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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 of 0°3 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 0°1 per cent and 30 per cent 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, prolyl 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, in recent years, experi-
mental techniques like X-ray crystallography, probing into protein and
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F1G. 1. (@) 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
investigations 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 AE = Ey--FE are indi-
cated in Table I. It can be seen that the energy of the cis form is higher
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

resence 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 trams-trans
structure is thermodynamically more favourable than either trans-cis or cis-
trans structure. Next in a tripeptide, a better model for a polypeptide, we found
that the probability of the peptide unit in the middle being cisis much less
thap of its being frans due tc stereochemical constraints. This was arrived
at by analysing the tripeptide fragments 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 range cf 0-02 per cent to 0-2 per cent. This result,
without significant alteration, yields the probebility of finding a cis pevtide
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 frams, very much

unlike in the non-prolyl case.
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TABLE I

Typical values for cis-trans energy difference of peptide analogues
theoretical and experimental studies and the relative probability of the
isomers computed therefrom

Relative

Workers Peptide analogue Method Energy probability,
difference cis form

E (kcal/mole) = exp(—kE];

Theoretical
Murthy et al. [1] N-methyl acetamide CNDO/2 1'8 005
Pericaudet and  N-methyl formamide ab initio 1°9 0°04
Pullam [2] quantum
chemical
Andrews [3] N-methyl formamide PCILO 07 0-33
Shipﬁmn and N-methyl acetamide  ab initio 25 001 5'
Christofferson*® quantum
-[4] chemical
Experimental
Neumann et al. N-methyl formamide NMR 1°4 0°10
5] ) .
Dr[ahenberg N-methyl formamide NMR 16 07
t al. [6] . ‘ -
etal.l N-methyl acetamide NMR 2°8 001
-.methyl formamide PMR liquid 1-5 008
Khetrapal [71  N-methy e il ‘ 08

nematic phase

* Shipman and Christofferson made calculations for different orientation of the cm El'oups
and obtained different values for energy difference. The lowest value reported is given here, ]

PR

. METHOD .

Our approach to the problem of understanding the reason for the
low occurrence of cis-peptide units was to study the stereochemical rolé qf
such a peptide unit in 2 polypeptide chain and to see how this differs ﬁ@m
that of the trans peptide unit.
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1. Dipeptide system

In order to carry out this objective, we first took 2 dipeptide as a
model system, with one of the peptide units in cis conformation, and compared
its thermodynamic properties with the case in which both the peptide units
are in trans conformation. We studied the segment consisting of the
atoms Cl"—Clol—Nsz—Cza (qu, RZ)—C202'——N3H3—C3a with R g = CHs,
corresponding to the amino acid alanine. We call this an ala-
nine dipeptide for convenience. For each of the three dipeptide confi-
gurations, namely ftrans-trans, cis-trans 2nd trans-cis, the conformational
energy was obtained as a function of the relevent dihedral angles (¢, ¥)*.
Also, important thermodynamic quentities like partition function (Z),
average energy ((E)) and free energy (F) were computed for comperison.

2. Tripeptide system

The stereochemical features accompanying a cis peptide unit, when it
is present in an all-zrans polypeptide chain, are evident in its interaction
with the first neighbour rrans peptide units. We therefore considered a
system composed of three peptide units, called for convenience “a tripep-
tide unit >, as a better model than the dipeptide system, in further calcu-
lation of analysing the influence of the cis peptide unit in 2 protein or poly-
peptide chain. Configurations of the tripeptide unit were generated by
assigning either frans or cis geometry for the middle peptide unit and trans
geometry for the two terminal -pep‘tid‘e' units. We will call these two tri-
peptide configurations, namely, trans-trans-trans and trans-cis-trans, as T-
and C-configurations, respectively, for the sake of brevity. This study would
indicate the relative ease with which 2 single cis peptide unit can occur in a
polypeptide chain consisting of trans units.

' Conformation energy calculations were performed for the tripeptide
anit composed of the atoms C,*—C,0,—NH;—C;* (H%,Rp)—C;0,
N3H3——-C3°f(l'lsa,R3)—‘C303—N4H4—C4“ ~ for both T- and C- configu-
rations. In the first set, Ala-Ale, an elenine side chain  (to represent
any of the non-glycyl amino acids that commonly occur in proteins) wes
affixed to each of the linking a-carbon atoms for R, and R; [Fig. 2 (a)].
Since cis-prolines are observed in polypeptides like polyproline I [9] and
in globular proteins like ribonuclease [10], thermolysin [11], subtilisin [12],

" wwe follow throughout this paper the latest .confotmatipnal nomenclatyre [8].in which
all gihedral angles are zero for the cis conformation, - - ' L o
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F16. 2. (@) The tripeptide fragment Ala-Ala employed in the calculaticns for which the
four dihedral angles ¢, .; ¢a, ¥ are the variables. Atoms from C,% to C;® constitute the linked
dipeptide where ¢, and i, are the variable dihedral angles.

