 
rather than vice versa in the cis-trans isomerization of 
poly(L-proline). Rifkind and Applequist41 also pointed out 
this fact, based on the inspection of space-filling molecular 
models. While the discrepancies between theory and exper- 
iment in Table VI are thus probably due to differences in 

Table V 
The Fractions of Conformers with Respect to 
Pyrrolidine Ring  Puckering in Di- a n d  Tri-L-proline 

Fraction of conformer 

Oligomer ring" From E b  (E  + L)c 

Conformation 
of pyrrolidine From 

Di-L-proline D D  0.62 0 .58  
D U  0 .06  0 .04  
UD 0 .26  0.32 
uu 0.06 0 .05  

Tri-L-proline D D D  0.48 0 .35  
DDU 0 . 0 5  0 .03  
D U D  0.08 0 .20  
U D D  0.25 0 .31  
DUU 0.02 0 .01  
UDU 0.02 0 . 0 2  
UUD 0.08 0 .08  
uuu 0.02 0.01 

a See footnote a of Table I. * Values calculated from the 
contribution of only the conformational energy to the 
statistical weight. c Values calculated from the contribution 
of both the conformational energy and the librational en- 
tropy to the statistical weight. 

C-terminal end groups, we place more emphasis in this 
paper on the conclusions about the conformational states 
of a proline residue in the interior of a longer oligomer 
than di- and tri-L-proline. 

The calculated probabilities of finding the i t h  peptide 
group in the trans conformation, Pi;t, are presented in 
Table VII. The values of Pi;t for residues in the middle of 
the chain are less affected by the values of the dihedral an- 
gles at both termini (wg  and +,) and by the bulkiness of the 
terminal groups than are the dyad and triad fractions of 
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Table VI 
The Dyad and Triad Fractions in Conformers of Di- and Tri-L-Proline 

Macromolecules 

Fraction of conformer 
Calculated value 

N,N’-D imet hylamide 
end group Methyl ester end group 

From From From From From From Exptl 
Oligomer Conformer Enl ( E  + L)*,C E a , d  (E  + L)c,d E%d ( E  + L)cpd valuee 

Di-L-proline tt 0 .69  0.79 0 .60  0 . 7 1  0 .86  0 .86  0 .40  
tc 0 . 2 4  0.14 0 .30  0.20 0 .05  0 .05  0.20 
ct 0 .05  0.06 0.06 0.08 0.08 0 .08  0 .40  
cc 0 . 0 3  0 . 0 1  0 . 0 4  0 .01  0 .02  0 .02  0 . 0  

Tri-L-proline ttt 0 .59  0.66 0 .51  0.60 0 .75  0 .74  0 .30  
ttc 0 . 3 1  0.26 0.34 0.25 0 .06  0 .07  0 .10  
tct 0 . 0 3  0 . 0 3  0.04 0.05 0.07 0 .08  0 . 1 6 .  
ctt 0.04 0.03 0.05 0.06 0 .08  0.08 0.30 
tcc 0 . 0  0.0 0 .01  0 .0  0 .0  0 . 0  0.04 
ctc 0.02 0.01 0 .04  0.03 0 .01  0 .01  0.10 
cct 0 . 0 1  0 . 0 1  0.02 0.02 0 . 0 3  0 . 0 3  0 . 0  
ccc 0 .0  0 . 0  0 .0  0.0  0 . 0  0 . 0  0 . 0  

a See footnote 6 of Table V. * Including both D and U puckering of the pyrrolidine ring. See footnote c of Table V. Only 
D puckering of the pyrrolidine ring was allowed (see legend of Figure 5). e From Table I1 of ref 21. 

Table VI1 
The Probabilities of Finding t h e  ith Peptide Group in 
the Trans  Conformation for Oligomers of L-proline 

wi th  a C-Terminal Methyl Ester Group 
Calculated value 

From From Exptl 
Oligomer Pi,t Ea ( E  + L)*  valuec 

Di-L-prolined Pot 0.93 0.94 0 .60  
Pi;, 0.74  0 .85  0.80 

Tri-L-prolined Po,t 0.68 0 .79  0 .60  
Pl,t 0 . 8 3  0 .82  0 . 8 0  
P:,t 0.66 0 .78  0.76 

Tetra-L-proline6 P0.t 0.88 0 . 8 8  0 . 6 0  
Pi,t 0.76 0.84 0.80’ 
P2.t 0.95 0.93 0.80  
P3:t 0.52 0.66 0 .80  
Po,t 0.89 0.88 0 .60  
Pl,t p.89 0.83 0.99’ 
P2t 0.47  0 . 6 8  0.99’ 

P4;t 0.31  0 .51  0 .99  
P3,t 0.94 0 . 9 3  0.99 

a See footnote b of Table V. * See footnote c of Table V. 
From Table I11 of ref 21. d Including both D and U pucker- 

ing of the pyrrolidine ring. e Only D puckering of the pyrroli- 
dine ring was allowed. 1 These values were assumed because 
of an experimental ambiguity in ref 6 and 21. 

Penta-L-prolinee 

Table VI. Thus, the calculated values for peptide groups in 
the middle of the chain are in better agreement (except for 
Pzit in penta-L-proline) with the experimental values than 
are the values for the terminal peptide groups; in some 
cases, the agreement is improved by the inclusion of the 
contribution from the librational entropy. The low value of 
P z ; ~  in penta-L-proline arises because of the energetic pref- 
erence for ttctc (resulting mainly from the difference in in- 
ternal energy of the cis and trans forms, shown in Table I) 
in this all-D oligomer; however, there is no point in dis- 
cussing the disagreement between the experimental and 
calculated values of P2;t because the experimental value of 
0.99 was assumed because of an experimental ambiguity.21 
In the calculation of Tonelli,21 the values of Piit for the in- 
terior of the chain had already reached 0.99 a t  the stage of 
the tripeptide, while those found by experiment (Table 
VII) did not reach 0.99 until the pentapeptide. However, in 
the present calculations, the cis conformation can occur in 
the middle of the chain, for a chain as long as the tetrapep- 

tide, which is in ageement with the experimental results, 
although our calculated values did not reach 0.99 even for 
the pentapeptide. 

