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ABSTRACT 

The problem of the very rare occurrence of cis peptide units in proteins and 
polypeptides has been investigated and the probability of occurrence of such peptide 
units has been evaluated on the basis of conformational analysis. The higher intrinsic 
energy of the cis over the trans form is partially responsible for the rare occurrence 
of the former. We find that the conformational restrictions produced when a cis 
peptide unit occurs within an all-trans polypeptide chain provides an additional 
criterion. Conformational energy calculations, on a segment of two peptide units 
(called dipeptide for short) indicated that, relative to the trans-trans structure, 
the trans-cis or cis-trans structures can occur only to an extent ofO' ~ per cent. In 
the case of a tripeptide unit, calculations on the configurations trans-trans-trans 
and trans-cis-trans yielded for the non-prolyl and prolyl cis peptide units a probability 
of occurrence of about O· 1 per cent and 30 per cellt or higher, respectively. This 
explains the almost total absence of nonprolyl cis peptide units in polypeptide chains. 
On the other hand, the results indicate that the population of cis-Pro for the sequence 
X-Pro in globular proteins is likely to be appreciable and that these should be looked 
for. So also, in the non-prolyl case, cis peptide units are not forbidden, but may 
occur in rare cases, which should also be looked for. 

Keywords: cis-peptide unit; polypeptides, prolyI peptide unit; partition function; frequency 
of cis residues. 

INTRODUCTION 

The building block of polypeptides and proteins is the peptide unit. 
This, because of the partial double bond character of the CO-NH bond 
occurring in it, can take up two isomeric modifications-namely, the cis 
and the trans peptide units (Fig. 1). However, ip. recent years, experi .. 
mental techniques like X-ray crystallography, probing into protein and 

* Contribution No. 84 from the Molecular Biophysics Unit, Indian Institute of Soience, 
Ban galore , India. . 
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FIG. 1. (a) Trans and (b) cis isomers of a peptide unit. 
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polypeptide structures, have revealed that, of these two, the trans form 
predominates overwhelmingly. Only in special cases, where the peptide 
unit x- Y has Y as the residue of an N-substituted amino acid· (such· as 
proline) is the cis conformation ever observed. In this paper, we report our 
investiga tions of this phenomenon from a theoretical standpoint, emploYing 
conformational analysis. . 

A factor that is definitely responsible for the difference in cis and trans
population is the intrinsic energy difference between the two. This has 
been arrived at from theoretical as well as experimental studies on ana
logues of a peptide unit like N-methyl formamide and N-methyl acetamide. 
Some typical results for the energy difference ~E = Ecis-EtraDs are indi
cated in Table I. It can be seen that the energy of the cis form is highe, 
than that of the trans form, although the actual value of the energy differ
ence differs according to the method adopted. 

Because of its higher intrinsic energy, the cis peptide unit has a lower 
probability of occurrence (see Table I), but this factor alone cannot account 
for the overwhelming preponderance of the trans form. This paper deals 
with this problem from the point of view of conformational analysis and 
suggests an explanation for the rarity of cis peptide unit in proteins and 
polypeptides. This has been arrived at from the observation that the 
presence of a cis peptide unit in a polypeptide chain introduces, locally, 
considerable stereochemical restrictions. Thus, in a dipeptide, the simplest 
model for a polypeptide, our calculations indicated that the trOns-trans 
structure is thermodynamically more favoura ble than either trans-cis or CIS

trans structure. Next in a tripeptide, a better model for a polypeptide, we found 
tha t the probability of the peptide unit in the middle being cis is much less 
th~n of its being trans due tc stereochemical constraints. This was arrived 
at by analysing the tripeptide fragment~ trans-trans-trans and trans-cis-trans. 
On including the intrinsic energy difference between the cis and trans 
forms of the peptide unit into our calculations for the tripeptide systems, it 
may be stated here that the probability of cis peptide unit occurrence was 
found to lie in the raDge cf 0·02 per cent to o· 2 per cent. This resuJt, 
without significant alteration, yields tbe prob2biHty of finding a cis rentide 
unit in an all-trans polypeptide chain. For the specific case of proline, how
ever, similar calculations showed that in the tripeptide fragment a cis 
linkage for the sequence X-Pro is about as probable as trans, very much 
~like in the non-prolyl case. 
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TABLE I 

Typical values for cis-trans energy difference of peptide analogues 
theoretical and experilnental studies and the relative probability 0/ 

Workers 

isomers computed therefronl 

Peptide analogue Method Energy 

Theoreti cal 

differenc(' 
E (kcal/mole) 

Murthy et ale [1] N-methyl acetamide CNDO/2 

Pericaudet and 
Pullam [2] 

Andrews [3] 

N-methyl formamide ab initio 
quantum 
chemical 

N-methyl formamide PCILO 

Shipman and N-methyl acetamide 
Christofferson * 

ab initio 
quantum 
chemical 

0·7 

2·5 

. [4] 

Experimental 

Neumann et ale N-methyl formamide NMR 1·4 
[5] 

N-methyl formamide NMR Draklenber g 1· 6 
et al. [6] 

N-methyl acetamide NMR 2·8 

Khetrapal [7] N-methyl formamide PMR liquid 1· 5 
crystalline 
nematic phase 

0·05 

0·04 

0·10 

0·7 
.' 

0·01 

0~O8 

* Shipman and Christofferson made c~Iculations for different o1ientation of the CHa,Kl'Ct1rilliL; 

and obtained different values for energy dIfference. The lowest v~lue reported is given ~~~.,;.,. 