(b) The Ala-Pro tripeptide fragment used in the calculation. Since ¢, is fixed by the pyrro-
lidine ring geometry, only ¢:, ¥ and i3 are variables. .

erythrocruorin [13] and carbonic anhydrase [14], in the second set of calcu-
lations R; was taken to correspond to a prolyl residue instead of being an
alanyl residue, so that the tripeptide unit Ala-Pro [Fig. 2 ()] was analysed.
These two were expected to reveal from their respective probabilities of
occurrence eveluated from the calculated thermodynamic functions, how
non-prolyl and prolyl residues would behave in a long-chain polypeptlde
in cis and trans conformation of the peptide umit.

CALCULATIONS

Dipeptide L-Ala—For the dipeptide configurations, the two dihedral
angles ¢ and ¢4 2t 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 @,, s, @3 and ¥ [Fig.
2 (a)] in steps of 30° (a larger interval to reduce the otherwise large comgputer
times) throughout the entire range from — 180° to 180°.

Tripeptide Ala-Pro.—Here ¢; is locked because of the closure of the
pyrrolidine ring, so that only ¢, ¥, 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 6 = — 10°, x! = 25° x® = —31°,
x% = 24°, y* = — 8° as given by Ramachandran et al. [15], while that 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 6 =
— 13°, x1=28° x®2 = — 33°, x%®=24° and y* = — 6° and is close to the
first puckering employed for the T-configuration calculation. The confor-
madtion of the pyrrolidine ring for the second 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 0 = 5°, y! = —23° x?=32° x*= —28° and y*=
14° and by 6 =10° x'= —25° x2=31°, x® =—24° and x*=28°
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 were 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 efal. [20]. The torsional potential for rotation
about N—C% and C%*—C were calculated by using the 3-fold potential
functions ¥V, =10-3 (1—cos 3¢), Vs =0-1(1 + cos 3¥) used in our
laboratory [17].

Fe- +he dipeptide fragment, the total potential energy is given by
V=V _¢,4), while for the tripeptide fragment, it is V' =V (g, a; ¢s, ).
When the middle residue is proline, ¢ is a fixed parameter k and g0 V=
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V (b2, ¥s; k, 35). As mentioncd earlier, the cis and trans forms 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 a cis peptide unit, namely, tran-cis and cis-trans in
case of dipeptide (Ale) and trans-cis-trans in case of tripeptide (Ala-Ala),
were obtained by adding the intrinsic energy difference AZE (Ecis-Etrans)
to the conformational energy composed of the terms mentioned above,
The value for AE was taken to be 2-8 kcal/mole. This corresponds to the
experimentally 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 prolyl residue, the cis and the traps
forms of the peptide unit are almost identical, the intrinsic energy for the
two isomers will be nearly the same. Thus, AE 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 makmg
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] a5

Z=ff"'ffCXP{_V(‘ﬁp‘pl;"'.a‘ﬁn,‘/‘n)/RT}X

@1 Y $n Yn
dp,, dify - - dim, | (l)

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

e, z Z 2 2 exp {— ¥ (b1, %1,  * > $n » ¥m)/RT} (2)
4

where P is the number of points in the n-dimensional conformational phase
space at which the conformatonal energy V is evaluated. Similarly, the
average energy (E) is approx1mated by .

— et z z 2 > V (b1 s> bs )
Pz 4

¥ &n Un




Rare Occurrence of Cis-peptide Units 595

For the dipeptide system, the partition function Z and the average energy
(E) will then be given by | |

_ 4m? _ |
z=% Z Zexp{ V@ pIET @

42 .
Ey =35> > V@ e {~ V@ DRT) ©®
& \ -
while, for the tripeptide system, these will be given by

Z— l.j;f‘z z Z z exp {— V ($2: s $p» %)/ RT} ©

¢ ¢ s s

B =TT D DD Vil s bt e (—V G

b2 3 P2 s

$s, P3)/RT} : )]

The free energy F in either case can be calculated from the relation ¥ =
—RT In Z. If Z;and Zr 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

Pe=2Zc | (Zr +Zc). 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 al. [23, 24] which has the form V4 =0, ¥, = 2-0 (1—cos 2¢) and also
by varying the bond angle 7 (N—C*—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 zrams-trans system was — 2-0
kcal/mole for ¢ = — 90°% $ = 80° when no hydrogen bond energy was
considered and — 3-6 kcal/mole for ¢ = —90°, ¢ = 60°, when the energy
contribution from the 2-2,-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 configurations which were 1-6 keal/mole for
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¢ = — 140°, ¢ = 150°, and 2-1 kcal/mole for ¢ = — 140°, T |
respectively. Due to the presence of the cis peptide unit, the formation: of
an internal dipeptide hydrogen bond (as in the case of trans-trans dipeptid:
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 possible.
We also observed that the presence of a cis peptide unit reduces the extent
of the low energy regions of the dipeptide unit. This can be clearly se¢
from the energy contour diagrams (Fig. 3). As a result of this, the aver

180 %3'“
4

A

\ )

TRANS-TRANS 4/
V, =-2.0kcal/mole 5@

g
b

' 5
N PN B\ _

FiG. 3. (a) The low energy contours of 1, 2, 3, 4, and 5 kcal/mole ;above the minimyn
energy for the trans-trans dipeptide configuration. No hydrogen bond energy isincluded Thé
minimum enérgy conformation is marked by X, and the absolute valug of the minimum energy
(Vo) is given in the lower right hand quadrant,
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energy and the free energy of the trans-trans configuration are lower by
about 4 kcal/mole, while the partition function is about 300 times higher
than that for either trans-cis or cis-trans configuration. The probability
Pe of cis peptide 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.

