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The cyclization of three peptides to form a nine-membered ring introduces a certain amount of strain in 
the geometry of the peptide unit. This first crystal structure analysis of a cyclic tripeptide (C15H2104N3) 
has shown that all three peptide units are in the cis conformation. The planarity of the peptide units is 
not unduly disturbed, but the three bonds involving the nitrogen atom are not coplanar. The three 
pyrrolidine rings are puckered differently, the atoms out of plane in the three cases being N, C" and C o 
respectively. The hydroxyl oxygen of the hypro group in this molecule is disordered, occupying two 
positions, both of which are able to participate in hydrogen bonding. The crystal belongs to the ortho- 
rhombic space group P2t2~21 with unit-cell parameters, a=  16.284, b= 9"449, c=9.260 A and Z=4.  
The structure was solved by direct methods with the MULTAN program and refined by full-matrix 
least-squares calculations to a reliability index of 6.2 %. 

Introduction 

In proteins and polypeptides, the building block is al- 
most invariably the trans peptide unit. However there 
are situations where the cis peptide is incorporated in 
molecules for specific stereochemical reasons. A class 
of  compounds containing cis peptides comprises the 
cyclic peptides having a small number of peptide units. 
In the diketopiperazines, the two cis peptides are cy- 
clized to form a six-membered ring (Corey, 1938; Karle, 
1972). It has been predicted that three peptides can be 
cyclized only if all three are in the cis conformation 
(Venkatachalam, 1968). As the number of peptide 
units increases, the trans peptide is increasingly pre- 
ferred (Dale & Titlestad, 1970; Kopple, Onishi & Go, 

1969; Kopple, 1971). Cyclo-L-Pro-L-Pro-L-Pro is the 
first cyclic tripeptide to be synthesized (Rothe, Steffan 
& Rothe, 1965). The derivatives of this compound 
were later synthesized and studied by n.m.r, spectros- 
copy by Blout and coworkers (Debar, Torchia & 
Blout, 1971). The structural parameters of cyclo-L- 
Pro-L-Pro-L-Pro were deduced from empirical calcula- 
tions using stereochemical criteria (Venkatachalam, 
1968). In these calculations it was shown that the three 
peptides have to be in the cis conformation for ring 
closure to occur. The two assumptions made in these 
calculations were: (1) the proline rings were planar 
and (2) the three bonds connected to the nitrogen atom 
were coplanar. To avoid short intramolecular contacts 
between the C" protons, the torsion angle o9 (a measure 
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of  non-planari ty of  the peptide group) was given the 
value of  25 ° for all three peptides. On the other hand, 
n.m.r, studies on the solutions of  cyclo-L-Pro-L-Pro- 
L-Pro and its derivatives showed that the peptide units 
were, indeed, in the cis form, but the pyrrolidine rings 
were non-planar,  with the nitrogen atom out of  the 
plane of the other four atoms (Debar et al., 1971). In 
order to obtain more precise information about  the 
conformational  features of  cyclic tripeptides, we carried 
out the X-ray analyses of  cyclo-L-Pro-L-Pro-e-Pro and 
cyclo-L-Pro-L-Pro-L-Hyp (hereinafter called CTP(1) 
and CTP(2) crystals, respectively). The results of  these 
studies showed that the three peptide units in both 
molecules were in the cis conformation,  but the pyrrol- 
idine rings were non-planar  (Kartha,  Ambady  & 
Shankar,  1974). This paper  describes the results of  the 
X-ray analysis of  CTP(2). 

Experimental 

The crystals used in this study were obtained by recrys- 
tallization from ethanol of  the material given to us by 
Professor E. R. Blout, Harvard Medical School. The 
unit-cell parameters were obtained from the 20 meas- 
urements of  12 high-angle reflections. 

Crystal data a = 16.284 (2), b = 9.449 (2), c =  9-260 (2) 
/~, Z = 4 ,  V= 1425/~3, Dx = 1-437, Din= 1.420 g cm -a, 
space group P2~2121, Cu K 7 =  1.5418 A, molecular for- 
mula  C15H2104N 3. 