METHOD 

Our approach to the probI~m of ~nderstanding the reason fot lho)' 
low occurrence of cis-peptide uni~s was ~o st~d~ the stereochemical J;91~?ifJ 
such a peptide unit in a polypeptIde chaIn e .. nd to see how this differs fr9m: 
that of the trans peptid~ unit. - .\ 
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1. Dipeptide system 

591 

In ~rder to carry out this objective, we first took 2. dipeptide as a 
model system, with one of the peptide units in cis conformp.tion, and compared 
its thermodyn2.mic properties with the C2.se in which both the peptide units 
are in trans conformation. We studied the segment consisting of the 
atoms C14-CIOI-N2H2-C2a (H2~' R~-C202-N3H3-Caa with R2 = C~3' 
corresponding to the amino acid aI2.nine. We C2.Il this an ala
nine dipeptide for convenience. For eC'.ch of the" three dipeptide confi
gurations, namely trans-trans, cis-tr~ns 2.nd trans-cis, the conform2.tional 
energy was obtained 2.S a function of the relev2.nt dihedr2J C'.ngles (4>, .p) •. 
Also, important thermodynamic qU2.ntities like p2.rtition function (Z), 
average energy «E}) and free energy (F) were computed for comp2.rison. 

2. Tripeptide system 

The stereochemic2.l features accomp2.nying a cis peptide unit, when it 
is present in an all-trans polypeptide chain, are evident in its interaction 
with the first neighbour trans :peptide units. We therefore considered a 
system composed of three peptide units," called for convenience "2. tripep
tide unit", as a "better model than the dipeptide system, in further C2.1cu
lation of arua.lysing the influence of the cis peptide unit in 2. protein or poly
peptide chain. Configurations of the tripeptid.e- unit were gener2.ted by 
assigning either trans or cis geometry for the middle peptide unit and trans 
geometry for the two terminal "peptide-units. We will call these tWo tri
peptide configurations, namely, trans-trans-trans 2.nd trans-cis-trans, as T
and C-configurations, respectively, for the sake of brevity. This study would 
indicate the relative ease with which .C'. single cis peptide unit can occur in a 
polypeptide chain consisting of trans units. 

-conformation energy calculatIons' were performed - for the tripeptide 
unit composed of the atoms ·CIo,-CIOI-N2H2-. C2o,' (Ha2,R2)~~~2 
N H3-C3o,(Ha(t,R3)-C303-N~H4-C4a for both T- and C- configu
ra~ions. In the first set, AI2.-A12., 2.n ·2.le.nine side ch2..in (to ~eprec;ent 
any of" the non-glycyI2.~ino 2.~ids thC' .. t 'commonly occur in ~~oteins) \\'~s 

affixed" to -e2.ch of the Ii.nking a-c2.rbon C'.tom.s for R2 ~d R3 [Fig. 2 {a)1 .. 
Since cis-prolines are observed in polypeptides like polyproline I [9] end 
in globular proteins like rihonuclea.se [10], thermolysin [11], subtilisin [12], 

" .We follow throughout t"is paper the latest confolmati~nal nomenclature [8] . in whkh 
,.11 g.ih¢raJ an~les ar~ zero fo~" the qfs cc;mformation, 
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FIG. 2. (a) The tripeptide fragment Ala-Ala employed in the calculaticns for \\hich the 
four dihedral angles «Pz, "'2; tp3t "'8 are the variables. Atoms from CIa to Caa constitute the linked 
dipeptide where tP2 and "'2 are the variable dihedral angles. 

(b) The Ala-Pro tripeptide fragment used in the calculation. Since Pa is fixed by the pyrro
lidine ring geometry, only P2' "'2 and "'a are variables. 

erythrocruorin [13] and carbonic anhydrase [14], in the second set .of caicu
lations R3 was taken to correspond to a prolyl residue instead of being an 
alanyl residue, so that the tripeptide unit Ala-Pro [Fig. 2 (b)] was analysed. 
These two were expected to reveal from their respective probabilities of 
occurrence eV2Ju~.ted from the calculated thermodynamic functions, how 
non-prolyl ~.nd prolyl residues would behave in a long-chain polypeptide 
in cis and trans conforma.tion of the peptide unit. 

CALCULATIONS 

Dipeptide L-Ala.-For the dipeptide configurations, the two dihedral 
angles cp and ,p at the linking a.-carbon atom were varied in steps of 10° to 
generate the various conformations. . 
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Tripeptide Ala-Ala.-Different conformations for the tripeptide frag
ment were generated by varying the dihedral angles P2, ~2' CPs and ~ [Fig~ 
2 (a)] in steps of 30° (a larger intef\lal to reduce the oth{rwi~e large com'{luter 
times) throughout the entire range from - 180° to 180°. 