T

2. Tripeptide system

A more realistic representation, vis-g-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 cis 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 zrans-cis and the cis-trans dipeptide fragment occurs in the steri-

TABLE IT

Thermodynamic parameters of the dipeptide configurations, and the pfobability
of occurrence of cis peptide unit

Thermodynamic Partition Average Free energy Probability of
quantities function ehergy F occurrence of
A (E) kcal/mole  cis peptide units
kcal/mole P*

Dipeptide

configurations

t rans-trans 1313°0 —1'4 —22

trans-cis ¥ 44 2.2 14 33 x10-8

cis-trans - 35 2'5 16 2°7 x 103

————

* See text, in the section *‘ Calculations for the definition,
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cally allowed region, Fig. 4 (b) shows that the tripeptide moiety trans-cis-
trans possesses a completely disalloyved conformation as the terminal frans
peptide units are in very close proximity across the middle cis peptide unit,

The minimum energy for the T-configuration was found to occur at
¢, = — 90°, i, = 60°; ¢ = — 90° 3 = 60°, having the energy values, -
of — 7-9 kcal/mole and — 7-2 kcal/mole respectively for the two cases
namely, for = equal to 110° (set one) and for = equal to 114° (set two), wi

180

CIS - TRANS

Vo= 21 keal/moie .

. =180 O . 180
- . ¢ ) e
Fm.‘3. (b) The low energy contours for the cis-trans pipeptide configuration, drawn relative

to the minimum energy of the trans-trans configuration. The minimum energy conformaticns
at 10° intervals, for this configuration, are marked by X and their value (V) is also given in ‘the

lower right hand quadrant,
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Fi1G. 3. () The lowenergy contours for the frans-cis depeptide configuration, drawn relative
to the minimum energy of the trans-trans configuration. The minimum energy conformationsfor
this configuration are marked by X, and their value (¥,) is also given in the lower right hand
quadrant.

the 3-fold torsional potential functions for ¢ and ¥. These conformations
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 tripeptide system. The C-configuration, on the other hand, had 5

“significantly “higher minimum energy. These occurred at ¢, — — 1300,
;,,2 = 90°; ¢35 = — 120°, 3 = 120°, with an energy value of — 3.1 keal/

mole for set one, and at ¢, = — 120° a2 = 60°; s = — 90°, y, = 15pe,
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(b)
F1G. 4. Schematic drawing of the conformations of (@) trans-trans-trans and (b) trans-cis-
trans structure for ¢, = — 90°, ¢, = 60°; @3 = — 90°, 4,=60°. Note that the latter is disallowed

by severe short contacts, although the sequence trqns-cis and cis-trons are both allowed.

e m— v e s =}
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TasLE III
(a) The low energy conformations for L-Ala-L-Ala (7= 110°)

T-configuration

$2(°) 2 (°) $3(°) () Av*
— 90 60 — 90 60 00
— 90 60 — 9 90 1§
— 60 150 — 90 - 60 23
—120 150 — 90 60 23
— 90 60 —120 " 60 (23
— 90 60 —120 . 90 (23
— 90 120 —90 60 r 23
—120 90 — 90 60 n 23
—120 120 — 90 " 60 2:4
—90 60 —120 /120 ‘24
— 90 60 —120 . 1150 24
— 60 90 — 90 60 24
— 90 60 — 90 120 t 25
—120 60 — 90 . 60 25
' C-configuration
—120 90 —120 1120 " 48
—150 60 — 90 150 52
—150 90 — 60 150 52
—150 % — 90 120 "53
—120 : 90 — 90 150 55
—120 90 — 90 180 "5
—150 60 — 90 ‘180 58
6? 60 — 90 — 60 \6-2
0 150 — 90 30 63

* A v in kecal/mole is over the minimum energy of —7+9 kcal/mole for the T-configuration,
occurring at $a = — 90° ¥ = 60°; ¢y = — 90°, ¢ = 60°
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TABLE 111
(b) The low energy conformations for L-Ala-L-Ala (r=114%
T-configuration
$2(°) P2 (°) $3 (%) ¥ (°)

— 90 60 — 90 60
— 30 —60 — 90 60 12
— 90 90 — 90 60 13
—120 150 — 9% 60 15
— 60 90 — 90 60 s
—150 150 — 90 60 16
— 30 —60 —120 30 16
— 60 —60 — 9% 60 7
—120 90 — 90 60 —
—120 90 — 90 60 18
—120 120 — 90 60 18
— 90 60 — 90 % e
- 150 — 60 18
— 0 120 — 60 , 19
—150 180 — 90 60 20
—150 120 — 90 60 20
—120 180 — 90 60 20
—I120 60 — 90 60 20
— 30 —60 —120 60 21
— 60 150 — 90 " 60 a1
— 60 150 — 90 60 Y
— 90 30 — 90 60 22
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TABLE III (b) (Contd.)