The experimentally observed6 onset of the all-trans heli- 
cal conformation (form 11) at  the pentapeptide stage can- 
not be accounted for either by the calculations of TonelliZ1 
or by our calculations. However, we have found that the 
conformation of the (dominant) all-trans oligomer is regu- 
lar (i.e., that the $i’s are similar), and this may contribute 
to an understanding of the experimental fact mentioned 
above. From Tables 11,111, and IV, we see that the all-trans 
conformer is the lowest energy one for di- to tetra-L-pro- 
line, and, from Table IV, we see that the ttctc conformer is 
the lowest energy one for penta-L-proline. However, the 
ttttt conformer becomes the most stable one when the con- 
tribution from the librational entropy is taken into account 
(see last column of Table IV). Furthermore, the ttttt con- 
former has a regular structure as far as the $i’s are con- 
cerned (i.e., J i i  = 164.5O for i = 1-4), which resulted when 
the $i’s were varied independent ly  in the energy minimi- 
zation. This structure is essentially 12/3 turns of a left-hand- 
ed helix which presumably is a long enough section of regu- 
lar helix to give rise to the negative Cotton effect which is 
observed in the optical rotatory dispersion curve that is 
characteristic of the form I1 helix of poly@-proline) (see 
Figure 7 of ref 6). At the same time, as can be seen in Table 
IV, the tttt conformation of tetra-L-proline has similar 
values of $i (for i = 1-3); this is essentially 11/3 turns of 
helix. While it is difficult to decide whether this size of reg- 
ular helix in tetra-L-proline is large enough to show the 
characteristic Cotton effect of poly@-proline), we cite the 
experimental results of Okabayashi, e t  a l . ,42  who observed 
the appearance of the poly(L-proline) helix properties (op- 
tical rotatory dispersion and ultraviolet absorption spectra) 
a t  the tetrapeptide stage and their completeness in the 
pentapeptide. Aside from the question as to whether the 
overall shape of the molecule is helical or not, the values of 
$i E 164.5’ obtained for the tetra- and pentapeptide are 
also found for the di- and tripeptides (see $1 for tt in Table 
I1 and $1 and $2 for ttt in Table 111); this regularity found 
in short oligopeptides is in agreement with X-ray results of 
Kartha and his  colleague^^^ on t-BOC-(L-pro)3 (and also 
on the tetrapeptide), in which the values of + in the tri- and 
tetrapeptides were not very far from those of poly(L-pro- 
line) 11. The presence of ttctc as a low-energy conformer 
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suggests that the nucleation of the trans ~t cis conversion 
may occur not only a t  the terminus but also in the middle 
of the chain and also may account for the random occur- 
rence of cis residues within the poly(L-proline) chain.44 It is 
of interest to examine the relative difficulty of nucleation 
of the cis conformation at or near the terminus and within 
the chain. This question has to be considered in terms of 
the cooperativity of the transition, taking into account the 
conformations of the neighboring groups a t  the termini or 
within the chain. This point will be discussed (using pa- 
rameters for nucleation both at  the termini and within the 
chain) in a forthcoming paper.38 

In the present paper, we assumed that the molecules 
exist as a Boltzmann distribution of conformations about 
the minimum-energy one. In the model used here, long- 
range interactions were included; these seem to contribute 
to the relative stabilities of the various conformations 
which differ relativeby little in energy and to the tendency 
toward the formation of helix-like structures. On the other 
hand, no account was taken of the entropy arising from li- 
bration around the N-Ca bond; in addition, we have not 
satisfactorily eliminated the end effect in the very short oli- 
gomers, as indicated lby the discrepancies between the cal- 
culated and experimental results. In order to examine these 
two points, we are extending our investigation to calculate 
the characteristic ratio of poly(L-proline) as a useful probe 
of the conformational energy surface of a proline residue.45 
The point to emphasize is that the calculations presented 
here are in good agreement with the experimental results 
for the conformational behavior of proline residues within 
the polypeptide chain. 

Acknowledgment., Helpful discussions with Drs. A. W. 
Burgess, F. A. Momany, and P. K. Ponnuswamy are grate- 
fully acknowledged. We are also indebted to Mrs. Shirley 
Rumsey for assistance with the computer programming. 

Note Added in Proof. Our choice of values of 4 for U 
and D puckering agrees reasonably well with recently re- 
ported computationri of Venkatachalam, e t  al. 4 6  Our 
values of -67.6 and .-75.0’ for 4, for U and D puckering, 
respectively, fall within the lowest energy regions of Fig- 
ures 6a and 6d of ref‘ 46 for trans and cis proline, respec- 
tively, even when $ is allowed to vary over the accessible 
range around 160’ (see Figure 3). For this comparison, our 
values of 4 convert to values of their B of -7.6’ and -15.0’, 
using their relation: 4 RZ B - 60’. 

Further, the stable trans conformation found here is the 
lower energy one up to, and including, the hexamer.38 For 
the heptamer and longer chains, the cis conformation has 
the lower energy38 under vacuum. Since the cis form is 
more compact, the long-range nonbonded attractive inter- 
actions stabilize the cis form as the chain length in- 
creases.38 
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