Tripeptide Ala-Pro.-Here CPa is locked because of the closure of the 
pyrrolidine ring, so that only CP2' ~2 and ~3 [Fig. 2 (b)] are variables. These 
were varied in steps of 20°. Since the pyrrolidine ring is flexible, it can 
assume different puckered structures. Three representative puckerings 
of the pyrrolidine ring were chosen for. the T - and C-configurations. The 
first puckering for the T -configuration was the conformation 1 of the type 
B characterised by the dihedral angles 8 = - 10°, x: = 25°, X2 = - 31°, 
x3 = 24°, X4 = - 8°, as given by R.runachandr~..n et ale [15], while th3.t for 
the C-configuration was the conformation for cis-Pro as observed in the 
crystal structure of Gly-pro-Leu [16]. This pucker is characterised by 8 = 
- 13°, Xl = 28°, xf/. = - 33°, XS = 24° and X4 = - 6° and is close to the 
first puckering employed for the T -configuration calculation. The confor
mation of the pyrrolidine ring for the <;econd and third puckered structures 
were the same for both the T - and C-configurations. These were, the 
conformations 1 and 3 of the type A given by Ramachandran et al. [15] and 
are characterised by 8 = 5°, r = - 23°, X2 = 32°, X3 = - 28° and X4 = 
14° and by 8 = 10°, Xl = - 25°, x2 = 31°, x3 = - 24° and X4 = 8°, 
respectively. 

The total conformational energy was evaluated by adding up the non
bonded, electrostatic, torsional and hydrogen bond energy contributions. 
The dimensions used or the trans peptide unit \vere the same as those given 
by Ramachandran and Sasisekharan [17] and those for the cis peptide unit 
were as proposed by Ramachandran and Venkatachalam [18]. We used 
6-exp potential functions for the non bonded energy and the partial charges 
for electrostatic energy as given by Ramachandran and Sasisekharan [17], 
and by Poland and Scheraga [19], for the atoms of the proline residue. 
The hydrogen bond energy was calculated by employing the algorithm 
given by Chidambaram et ale [20]. The torsional potential for rotation 
about N-ca and Ca-C were calculated by using the 3-fold potential 
functions V tP = 0·3 (i-cos 3q,), V", = O· 1 (1 + cos 3.p) used in our 
laboratory [17]. 

F~'- -the dipeptide fragment, the total potential energy is given by 
V = ~ \ rP, ~), while for the tripeptide fragment, it is V = V (cfo2, ~2; tPa, ~8). 
Whe~ the middl~ r~si~:q.e is l?~oline, +8 is ~ fixed paramet~r " and $Q 'V:::; 
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V (q,2, "'2; k, ."'3). As mentioned (.arIier, the cis and trans forn;ts of the 
peptide unit differ in their intrinsic energies. Thus, for comparing the 
all-trans sequence with the sequence having a cis peptide unit, one must 
also include the intrinsic energy E in the calculations. In order to corres
pond to the same basis of V equal to zero, the potential energy V for the 
configurations having 2. cis peptide unit, namely, tran-cis and cis-trans in 
case of dipeptJde (Ala) and trans-cis-trans in case of tripeptide (Ala-Ala), 
were obtained by adding the intrinsic' energy difference 6E (Ecis-Etrans) 
to the conformational energy comp~sed of the terms mentioned above·. 
The value for 6.E was taken to be 2·8 kcalfmole. This corresponds to th~ 
exper~entally observed energy difference between the cis and trans forms 
of N-methyl acetamide (see Table I), a compound that closely resembles 
an isolated peptide unit. Since for a prolyI residue, the cis and the trans 
forms of the peptide ~nit are almost identical, the intrinsic energy for the 
two isomers will be nearly the same. Thus, 6 E was taken as zero in our 
calculation for the Ala-Pro tripeptide unit. The partition function Z , 
the average energy (E), and the free energy F were computed by making 
use of the formulae given below. 

For a structure whose conformation is specified by n sets of dihedral 
angles' ~" "', (j = 1 to n) the partition function Z is given by Flory [21] as 

z = J J ... J Jexp {- V(q,l' "'1; .. ·0' tPn ,"'n )/RT} x 
cJtl rp, tPn rpn 

(1) 

Approximating the integrations by summations, we get as indicated by 
Premilat and Hermans, Jr. [22], 

z = (2;t ~ ~ ... ~ 2: exp {-V ("'1' .pI, ... , "'n , .pn)/RT} (2) 
~1 ¢s ~n rpn 

where P is the number of points in the n-d.imensional conformational pha~e 
~pace at which the conformatonal energy V is evaluated. Similarly, the 
average. energy (E) is approxi mated by 0 • 

. (E) = (~r ~ ~ ... ~ 2: V("'b .p1o···' <Pn, .pn ) 
1 0., ~J "'1 ~n t/I n 

(3) 0 
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For the dipeptide system, the partition function Z and the aver~ge energy 
(E) will then be given by 

z = ~2 L L exp { - V(</>, +)/RT) (4) 

4J '/I 

(E) = ~~ L L V (</>, .p) exp {- V (</>, .p)/RT) (5) 

4J rp \ 
while, for the tripeptide system, these will be given 1>y 

(6) 

(7) 

The free energy F in either case can be calculated from the ~Iation F = 
- RT In Z. If Zc and ZT denote the partition functions, for the dipeptide 
(or tripeptide) configuration containing a cis peptide unit and that for the 
corresponding all-trans sequence, respectively, the probability of occur
rence Pc of a cis peptide unit is given by 

Pc = Zc I (ZT + Za). (8) 

For the Ala-Ala system, calculations were also performed by taking 
a different set of torsional potential functions proposed recently by Kolas
kar et ale [23,24] which has the form Vf/I = 0, Vrp = 2-0 (I-cos ¥) and also 
by varying the bond angle T (N-eel-C) from the standard value of 110° 
to a larger value of 114°. 