—150 0 —90 0 23
— 90 180 — <0 6 23
— 0 —€0 — 90 60 23

60 180 —0 " 60 2'5
— 30 60 — 90 150 2'5
— 90 60 — 90 120 25
— 90 €0 —120 150 25

C-configuration

—120 €0 — 90 150 53
— 60 150 — 90 30 59
—120 €0 — 90 180 63
— 90 120 —20 9% 63

*Av in keal/mole, is over the minimum energy of — 7-2 kcalfmole for the T-configuration,
occurring at ¢ = — 9ge, Yo = 60°; By = — 90° ts = 60°.

with an energy value of _ 1.9 kcal/mole for set two. These conformations
had a chain-reversing type of structure for the tripeptide fragment, and a
" weak hydrogen bond was noted between the first and the third zrans peptide
units. It was observed that the Jow energy region for the C-configuration
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° jptervals, at which calculations were per-
formed. This interval is coarse, byt was chosen to avoid very large computer
time. Because of the large grid size, the low energy B bend conformations
for the L-Ala-L-Ala tripeptide [26] having 4—>1 hydrogen bond were not
generated and so are not presented in Table III (a).

gince the low energy region for the C-configuration is small, it has much
higher average energy in each of the two sets of calculations as can be seen

1ISc.—5
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from Table IV. This clearly indicates that the presence of a cis pepti
unit in the C-configuration causes the same to assume on an average a con
formation of higher energy than that for the all-rrans T-configuration:
Calculation of the partition function showed that this was higher, i.e, the
thermodynamic probability was larger, for the T-configuration compare
to that of the C-configuration by a factor of 1100 and 5400 respectively;
for the sets one and two respectively. As mentioned earlier, the 30° grid size.
employed in the calculation did not inc}ude the B bend regions for the
tripeptide unit Ala-Ala. Also the rapidly varying low energy confor-
mations around the 2-2, hydrogen bonded regions were not fully gené
rated. On including the contributions from these two regions through
a closer search (at intervals of 10° ff)r 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 keal/mole in the two sets (see Table 1V). A similar comparative
trend in the values of the thermod.ynamlc qQuantities was observed even
when calculations were performed wntl} an e_ntirely different torsional poten-
tial (2-fold -potential) mentioned earlier, with = retaineq at 110° (set three).
For this set, the minimum energy of the T- and C-configuration occurred
for ¢, = — 60°, i = — 30% $a = — 120° Yy = 30° ;11 o energy value
of —3-7 keal/mole and for ¢, = —60° ¢ = 150°, &, — —90% s =30°
with an energy value of — 0-7 kcal/mole respectively, Tpege minimum energy
conformations were distinct from those observed for the first tWo sets and
also the energy values were quite c!ose. But here also, calculations revealed
that the T-configuration had a higher partition function, a lower average
energy and a lower free energy, although for each thermo,dynamic quantity
the difference in their values for the two configurations are not so Mmarked
as in the first two sets (see Table IV). For this set, the partition function
for either of the two configurations is lower, while the average energy and the
free energy are higher, mainly because Of the higher positive contribution
to the conformational energy for the 2-fold $-potential, which has 2 4-0
kcal/mole barrier, compared to only 0-2kcal/mole for the 3-fold y-potential,

Summing up, our results indicate that in so far as a tripeptide frag-:
ment is a good model for a polypeptide, a cis peptide unit in the middle
of an otherwise all-frans polypeptidé chain introduces severe stereo-
chemical restrictions so that the low POPUIation of cis peptide unit can, to
a good extent, be explained on the basis of this consideration. In fact, as
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TABLE IV

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

Thermodynamic : )
quantity Z, Z. (E): (E) Fr F. p’
kcal/ kcal/ kcal/ kcal/
mole mole mole mole
Set of calcu-
lation
1 .
(r =110° * 75540.0 69.0 —6y67 —2-12 —6'75 —2'5 9-0x10+%
3-fold )
potential) ° 137075.0  69°0 —6:85 —2:12 —7-05 —2'5 4 5x10
2.
(r — 114°, 4033000 7-6 —555 —0°41 —637 —I1-18 1-85x10~F
3-fold
potential)
3
(sz§<1110°’ 401°0 086 —30 —0-39 —3-51 —0-13 20-0 x 10~*
p -tential) ' ’