The density was measured by flotation in bromo- 
form-benzene  at 22 + 3 °C. The intensity data were col- 
lected on a G.E. XRD-3 diffractometer by the 0-20 
scan up to a m a x i m u m  of  20 of  150 °. Out of  1725 in- 
tensities 1538 were greater than 2.50- and these were 
considered non-zero. An approximate  correction for 

anisotropy of  absorption as a function of  cp was applied 
to the data. 

Structure determination and refinement 

The structure was solved by the mult isolution tangent 
refinement technique with the M U L T A N  program 
(Germain,  Main & Woolfson,  1971). There were 402 
reflections with E >  1.2 and the reflections 085, 093, 
360 and 470 were used to define the origin of  the 
cell and to select the enant iomorph.  Phases of the 
three reflections 591, 10,10,0 and 15,2,0 were per- 
muted to give the starting phase sets which were 
developed by tangent refinement to give 16 phase sets, 
out of  which the one with the second-highest figure of  
merit  gave the correct electron density map which 
revealed the complete molecule. The structure was re- 
fined by the block-diagonal least-squares method. All 
hydrogen atoms, except that  of  the hydroxyl group 
OH(l ) ,  were located from an electron-density differ- 
ence map. During the refinement, it became apparent  
that the hydroxyl group was disordered. The electron- 
density map calculated without this oxygen revealed 
two peaks [OH(1) and OH(2)] with occupancies in the 
ratio 3:7. Of  these OH(2) with the larger occupancy 
was connected to the C ~ atom of  proline 2, while OH( l )  
was connected to C ~ of proline 1. Moreover, in both 
positions the hydroxyl group was hydrogen bonded 
with the carbonyl  oxygens of  two different molecules. 
The final cycles of  refinement were therefore carried 
out with the hydroxyl group with occupancies in the 
ratio 3:7 from peak heights. No at tempt was made to 
refine the occupancies themselves. All the non-hydro- 
gen atoms were given anisotropic thermal parameters 
but the hydrogen atoms were given isotropic ones. 

Table 1. Atomic parameters o f  cyclo-L-Pro-L-Hyp with e.s.d.'s within parentheses (×  10 4) 

The thermal parameters are in the form T= exp [ -  (fl:th 2 q-f122k 2 q-fla3l z q- 2fl~2hk + 2fll3hl-k 2fl~akl)]. 