REsULTS AND DISCUSSION 

1. Dipeptide system 

The conformational energy calculation on the dipeptide configurations 
revealed that the minimum energy of the trans-trans system was - 2·0 
kcal/mole for CP = - 90°, rp = 80°, when no hydrogen bond energy was 
considered and - 3 -6 kcal/mole for cp = -.90°, rp = 60°, when the energy 
contribution from the 2 -~-type internal hydrogen bond [25], was included. 
These minimum-energy values were much lower than the minimUm energies 
of the trans-cis and cis-trans ~nfisuratio~ which were 1· 6 kcal/m,ol~ f()f 
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q, == - 140°, '" = 150°, and 2·1 kcaI/mole for cP = - 140°, .p = i6!;;: 
respectively. Due to the presence of the cis peptide unit, the formatiODl9f. 
an internal dipeptide hydrogen bond (as in the case of trans-trans dipepti4e); 
is prevented, so that, in the case of cis-trans and trans-cis configurations" 
lowering of energy through the formation of a hydrogen bond is not possiblij. 
We also observed that the presence of a cis peptide unit reduces the e~;~:; 
of the low energy regions of the dipeptide unit. This can be clearly S~~l, 
from the energy contour diagrams (Fig. 3). As a result of this, the avera~!' 

180~--~--~----~~--~~------~~------~~ 

TRANS-TRANS 

Vo =-2·0kcal/mol(2 

o~--~~~~~~----~--~~w-------__ ~~ 
-180 o 180 

FIG. 3. (a) The low energy contours of 1, 2, 3, 4, and 5 kcal/mole ; above the minimliin 
energy for the trans-trans dipeptide configuration. No hydrogen bond energy is inclu~ed Tho 
minimum energy conformation is marked by ~, and the absolut~ valu(f ~f tJw ~n~um enerlf 
<17,) is ,pven in the lower ri~t hand quadrapt! 
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energy and the free energy of the trans-trailS configuration are lower by 
about 4 kcal/mole., while the partition function is about 300 times bigher 
than that for either trans-cis or cis-trans configuration. The probability 
Pc of cis peptid.e occurrence turns out to be about 0 -003 for this case (see 
Table II). We thus find that, even in a dipeptide, a cis peptide unit reduces 
the thermodynamical stability and the probability of the structure. 

2. Tripeptide system 

A more realistic representation, vis-a-vis the situation in a polypeptide 
chain, exists in a tripeptide, which can be expected to mimic a polypeptide, 
since it accounts for all the short-range interactions that dominate and 
influence the conformation of a long polypeptide chain. 

Ala-Ala case.-For the Ala-Ala system, we obtained results which 
were qualitatively similar to those in the case of the dipeptide, i.e., here also 
the calculations indicated that the presence of a ci~ peptide unit introduces· 
appreciable conformational inflexibility. Thus, it was observed that the 
region of allowed conformation for the T-configuration is very much mOre 
than that of the C-configuration and that most of the disallowed confor
mation in the latter case had short contacts between the two terminal trans 
peptide units. This feature. is illustrated in Fig. 4 which shows sample 
conformations for the two tripeptide configurations. Although the con
formation of trans-cis and the cis-trans dipeptide fragment occurs in the sten-

TABLE II 

Thenl10dyna111ic paranleters of the dipeptide configurations, and the probability 
of occurrence of cis peptide unit 

Thermodynamic Partition Average Free energy Probability of 
quantities function energy F occurrence of 

Z (E) kcal/mole cis peptide units 
kcal/mole Po· 

Dipeptide 
configura tions 

trans-trans 1313·0 -1·4 -2-2 

trans-cis 'f 4°4 2.2 1-4 3·3 X 10-8 
..... 

cis .. trans 3: 5 2·5 1°6 2-7 X 10-a 

• S('e teXt, in th(;} s(;}ction "Calculations" for tbe delinition. 
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cally allowed region, Fig. 4 (b) shows that the tripeptide moiety Irm'J.~-ClL""",i 

trans possesses a completely disallowed conformation as the terminal f.lrliiiiii\,:','\,) 

peptide units are in very close proximity across the middle cis peptide 

The minimum energy for the T-configuration was found to occur at 
q,2 = - 900

, rP2 = 600
; cP3 = - 900

, "'3 = 600
, ha ving the energy valu~1 

of - 7·9 kcal/mole and - 7·2 kcal/mole respectively for the two 
namely, for T equal to 1100 (set one) and for T equal to 1140 (set two), 

xxx 
XXX 

Vo 

.... -.- / 

J 

/ 

, ... , 
,6 , , 

CIS ... TRANS 

VO::' 2·1 kcal/mOl<2 

o -180 180 
---~ .. cp 

FIG. 3. (b) The low energy contours for the cis-trans pipeptide configuration, drawn "clative 
to the minimum energy of the trans-trans configuration. The. minimum energy con{o~~CJlS 
at 10° intervals, for this configuration, ar~ marJced by X and their value (Y,) is also JiVeD'lil'th, 
19wer rj~t ~nd quadr~t, 
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I / 6 10 , , 
\ . i . I 
\ . 
. J 
~ ...... 

Or-------------------~r_----------~~~~ .. ---..... 

.: TRANS-CIS 
.' 