_ @ p, is the probability of the occurrence of cis peptide unit; see text in the section Calcu~
lations*, for the definition. '

® Calculations with 30° grid size for the dihedral angles.
grid size, except at the p-berid regicts [26]end

° Calculation f, _configuration with 30°
or T-config grid size was employed—see text in tke-sccticn

at the 2-2; hydrogen bonded regions where 10*
calculations,

can be seen from the last column of Table IV, the probability pe of cis pep-
tide occyrrence obtained on the basis of the tripeptide calculation is very
small. Thus we have shown that the extremely low \falue.of_ cis p‘ep_mdq..
population as observed in protein struc?ures. can bi _«'3'-@”9‘1 at theoretically
by including the effects of stereochemical inflexibility produced by the
introduction of 2 cis peptide unit in an all-zrans polyp eptide-chain together
with the intrinsic energy difference between the cis and lrans peptide units.
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Ala-Pro case.—The situation, however, ijs quite different when the
second amino acid residue correésponds to that of proline.
on the tripeptide fragment Ala-Pro yield results of different t
for the Ala-Ala case. Thus, unlike in the Ala-Ala the case, the
tion has lower minimum energy than the T-configuration.
energy of the C-configuration occurs at b2 = — 140°, s = 80° and Y =
160° with ¢3 = — 71-7° (This value for $3 corresponds to that for g
cis-prolyl residue in Gly-L-Pro-L-Leu), with an energy valye of — 10-4
kcal/mole which is 2-0 kcal/mole lower than the minimum energy for the
T-coﬁguration occurring at the conformation defined by $s = — 120°
$p = 80° and o = 100° with ¢, — — 70° corresponding to srans prolyl
residue in conformation 1 of type B in Ramachandryp eral. {15]. Since
the NH hydrogen of the second peptldfe unit doeg NOt exist when we haye
a proline ring as the side chain at ﬁhe third a-carbon atom, and also because
of the closure of the side chain with the backbone locking up ¢, at a value
close to — 60°, the T-configuration of Ala-Pro €@nnot have the internal
2-2; hydrogen bond, as in thf’ Ala-Ala  cagse, Tesulting in 3 different
minimum energy conformathn' from that observed for Ala-Ala,
For the C-configuration, the minimum ‘cnergy conformation has an ‘open
reverse turn [27] with the two trans peptxqe units on either side facing each
Other and about parallel to each other with thej, Planes a1most normal to
the plane of the middle cis peptide unit.  Such cjs Proline pends have beeq
Jrequently observed in globular protein stn:uctures Whenever a ¢is proline
is present [28]. The very low energy of th1§ Conformati(m is due to the
highly favourable non-bonded and dip ole !nleraction between the nearly
paralle] terminal frans peptide units, This feature, however, does not exist
for the T-configuration for which the minimym CRergy  conformation COITes:
ponds to the two flanking frans peptide units being op the opposite sides
of the middle trans peptide unit, The average energy (o the T-configuration
is higher than that of the C-configuration for all the three puckerings of the .~
pyrrolidine ring (see Table V). On the other hang, the partition functions.
Z; and Z, are strongly dependent on the Pyrrolidine pycper. Thus, while
Zc iz larger than Zr for puckering 1 and 2, 1t is smajjep than Z, for puckering
3 (see Table V). As a result, the probability of cis peptide occurrence Pe
varies significantly depending on the pyrrolidine bucker. The partition
functions for the Ala-Pro case for the two configurations were  computed
by using the formula

Z= %,’fz ‘Z Zexp {= V(o tho; &, ¥3)/ RT) o (9)
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TABLE V

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- Z, Z (E)r {E)c Fy Fe pf
lation
1 895 x 103 9-78 X 108 —6'90 —9-30 —8 17 —9-60 0°90
2 2-08 x 10° 7-96 x 106 —6'35 —9-01 —7-30 —8.10 079
3 1-24 x 103 0-50 x 105 —6'04 —7-41 —6-99 —6.45 0-29

* pc is the probability of cis peptide occurrence—see text in the section *Calculations.” 1, 2,3
correspond to different puckerings of the pyriolidine ring adopted from Yamane etal. [18] and
Ramachandran efal. [17]—see text, in the section *‘Calculaticns™. :

where, because of $; being fixed (say at a value k) due to the pfesence of a
prolyl ring at the third a-carbon atom, summation is made only over the
remaining three variable dihedral angles ¢,, . and 5. Here P’ is the
appropriate nuymber of points in the conformational space at which energy
calculation jg made in this case. ' '