x y z /~, /~, /~  /h, /~,~ /h~ 
C(1)A 5732 (3) 5217 (5) -1605 (6) 22 (2) 56 (5) 81 (6) 0 (2) 2 (3) 1 (5) 
C(1)B 6458 (2) 4567 (6) -2433 (6) 33 (2) 85 (6) 107 (7) 9 (3) 18 (4) - 9  (6) 
C(1)G 7031 (3) 4012 (7) -1256 (8) 29 (2) 115 (8) 154 (9) 20 ('4) 6 (4) 0 (8) 
C(1)D 6909 (3) 5017 (7) 17 (7) 22 (6) 109 (7) 130 (8) 14 (_~) -17  (3) 5 (7) 
C(1)P 5104 (3) 4082 (5) -1149 (5) 27 (2) 61 (5) 73 (6) - 3  (3) - 4  (3) 4 (3) 
C(2)A 3956 (3) 5888 (5) - 1045 (6) 22 (2) 62 (5) 110 (7) 4 (3) - 1 (3) 3 (5) 
C(2)B 3088 (3) 5457 (6) -1609 (8) 21 (2) 95 (6) 169 (9) 3 (3) -16  (4) 4 (7) 
C(2)G 2993 (4) 3902 (7) -1245 (8) 35 (2) 115 (8) 213 (,12) -18  (4) -29  (5) 29 (9) 
C(2)9 3714 (3) 3487 (6) -313 (8) 27 (2) 85 (7) 180 (9) - 9  (3) 3 (4) 18 (7) 
C(2)P 3899 (3) 6732 (6) 365 (6) 29 (2) 82 (6) 112 (7) 11 (3) 9 (3) 8 (6) 
C(3)A 5264 (3) 7923 (5) -122 (6) 32 (2) 47 (5) 89 (6) 1 (3) - 5  (3) - 1 0  (5) 
C(3)B 5439 (4) 9489 (6) 247 (7) 59 (3) 52 (5) 149 (9) 0 (4) -24  (5) -15  (6) 
C(3)G 5066 (6) 9702 ('8) 1735 (8) 93 (5) 118 (9) 173 (12) 4 (6) -14  (7) -75  (9) 
C(3)O 4423 (15) 8565 (7) 1964 (7) 70 (4) 122 (8) 118 (9) 16 ('5) 7 (5) -51 (7) 
C(3)P 5967 (3) 6980 (5) 431 (6) 26 (2) 64 (5) 95 (6) - 3  (3) - 8  (3) - 1 (5) 
N(2) 4356 (2) 4508 (4) -737 (5) 23 (1) 50 (4) 116 (6) 0 (2) 0 (3) 11 (4) 
N(3) 4510 (3) 7615 (5) 699 (5) 36 (2) 76 (5) 81 (5) 7 (5) 3 (3) - 2 0  (5) 
N(1) 6127 (2) 5779 (4) -298 (4) 22 (1) 72 (5) 87 (5) 2 (2) - 8  (2) -1  (4) 
O(1) 5299 (2) 2831 (4) -1117 (5) 35 (2) 47 (4) 159 (6) 9 (2) 12 (3) 1 (4) 
0(2) 3313 (3) 6595 (6) 1160 (6) 45 (2) 190 (8) 180 (8) --6 (4) 46 (4) -26  (7) 
0(3) 6370 (2) 7303 (4) 1482 (5) 45 (2) 112 (5) 127 (6) 4 (3) -32  (3) -41 (5) 
OH(l) 7826 (12) 4162 (20) - 1470 ('20) 99 (,12) 187 (31) 213 (30) 65 (16) 47 (16) -39  (26) 
OH(Z) 3180 (39) 3108 (69) -2609 (74) 50 (3) 150 (10) 187 (11) 17 (5) -36  (5) 65 (9) 
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The  final rel iabil i ty index is 6-2 %. At  this stage the 
shifts in coord ina tes  were less t han  one ten th  the stan- 
da rd  devia t ion .  The  s t ructure  was fur ther  refined 
t h r o u g h  one cycle o f  ful l -matr ix  least-squares calcula- 
t ions  w i thou t  any  change  in the rel iabi l i ty  index. The  
a tomic  scat ter ing factors  o f  n o n - h y d r o g e n  a toms  were 
t aken  f rom International Tables for X-ray Crystallog- 
raphy (1962) and  for the hyd rogen  a toms,  f rom Stewart,  
Dav idson  & S impson  (1965).* 

The  pos i t iona l  and  an i so t rop ic  the rmal  pa ramete r s  
o f  the n o n - h y d r o g e n  a toms  are given in Table  1 and  
those o f  the hydrogen  a toms  in Table  2. The  weight ing  
scheme used in the final cycles o f  ref inement  was o f  the 
type 1/a, where a represents  s t andard  devia t ion  in IFo[ 
based main ly  on  coun t ing  statistics and  ins t rumenta l  
stabili ty.  The  e.s .d. 's  o f  all n o n - h y d r o g e n  a toms  except 
C(3)G, O H ( I )  and  OH(2) were 0.003-0.005 A. For  these 
three a toms  they were 0.007, 0.018 and  0.006 A re- 

* A table of observed and calculated structure factors has 
been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 30972 (10 pp.). Copies 
may be obtained through The Executive Secretary, Interna- 
tional Union of Crystallography, 13 White Friars, Chester, 
CH1 INZ, England. 

spectively. The  co r re spond ing  accuracy in the b o n d  
distances and  angles were 0-004 A and  0.4 ° respec- 
tively. 