Vo =1·6 kcal / mol<l ' 

-180 --·---6_._._. 
-180 o 180 

_----t .. ~, cP 
FIG. 3. (c) The low energy contours for the trans-cis depeptide configuration, drawn relative 

to the minimum energy of the trans-trllns configuration. The minimum energy conformations for 
this coDfiguration are marked by X, and their value (Po) is also given in the lower right hand 
quadrant. 

the 3-fold torsional potential functions for tP and.p. These conforinations 
were stabilised through the presence of an internal 2' 2,-type hydrogen bond 
in the two trans-trans dipeptide fragments constituting the T-configuration 
;'of·the t~ipeptide system. The C-configuration, on the other hand, had a 
~·sjgp.i1jciU:tt1y'~· higher~ minimum energy. These occurred at tP2 = - 1200 
;P2 ~ 900

'; CPs ='- 120°, .ps = 120°, with an energy value of - 3'1 kcali 
mole for set one, and at "'2 = - 120°, .pI = 60°; CPa = - 90°, rpa = 1500 , 
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c~ 

FIG. 4. Schematic drawing of the conformatIons of (a) trans-Irans-trans and (b) trans-cis
trans structure for 4>2 == - 90°, rP2 = 600

; '1'8 = - 90°, rPd=60°. Note that the latter is disallowed 
by severe short contacts, although the sequence trans-cis and cis-trons are both allowed. 
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): 
TABLE TIl 

({'. 

}i (a) The low energy conformations for L-Ala-L-Ala (7= 1100) 

T -configuration 

CP2 (0) ifJ2 (0) 4>3 (0) tPse) ~v* 

(( 
-90 60 - 90 60 0°0 

( . 
1/ 

V 
-90 60 -90 90 loS' 

j" 
-60 150 ,-90 60 2°3 ~; , 

,Ii! 

, 
-120 150 -90 60 2'3 

-90 60 -120 . 60 () 2° 3 

-90 60 -120 ',90 ( 2°3 (I 

-90 120 -90 60 , 2°3 

-120 90 -90 60 I) 2°3 

-120 120 -90 1160 2°4 

-90 60 '-120 i 120 1,2°4 

- 90 60 -120 1150 2°4 

I ~ - 60 90 -90 60 2°4 

-90 60 -90 ' 120 ( 2°5 i 

~ 
-120 60 -90 60 '2'S ' 

C-configuration 
-120 90 -120 120 ,. 4'8 

-150 60 -90 150 5'2 

-150 90 - 60 150 " 5°2 

-150 90 - 90 120 i' 5°3 

-120 90 -90 150 5°5 

-120 90 -90 ISO f) 5.7 

-150 60 -90 180 S'8 

60 60 -90 - 60 6'2 
t2 

60 150 -90 30 6°3 
• ~ v in kcal/mole is over the minimum energy of 7·9 keal/mole for the T-configuration 

occurring at ,pa = - 90°, "'a = 60°; ,p8 = - 90°, "'8 = 60°. ' 
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TABLE 111 

(b) The low energy conformations for L-Ala-L-Ala (T = 114°) 

T -configuration 

"2 (0) ,p2 (0) tPs (0) "'3 (0) 

-90 60 -90 60 

- 30 -60 -90 60 1'2' 

-90 90 -90 60 1'3 

-120 150 -90 60 1'5 

-60 90 -90 60 1-5 

-150 150 -90 60 1'6 

-30 -60 -120 30 1,6 

-60 -60 -90 60 1'71 

-120 90 -90 60 , l' 7 

-120 90 -90 60 f'1'8 ~I 

-120 120 -90 60 1-8 

-90 60 -90 90 ItS:' 

-90 150 -90 60 l'S 

-60 120 -90 60 1'9 (, . 

-156 180 -90 60 2'0 

-150 120 -90 60 2-0 
I 

-120 180 -90 60 ! 2'0 
-120 60 -90 60 112 '0 
-30 --60 -120 60 2'1 

, . 

-60 150 -90 60 2'1 

-60 150 -90 60 2'1 

.:..... 90 30 -90 60 2-2 
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T ABLE III (b) (Contd.) 

, , ... 
-150 ~O -90 60 2°3 

-90 IgO -90 60 2°3 

-50 --to -90 60 2°3 

60 180 ~90 60 2°5 

-90 60 -90 ISO 2°5 

-90 60 -90 120 2°5 

-90 60 -120 150 2°5 

C-configuration 

-120 fO -90 150 S03 

-60 150 -90 30 5°9 

-120 60 -90 180 6°3 

-90 120 -120 90 6· ~. 

- ~ 

• ~ v in kcaJ/mole, is over the minimum energy of - '·2 keal/mole for the T-configuration~ 
occurring at ~8 = - 90°, ,p$1 = 60°; rPs = - 90°, c/Js = 60°. 

with an enoergy val~e of _ 1 .9 kcalfmole for set two. These conformations 
l1ad a cham-reversIng type of structure for the tripeptide fragmentJ. and a. 

- weak hydrogen bond Was noted between the first and the third trans peptide 
units. It was observed that the low energy region, for the C-cQilfigutation 
was much more restricted than that of T-configuration, as can be seen from 
Table III, where the low energy conformations for both ,the T - and C
configurations are listed at 30° intervals, at which c~Icu1ations ~~re per
formed. This interval is coarse, but was chosen to avoid very large computer 
time. Because of the large grid size the low energy f3 bend conformations 
for the L-Ala-L-Ala tripeptide [26] 'having 4-+-1 hydrogen bond were not 
generated a~d so are not presented in Table III (a). 