The results in Table V indicate that a prolyl cis peptide unit is thermo+
dynamically a¢ least as favourable as the trans form. Thi, is in stark 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 distinctjve feature of the Ala-Pro system, we studied the Ala-
Ala tripeptide unit with ¢s fixed at — 60° (close to the value of ¢ for pralyl
side chain). 1t was found that, when &g is locked at this value, the partition
function of the C-configuration is of the same order ‘as th.‘at of the
T configuration. Thus, 2 cis peptide unit in case of prolyl side chain
pOSsesses a much -higher probability of occurrence than for t'l.le case of
alanyl side chajn mainly ‘because the interactions with .the Il.e]ghbo'uring
rans peptide units are almost as favourable for a cis peptide unit as

these are for the #rans peptide urit.
v CONCLUSION
Dipeptides.—Our analysis of dipeptide configurations shows that g

trans peptide unit is mar.k{edly favouréd 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 thess
are present only in cyclic diketopiperazines because of the ring closure
restrictions. Among the very few experimental studies conducted in
nection with the exploration of cis-trans isomerism in non-prolyl dipepti ¥
is a careful infrared study [29] on the compounds, glycyl leucine, leu
glycine, glycyl phenylalanine and phenylalanineglycine in the amide T
(zrans band at 1655 cm™, cis band at 1690 cm™) and the amide II and 2mid
IIf bands. This study indicated that a mixture of cis and trans peptide
linkage is present in aqueous solution and that the cis isomer population
increases with dilution. Proton NMR studies on protected dipeptides N-
benzyloxycarbox)’l-L’Ala-L-Al'fl-O-Me and Boc-L-Ala-L-Ala-O-Me [30] have
also revealed cis-trans isomerism between the protector group Z (N-benyzl-
oxycarboxyl) or Boc and the first alanine residue. For imino acids like proline
however, NMR and infrared studies have clearly indicated that the ci.;
conformation is frequently observed. Thus, 3C NMR studies on the
dipeptides Gly-Pro, Ala-Pro and Val-Pro by Thomas and Williams [31]
have shown the existence of 2:3 cis-trans {nixture for the X-pro peptidé
linkage in aqueous solution. thef studies, employing proton NMR
methods, on proline derivatives like N-acgty!-L-proline [32] and N-acetyl-
L-proline-N-methyl amide [32, 33] have indicated the presence of about
25%, 257 and 33% respectively, of cis pep t.lde units for the peptide bond
preceding proline. 13C NMR SFUdles carrle.:d out by Deslauriel's etal,
[34] also on such proline derivatives, have yielded Similar cis-trans ratio,

Tripeptides and larger peP’ides-fThere is, apparently, N0 experi-
mental evidence for the existence of cis peptide units for non-prolyl esidues
in tripeptides or larger peptides. Our result, which predicts a very smal
population for the cis form can thus bfa seen to be ip good agreement with
experimental observations. However, lt. must be noted that the predicted |
probability is not negligible. It is thus likely that cig oeptide units are N0t
improbable and would occur in some rare cases, On the other hand, for
proline-containing peptides, cis-frans 1Somerism has been frequently observed
for the X-Pro peptide unit both in solution and in the solid stats, In fact,
the crystal structure study of Gly-L-Pro-L-Leu [16] has shown for the fitst
time the existence of cis-proline in the crystalline state. Among the examples
of cis-trans isomerism in solution for proline-containing open-chain peptides
are the ones observed for the derivatives of the side chain of oxytocin [35]
such as S-benzyl-L-Cys-L-Pro-L-Leu-Gly(NHz) which shows 33% of the
cis isomer for the Cys-Pro bond and  Z-L-Pro-L-Leu-Gly(NH,) ° w‘hxch,
shows about 50% of cis form for the Z (N-benzyloxycarboxyl)-Pro bon dg
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Other studies on small proline-containing peptides like Angiotensin II
[36] and T.R.F. [37] show that the cis isomer for the His-Pro bond is
present to the extent of 209/ and 159 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
occurrence. 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 observed to have a higher population (about 60%). 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 low
value of the free energy of the tripeptide segment trans-cis-trans (configu-
Tation C). Thus, a frequent presence of cis-prolyl residue in polypeptides
and proteing can be confidently expected. It may be l_nent.ionefi here that
we have not jpyestigated the special case when X is also proline, in the frag-
ment X-Pro. Jncidentally NMR observations [32] on Pro-Pro indicate
that about 3 59/ cis isomer is present. However, 13C NMR studies show
that increase in chain length of the proline polypeptide to 4 or more causes
the Percentage of cis linkage to decrease drastically [40].

The regults reported in this paper show that the population of cis
Peptide units in a polypeptide chain is expected to be small, of the‘o;'der
of 1in 2000 ; but there is no reason to believe that they are forbldd?n, except
When a5 oci;te d 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 jn Some rare cases. In addition, for the sequence X-Pro, the popu-

D Of oy peptide unis is likely to be much more fhat What fias been
Observeq hitherto in globular proteins. Th.ereforg, a closer examination
of electron density mapPs around proline res.ldue's in protein crystal struc-
ures m; ght be advisable for locating cis peptide linkages in such cases (see
also Hyper and Steigemann [28]).
ACKNOWLEDGEMENT

iy . dran for suggestin
thor is grateful to Prof. G. N. Ramachan ggesting
the g}cl,%]z; and for his constant guidance and help. He thanks Dr. R,




610 ALok K. MITRA

Chandrasekaran for his many cpnstructive criticisms. Thanks are due to
SERC (DST), India, for financial assistance. The author is a recipient
of a scholarship from NCERT, India.