Tab le  2. Atomic parameters of hydrogen atoms ( x 103) 

Bonded to x y z fl 
H(1) C(1)A 549 (3) 586 (6) -226  (6) 2.9 
H(2) C(2)A 419 (3) 640 (5) -186  (5) 1"7 
H(3) C(3)A 517 (3) 786 (5) -109  (6) 2.1 
H(4) C(I)B 634 (4) 388 (7) -315  (7) 4.3 
H(5) C(I)B 665 (4) 515 (8) -314  (8) 6.3 
H(6) C(1)G 690 (4) 299 (6) - 8 4  (7) 5.7 
H(7) C(I)D 689 (3) 462 (6) 98 (6) 2.9 
H(8) C(1)D 744 (4) 555 (8) 44 (8) 6-4 
H(9) C(2)B 302 (5) 568 (9) - 280  (9) 5.9 
H(10) C(2)B 265 (4) 607 (7) -112  (8) 5.9 
H(11) C(2)G 247 (3) 358 (5) - 7 2  (5) 2.9 
H(12) C(2)D 354 (4) 362 (7) 93 (8) 7.0 
H(13) C(2)D 392 (4) 263 (7) - 3 6  (7) 4"4 
H(14) C(3)B 508 (4) 1005 (7) - 2 6  (7) 6"6 
H(15) C(3)B 602 (5) 977 (9) 29 (9) 10.4 
H(16) C(3)G 567 (5) 952 (9) 264 (9) 8.6 
H(17) C(3)G 490 (6) 1061 (9) 219 (9) 10.4 
H(l 8) C(3)D 378 (4) 899 (7) 211 (7) 7"5 
H(19) C(3)D 449 (4) 801 (7) 282 (7) 5.2 
H(20) OH(2) 257 (12) 345 (22) -326  (23) 3"5 

Table  3. The conformational angles in CTP(2) obtained from X-ray study compared with results 
from other studies 

Ring 1 Ring 2 Ring 3 Ave. N.m.r. 
N C(A)--C(B)--C(G) (,~1) 34 ° 13 ° 28 ° 25 ° 30 ° 
C(A)--C(B)--C(G)--C(D) (X2) - 31 8 - 22 - 15 - 10 
C(B)--C(G)--C(D)--N (•3) 17 - 26 7 - 1 - 5 
C(G)--C(D)--N C(A) (Z4) 5 36 12 18 25 

Stereochemical 
1 2 3 criteria* 

C(3)P-N(1)--C(1)A-C(1)P ~p - 100 ° - 110 ° - 95 ° - 78 ° 
N(1)--C(1)A-C(1)P-N(2) ~ 84 92 97 109 
C(1)A-C(1)P-N(1)--C(2)A m 20 0 1 25 
C(2)D-N(2)--C(2)A-C(2)P 0"" 94 88 92 
0"-~p (=  180 ° for planar 

nitrogen environment) 194 198 187 

* Venkatachalam (1968). 

Fig. 1. Stereo view of the molecule of CTP(2) looking down an axis approximately perpendicular to the mean plane of the nine- 
membered ring (Johnson, 1965). The ellipsoids are of 50 % probability. 

A C 3 1 B  - 4 *  
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Molecular structure 

The molecule viewed down an axis approximately per- 
pendicular to the mean plane of the nine-membered 
ring is shown in Fig. 1. The three peptide groups are 
in the cis conformation confirming the prediction based 
on stereochemical criteria (Venkatachalam, 1968). The 
distortion in the peptide group may be represented by 
two parameters, namely the torsion angle co (IUPAC- 
IUB Commission on Biochemical Nomenclature, 
1970), which is zero for planar peptide units and the 
quantity 0"-(p, which is an indication of the coplanarity 
of the bonds connected to the nitrogen atom. When 
these bonds are coplanar 0"-~0 becomes 180 ° (Balasu- 
bramanian, Tegoni, Venkatesan & Ramachandran, 
1971). In the molecule of CTP(2), co is less than 1 ° for 
two of the peptides and 19 ° for the third peptide (Table 
3). The C ~ protons [H(1), H(2), H(3)] are free of intra- 
molecular short contacts, the shortest contact between 
them being 2.23 A. It appears, therefore, that non- 
planarity of the peptide group is not strictly required 
to avoid C ~ proton short interactions. The average 
values of the conformational torsion angles ~0 and ~, 
are -101 ° and 90.5 ° respectively as compared with 
- 7 8  ° and 109 ° reported earlier (Venkatachalam, 
1968). 