Since the low energy region for the C"'configuration is small, it has much 
higher average ene~gy in each of the two sets of calculatio~s as can be seen 

I1SCo-5 
" , 

. ~ 
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from Table IV. This clearly indicates that the presence of a cis 
unit in the C-configuration causes the same to assume on an average a , 
formation of higher energy than that for the all-trans T -configu~ 
Calculation of the partition function showed that this \vas higher, i.ef"I~We 

thermodynamic probability was larger, for the T-configuration com4i 

to that of the c-configuration by a factor of 1100 and 5400 respective~,~,;;, 
for the sets one and two respectively. As mentioned earlier, the 30° grid siZe 
employed in the calculation did not inc.Jude the f3 bend regions for the' 
tripeptide unit Ala-Ala. Also the rapidly varying lo\v energy confot
mations around the 2· 27 hydro~en. bonded regions were not fully ~ne
rated. On including the contrIbutIons fro~ these two regions through 
a closer search (at intervals of 10° for the dihedral angles around the mini
mum energy conformation) employing 10° grid size, the calculated value 
of probability of cis peptide occurrence reduces to 0·0005 (see Table IV) 
from 0·0009 for the 30° search. The T-configuration was found to be 
thermodynamicallY more stable as its free energy turned out to be lower by 
about 4·3 kcal/mole in the two sets (see Table IV). A similar comparative 
trend in the values of the thermodynamic quantities was observed even 
when calculations were performed with an entirely different torsional poten
tial (2-fold tP-potential) mentioned earlier, with 7" retained at 110° (set three). 
For tbis set, the minimum energy of the

o 
T - and C-configuration occurred 

for cP2 = - 60°, tP2 = - 30°, cpa = - 120 , tP3 = 30° with an energy value 
of -3·7 kcal/mole and for cP2 = -60°, tP2 = 1500

; rb = _90°, ';3 = 30° 
with an energy value of - 0·7 kcal/mole respectively. These minimum energy 
conformations were distinct from those observed for the first two sets and 
also the energy values were quite close. But here also calculations revealed 
that the T-configuration had a higher partition fundtion a lower average 
energy and a lower free energy, although for each thermodynamic qu~nti~ 
the difference in their values for the two configurations are not so n:tarked 
as in the first two sets (see T~ble ~V). For t~is set, the partition function 
for either of the two configurations IS lower, While the average energy and th~ 
free energy are bigher, mainly because of the higher positive contributiPil 
to the conformational energy for the 2-fold tis-potential, which has a 4·0 
kcal/mole barrier, compared to only 0·2 kcalfmole for the 3-fold ,p-potentlal. 

. Summing up~ our results indicat~ that in so far as a tripeptide frag],I, 
ment is a good model for a polypeptIde, a cis peptide unit in the middlb' 
of an otherwise all-trans polypeptide chain introduces severe stJb
chemical restrictions so that the low population of cis peptide unit ~, to 
a good extent, be explained on the baSIS of this co~sideration. In fact, as 
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TABLE IV 

The partition function Z, the average energy (E) and the free energy F for- the 
Ala-Ala system. T stands for trans-trans-trans configuration: and C stands 

for trans-::is-trans configuration 

Thermodynamic 
quantity ZT Ze (E)T (E)e FT Fe pafJ 

kcal/ kcal/ kcal/ kcalJ 
mole mole mole mole 

Set of calcu-
lation 

1 

(T = 110° 11 75540-0 69_0 -6y67 -2-12 -6-75 -2-5 9- 0 X 10-4 
3-fold ' 
potential) II 137075_0 69-0 -6~85 -2' 12 -7'05 -2-5 4' 5 X 1()-4 

2. 

(T = 114°, 40330'0 7'6 -5-55 -0'41 -6'37 -1'18 l' 85 X 10-4 
3-fold 
potential) 

3 

(T = 110°, 401-0 0'86 -3'0 -0'39 -3- 51 -0' 13 20' 0 X 10-4 
2-fold 
p .. tential) 

1 t' a Ptl is the probability of the occurrence of cis pepdde unit; see text in the section uCa1c~-
a Ions":) for the definition_ . -

1J Cl.lculations with 300 grid size for the dihedral angles. 

C Calculation for T-configuration with 30° grid size, except at the p-bet..d regichs [26] ~d: 
a t the 2· 27 hYdrogen bonded regions where 10°, grid size \ws ernp]oyc;d---,see text 'in d:e- s(ctkn 
calculations_ -

c~n be seen from the last column of Table N, .the probability Pe or cis pep
tlde occurrence obtained on the basis of the tripeptide calculation is very 
small. Thus we have shown that the extremely low value. of. cis, pep.tid~·· 