REFERENCES

(11 Murthy, A.S. N., A molecular orbital study of the configuration, protonaticn,
Gurudath Rao, K. and hydrogen bonding of secondary amides. J. Amer.-
and Rao, C. N. R. Chem. Soc., 1970, 92, 3544-48.

[2] Pericaudet, M. and An Ab-initio quantum-mechanical investigation on the rotar
Pullmran, A. tional isomerism in amides and esters. Int.J. Peplide

Protein Res., 1973, 5, 99-107.
[3] Andrews, P.R. .. Cis-Trans isomerism of the peptide bond. Biopolymers, 1971
10, 2253-2267. topoly 1

4] Shipman,ﬁ{a. L. an;{i e Abf-initio calculations on large molecules using molecular

Christofferson, R. £. ragments, model peptide studies. J 0C.>
.]973’ 95, 1408-1416. . Amer. Chem. S

(5] Neumann,R.C. Jr., ) Hindered rotation in N-methylformamide. A peptide bond
Jonas, V., Anderson, K. model system. Biochem. Biophys. Res. Comm., 1971, 44
and Barry, R. 1156-1161. .

{6] Drakenberg, T, The ba.rier tc internal rotation in amides. Iv. N N-
Dahlqvist, K. i. and dirrethylamides; substituent ard solvent effects. J. PAYS-
Forsen, S. Chem., 1972, 76, 2178-2183.

71 Khetrapal, C. L. .. Personal communication to Prof. G. N. R achandran.

{81 IUPAC-IUB Commission Biochemistry, 1970, 9, 3471-347g
on Biochemical .

Nomenclatuie.
. li, V. Struct f -L-proli
1] Traub, W. andSmuct ructure of poly-L-proline 1. Naryre (Londom: 1963, 198,
[10] Wyckoff, H. W., The three-dimensional structure of Ribonucleasc-s. J. Biol-

Tsernoglou D., Hanson, Chem., 1970, 245, 305-328,
A.W.,Knox,J.R.,

Lee, B.and
Richards, F. M.

[11] Matthews, B. W., The conformation of thermolys; . om., 1574
Weaver, L. H.and 249, 8030-8044. olysin. J. Biol. Cli
Kester, W.R.

12] Alden, R. A., Birkoft, J. J., Atomic coordinates for Subtilisin BPN’ Biocher-

’ Kraut, J., Robertus, Biophys. Res. Comm., 1971n 45PI:37(_°3’44N°V0).,

J. D.and Wright, C. S. > 45, .

[13] Huber, R., Eppv,v 0., 4 Th(;l atgmilc structure of erythrocruorin in the light of the
Steigemann, V. 20 chemical sequence and its compari i bin.
Formanek Eur. J. Biochem., 1971, 19, 4235 (;aal isons with myoglo

[14] Kannan, K.X., Nostrand, Crystal structyre ot: human erythrocyte carboni dras®
B., Fridborg, K., B. Three-dimensional structure at a ;oor::;;aalmhf-z“&

Lovgren, S., Ohlsson, A, resolution. Proc. Nat. Acad. Sci. U.S.4., 1975, 72 51-55
+ - and Petef, M. : ? > T

|
k
‘z



[15]

(16]

[17]

[18]

[19]

[20]

217

[22]

[23)

[24]

[25]

[26]

[277

(28]
[29]

[30]

Rare Occurrence of Cis-peptide Units 611

Studies op the conformation of amino Acids, XI1. Friérgy

Ramachandian, G. N.,
yl residuet Biachem. Biophys. Acta,

Lakshminarayapan, A. V., calculations on prol
Balasubramanian, R. 1970, 221, 165-181,
and Tegoni, G.

Cis-proline in the linear Oligopeptide: Benzyloxycartonyl-

Yamane, T., Ashida, T.,
Kakudo, M. and Gly-Pro-Leu. Acta Cryst., 1975, A31, Part S3, S47.
Sasada, Y. : : Lot

N 1

Ramachandran, G. N.and  Conformations of polypeptides and. proteins. In" Advances

Sasisekharan, V. In Protein Chemistry, 1968, 23, 283-438.

Ramachandran, G. N. and Stereochemical criteria for polypeptidés and‘.prdte'ihs.'lv.
Venkatachalam, C. M. Standard dimensions for the' cis-peptide unit and confor
mation’ of cis-polypeptides, Biopolymers, 1968, 6, 1255-1262.

Energy parameters in polypeptides. 1. Charge distritutions

Poland, D. and
and the hydrogen bond. Biochemistry, 1967, 6, 3791-38C0.

Scheraga, H. A.