Bond lengths and angles 

The bond distances and angles in the molecule of 
CTP(2) are given in Fig. 2. In the proline residues, the 
introduction of the methylene group at the nitrogen 
atom instead of the usual hydrogen atom causes ap- 
preciable changes in the peptide geometry. When one 
compares the stereochemical parameters of the average 
cis proline unit (Kartha, Ambady & Shankar, 1974) 
with the corresponding trans proline unit (Ashida & 
Kakudo, 1974) one finds that the angle C(A)-C(P)-N 
(119 °, 118 °) in proline peptides is widened by about 5 ° 
while the O-C(P) -N  angle (121 °, 120 °) is significantly 
reduced. The corresponding values for these angles 
given by Corey & Pauling (1953) are 121 ° and 114 ° 
respectively. Angles around the nitrogen atom are also 
appreciably altered; the increase in the angle C(P)-  
N-C(A) and the corresponding decrease in the angle 
C(D)-N-C(A) are obviously due to the steric repul- 
sion of the C ~ protons in the molecule. In the case of 
trans proline residue, this repulsion is between the C ~ 
proton and C n proton of the pyrrolidine ring with a 
resultant increase in the angle C ' - N - C  ~. The increase 
in the C ' -N  bond length (1.345 A) could be due to the 
strain imposed on the cyclization of the tripeptide 
or a structural feature of cis proline residues. The C ' -N  
bond here is significantly longer than Pauling & Corey's 
value of 1.32 A for the standard trans peptide unit, but 
agrees well with the average value of this bond distance 
obtained from the eight cis proline residues in the 
molecules of sodium and lithium antamanide com- 
plexes (1-34 (1) A; Karle, 1974a). 

The pyrrolidine rings 

The conformation of the pyrrolidine rings in the oligo- 
peptides has been discussed in detail by Ashida & 
Kakudo (1974). In general, the proline rings are non- 
planar and exhibit puckering at the C r atom, as seen 
from many single-crystal studies of both linear and 
cyclic peptides containing proline residues. For ex- 
ample, in the crystal structures of the sodium and 
lithium complexes of the cyclic decapeptide antamanide 
(Karle, 1974b), seven out of eight cis prolines show 
either an A or a B type of C r puckering (Ramachandran, 
Lakshminarayanan, Balasubramanian & Tegoni, 1970), 
while in the eighth proline, the C a atom is puckered. 
A different type of C a puckering is found in the mol- 
ecule of cyclo-L-Pro-L-Leu (Karle, 1972). In the linear 

C(3)G 

C(3)D ( 2 ~(31B 

~'ek IC~3)A 0(3) , y  

I~  V,(, 1"492 C(1)O 
oH(7) C(2)A 0~ H(2) ~o/ ~,~ j 

| /,,."~ l _ c(~w 

OH(21 

, 4 , 0 .  . 
~'41N£~. 127. 4 1084~102-6 1 104.9100 ~ 

106 ~ 111"6 V 117 

\ , 

Fig. 2. Bond distances and angles in the molecule of CTP (2). 
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180" 
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1 1 / 5  / 

c,,I' 
270 ° 

other types of ring conformations can also be imposed 
on the pyrrolidine ring in constrained situations like 
ring closure. 

Molecular packing and hydrogen bonding 

The molecules are oriented with the nine-membered 
ring nearly parallel to the ab plane (Fig. 4) and inter- 
linked by O H . . .  O type hydrogen bonds. 

This work was supported by research grants from 
the National Science Foundation, and the National 
Institutes of Health. We thank Professor David Harker 
for helpful comments, Mrs C. Vincent for help in col- 
lecting the data, and Professor E. R. Blout for the gift 
of  crystals of CTP(2). 
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