popUlation as observed in protein structures c~. b.~ ~~~v~d at theoretically 
by including the effects of stereo-chemical inflexibility produced. by the
introduction of a cis peptide unit in an all-trans .polypeptide -chain together 
with the intrinsic energy difference between the cis and trans peptide units .. 
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Ala-Pro case.-The situation, however, is quite different when tJte: 
second amino acid residue corresponds to that of proline. Calculati()il$i 
on the tripeptide fragment Ala-Pro yield result~ of different trend to1fi!!t ~ 
for the Ala-Ala case. Thus, unlike in the Ala-Ala the case, the C-con~\ 
tion has lower minimum energy than the T-configuration. The minimuD\l 
energy of the C-configuration occurs at .p. = - 1400, "'2 = 800 and "" J!f 
160° with <1>3 = - 71·7° (This .value for <1>. corresponds to that for a 
cis-prolyl residue in Gly-L-Pro-L-Leu), with an energy value of _ 10.4 
kcaljmole which is 2·0 kcal/mole lower than the minimum energy for the 
T-cofiguration occurring a~ the conforn.!ation defined by <{>. = _ 120.,. 
"'. = 80° and "'3 = 100° With <1>. = -.70 corresponding to trans prolyl 
residue in conformation I of type B. m R~machandran et al. (l5J. Since 
the NH hydrogen of the sec~>nd peptJd~ unit does not exist when we have 
a proline ring as the si~e chaU;t at ~he third a-carbon atom, and also because 
of the closure of the Side cham ~Ith the backbone locking up </>3 at a value 
close to - 60°, the T-configuratlOn of Ala-Pro cannot have the intemaI' 
2· 27 hydrogen bond, as in th~ Ala-Ala case, resulting in a dilferent 
minimum energy conformatJ(~n. from that observed for AJa-Aia. 
For the C-configuration, the minimum .energy cOnformation has an 'open 
reverse tum [27J with the two trans peptide units on either side facing each 
other and about parallel to eac~ othe~ with their planes almost normal to 
the plane of the middle cis peptide Ufll~. Such cis proline bends have been 
Jrequently observed in globular protem st~Uctures Whenever a cis proline 
is present [28J. The very low energy .of thl~ conformation is due to the 
highly favourable non-bo~ded a~d dlp~le Interaction between the nearly 
parallel terminal tra?s peptide .UflltS. T~I~ feature, however, does not exist 
for the T-configuratlOn for which the ~mlmum energy conformation corres. 
ponds to the two flank~ng tr~ns peptide units being on the opposite sides 
of the middle trans peptIde UllIt. The.average energy of the T-configuration 
is higher than that of the C-configuratlon for all the three pUckerings of the 
pyrrolidine ring (see Table V). On the other ha~d~ the partition functions. 
Zc and ZT are strongly depen?ent on the 'p~rrohdme pucker. Thus, while 
Zc i~ larger than ZT for puckeflng I and 2, ~t.lS smaller than ZT for puckering 
3 (see Table V). As a result, the probab1hty of cis peptide Occurrence Pc 
varies significantly depending on the pyrrolidine Pucker. The partition 
functions for the Ala-Pro case for the two configurations were computecl, 
by using the formula 

(9) 
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TABLE V 

607 

The partition function Z, the average energy (E) and the free energy F for the 
T- and C-configuration of Ala-Pro tripeptide unit 

Set of calcu- ZT Ze (E)T (£)e FT Fe PoG 
lation 

1 8- 95 X lOS 9- 7S X lOS -6-90 -9-30 -S-17 -9-60 0-90 

2 2- OS X 105 7- 96 X 105 -6·35 -9-01 -7-30 -8.10 0-79 

3 1· 24 X lOS O· 50 X 105 -6-04 -7·41 -6-99 -6.45 0·29 

* Pc i~ the probability of cis peptide occurrence-see text in the section "Calculations:' 1, 2,3 
Correspond to different puckerings of the PYflolidine ring adopted frem Yarr.ane etal. [18] and 
Ranlachandran et al. [17]-see text, in the section H Calcul~ticns". . 

where, because of CPa being fixed (say at a value k) due to the presence of a 
prolyI ring at the third a-carbon atom, summation is made oniy over the 
remaining three variable dihedral angles q,2' "'2 and "'a. Here P' is the 
.appropriate number of points in the conformational space at which energy 
-calcula tion is made in thi~ case. ' .. 

d The _results in Table V indicate that a prolyl cis peptide unit is thermo+ 
ynamically at least as favourable as the trans form. Thill is in ~tark contrast 

to the case. of alanyl residues where, as we have seen, the cis conformation 
of the peptIde unit has a very low probability of occurrence. For an eluci
dation of this distinctive feature of the Ala-Pro system, we studied the Ala
~Ia tripeptide unit with f/1a fixed at - 60° (close to the value of tfi for pro]yl 
SIde chain). It was found that, when CPa is locked at this value, the partition 
function of the C-configuration is of the same order as that of the 
T configuration. Thus, a cis peptide unit in case of prolyI side chain 
possesses a much .higher probability of occurrence than for the case of 
.alanyl side chain mainly ·because the interactions .with the neighbouring 

, i trans peptide units are alm?st as. favourable for a cis peptide unit as 
these are' . for the trans peptIde 1mIt. 