R Potential functions for hydrogen tond interscticns. I. A
Balasubramanian, R. modified Lippincott-Schroedes potential function for
and Ramachandran, N—H---O interaction between peptide groups. Bio-
G. N. chem. Biophys. Acta, 197G, 221, 182-190,

Flory, P. J. .. Chapter 7, 1In : Statistical Mechanics of Chain Molecules,
Academic Piess, New York, 1969.
Premilat, S. and Conformational statistics of short chains of poly (L-Alenise)
Hel‘mz:ms, J. Jr. and Poly (Glycine) generated by Monte-Carlo methcd and
the partition function of chains with constrained ends.
J. Chem. Phys., 1973, 59, 2602-2612, _ _
Kolaskar, A. s., Sarathy, The need for a modified y-potential in the dipeptide model.
K. P. and Sasi- Curr. Sci. 1975, 44, 35-38,

Sekharan, V., A e
K'°1aslrar, A.S., Sasi- A note on the torsional potential fuqction | 4 (¢)_ in ‘the
Sekharan, V. and dipeptide model. Theor. Chim. Acta, 1975, 38, 109-114,

Sarathy, K. P.
Donohue, 5, .. Hydrogen bonded helical configuration of the polypeptide
chain. Proc. Nat. Acad. Sci.- USA, 1953, 39, 470-478.

Chandrasekaran, R., Conformation of the LL and LD hairpin bends with internal
hminaiayanan, A. V., hydrogen bonds in proteins and peptides. Biochim. Bio-
Pandya, 7. v. and phys. Acta, 1973, 303, 14-27.
AMmachapdran, G. N.

Crawfo, g, J. L., Lipscomb, The reverse turn as a polype, tide conformation in globular
N. :3. and Schellman, proteins. Proc. Nat. Acad. Sci. USA, 1973, 70, 538-542,

C. G.

Huber, R. and
Steigemann, W.

Chidambaram, R.,

Two cis-prolines in the Berce-Jones Protien Rei and the cis
Pro-bond. FEBS Letters, 1974, 48, 235-237.
On the conformation of dipeptides in aqueous sol:tions

Siemion, F. Z. and
Tetrahedron, 1970, 26, 191-197,

Sucharda-Sobczyk, A.
Dimicoli, J. L. and Etude Par RMN de Dipeptides del’ Alanine en solution
Ptak, M. Organique, Tetrahedron Letters, 1970, 23, 2013-2016.

IISc—6



612

B1].

[32]

1331

[34]

Bs)

[36]

371
[38]

[39]

(40]

“Thomas, W. A. and

Williams, M. K.

Madison, V. and
Schellman, C. G.

Pogilliani, L., Ellenberger.
M., Valat J.and
Bellocq, A. M.

Deslauriers, R.,
Garrigou-Lagrange C.
Bellocq, A. M. and
Smith, I. C. P.

Hruby, V. J., Brewster,
A.1.and Glasel, J. A,

Deslauriers, R., Walter, R.
.and Smith, I. C. P.

M’ontagut, M., Lemanceau,
- B. and Bellocq, A. M.

Torchia, D. A. and

-1 Lyerla, J.R. Jr.

Wiithrich, K. and
Grathwohl, C.

Wiithrich, K .

ALok K. MrtrA

13 ;
Ci s:r::::?:;‘ iman dgn- etic dres«mancc spectroscopy and cis-trais
ipeptides containin i
Chem. Comm., 1972, p. 994. § profine.  J. Chem. Socs

L(;catlgg rof pl:oline derivatives in conformaticral space.
l\iMRnormz}txonal calculations; Optical activity and
experiments. Biopolymers, 1970, 9, 511-567

NMR investigations of .
. proline and it ivati ,
Peptide Protein Res., 1975, 7, 345—36(‘) s derivatives. fot. J

Ca ) .
rbon-13 nuclear magnetic resonance studies on the thyro-

tropin-releasing fact A
1973, 31, 59-62. ctor and related peptides. FEBS Letters

NMR studi :
chainsu:f' esxgltloct:?: .Cg?(;(;:n}allor;‘ of derivatives of the sids

N es (S : .
Nat. Acad. Sci. USA, 1971, 68, 450409, e

lsc .
ofn:;:::]e?(r- g:g;ztlz 1esonance studies, of the confornration
. tropin-releasin 11: In the oligopeptide hormones, thyro-
factor, angi g normone, lutenizing hormone-releasing

» angiotensin and melanocyte-stimulating hormon®

release-inhibiti . pe
1973, 53, 244259?“‘“ Biochem. Biophys. Res. Com™>

Conformati i
proton rﬁ:;;?alys,s of thyrotropin releasing factor by
o C resonance spectroscopy. Biopolymers
» 13, 2615-2629.
Molecular ili
mobility of polypeptides containing proline &$

determined 13 .
13, 97-11 4.Aby C magnetic respnance- Biopolymers, 1974,

A novel .
in ﬂex?ﬁzrgz?h for. studies of the molecular conformaticn
ypeptides. FEBS Leqrers, 1974 43, 337-340-

Pe . .
rsonal communication tq Prof. g. N. Ramachandraf-