CONCLUSION 

Dipeptides.-Our analysis of dip,eptide configurations shows that a 
trans peptide unit is ma~k~dly fav.oured over a cis peptide unit. This result 
is in good agreement WIth experImental observations which indicate that , 
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in open chain dipeptides, non-prolyl cis peptide units are a rarity and th~::'\ 
are present only in cyclic diketopiperazines because of the ring CIO~~f:~";t!:i:;:"i,; 
restrictions. Among the very few experimental studies conducted in ~~ 
nection with the exploration of cis-trans isomerism in non-prolyl dipeptid~ . 
is a careful infrared study [29] on the compounds, gJycyJ leucine, 
glycine, glycyl phenylalanine and phenylalanineglycine in the amide', 
(trans band at 1655 cm-l~ ci~ band at 1690 C~-l) and the amide II and amide 
III bands. This study Indicated th~t a mixture of cis and trans peptide 
link.age is present i~ aqueous solution and .that the cis isomer population 
increases with dilution. Proton NMR studle5t on protected dipeptides N
benzyloxycarbOXyl-L-Al~-L-Al~-O-Me and Boc-L-Ala-L-Ala-O-Me [30] have 
also revealed. cis-trans IsomerIsm bet~een t~e protector group Z (N-benyzI
oxycarboxyl) or Boc an~ the first alanl.ne reSidue. For imino acids like proline) 
however, NMR and Infrared studIes have clearly indicated that the cis 
conformation is frequently observed. Thus, 13C NMR studies on the 
dipeptides Gly-Pro, Ala-Pro and 'Yal-Pro b~ Thomas and Williams [31J 
have shown the existence .of 2:3 cis-trans ~Ixture for the X-pro peptide 
linkage in aqueous sol~tlO~. O~her studies, employing proton NMR 
methods, on proline derIvatIves lIke N-ac~tY~-L-pro1ine [32] and N-acetyl
L-proline-N-methyl amide [32, 33] h~"e ]n~Icated the presence of about 
25%, 25% and 33% respectively, of .CIS pep~lde units for the peptide bond 
preceding proline. l3C NM~ s~dles carrI~d out by Deslauriers et ~/. 
[34] also on such proline derIvatives, have YIelded a similar cis-trans ratto. 

Tripeptides and large~ peptides.-. Ther~ is, apparently, no e~p~?~ 
mental evidence for the eXlst~nce of CIS peptIde units for non-prolyl resIdues 
in tripeptides or larger peptldes. Our result, Which predicts a verY small 
population for the cis form can thus b~ seen to be in good agreement with 
experimental observations. Ho,:ever, It. must be noted that the predicted 
probability is not negligible. !t IS thus hkely that cis peptide units are not 
improbable and would occur In so~e rare. cases, On the other hand, for. 
proline-containing peptides, cis-tr~ns IS0~erISm has been frequently observ~ 
for the X-Pro peptide unit both In solution and in the solid state. In fact, 
the crystal structure study of Gly-L-Pro-L-Leu [16] has shown for the first 
time the existence of cis-proline in the cry~talline state. Among the example & 

of cis-trans isomerism in solution .for ?rohne-containing open-chain peptides 
are the ones observed for the derIvatIves of the side chain of oxytocin [3~1 
such as S_benzyI-L-Cys-L-Pro-L-Leu-Gly(NH2) which shows 33%. of ~Oie 
cis ~somer for the Cys-Pro bond and Z-L-Pro-L-Leu-Gly(NH2) w1ll.cl\. 
shows about 50% of cis form for the Z (N-benzyloxycarboxyl)-Pro'bond; 

. .' . ' ~. -' . ~ 
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Other studies on small proline-containing peptides like Angiotensin' IT 
[36] and. T.R.F. [37] show that the cis isomer for the His-Pro bond is 
present to the extent of 20% and 15% respectively, in aqueous solutions,while 
studies on polypeptides like poly (L-Pro-Gly) and poly (Gly-Gly-L-Pro-Gly) 
[38] show about 15% cis conformation for the Gly-Pro bond. These experi
mental observations indicate that, although the trans conformation in the 
sequence. X-Pro is still a major component in the cis-trans isomerism for 
the peptide unit, the cis-conformation is not a rarity but one of frequent 
occu rrence. Our results for the tripeptide unit Ala-Pro, to a ·large extent, 
-corroborates this observation, although for puckers 1 and' 2 employed in 
the calculation, the results indicate that cis form is more probable. In 
fact, there exist experimental evidences, such as for N-acetyl L-proline, 
N, N-diisopropyl amide [32] and H-L-Thre-L-Phe-L-Pro-OH [39], in which 
cis-Pro has been 0 bserved to have a higher population (about 60YJ. A 
noteworthy feature of our calculation on Ala-Pro is that a cis-prolyl residue, 
very much unlike in the non-prolyl case, can provide considerable confor
mational stability locally in a polyPeptide chain. This is. due to the I~w 
value of the free energy of the tripeptide segment trans-cis-trans (configu
ration C). Thus, a frequent presence of cis-prolyl residue in polypeptides 
and proteins can be confidently expected. It may be mentioned here that 
we have not investigated the special case when X is also "proline, in the frag
ment X-Pro. Incidentally NMR observations [32] on Pro-?ro indicate 
that about 35% cis isomer is present. However, l3C NMR studies show 
that increase -"i~ chain length of the proline polypeptide to" 4 or more causes 
the percentage of cis linkage to decrease drastically [40]. 

!he re~ults reported in this paper show that the popUlation of cis 
peptIde units in a polypeptide chain is expected to be small,. of the order 
of 1 in 2000; but there is no reason to belie~e that they a~e forbldd:n, exc~pt 
w~en associated with Pro. In view of this, we suggest. that, CIS peptide 
UnIts should be looked for in protein structures, as they are expected to 
OCCUr in ases In addition, for the sequence X-Pro, the popu-
lation of s~me r~.~e ~it; is likely to be much more than· what has been 
observed Chi'~ pep 1 .n globular proteins. Therefore, a closer examination 

f 
therto .I.A-& • • t . a1 o electr d ·ty m.aps around proline reSIdues In pro em cryst struc-

t On enSl ·d I· k . h llres lllight be advisable for locating cis pepb e In ages m suc ca~es (see 
also lIuber and Steigemann [28])_ 
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