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The Crystal Structure of Pivaloyl- D- prolyl-L- prolyl- L-alanyl-N- methyl- 
amide 
By C. Mohana Kumaran Nair and Mamannamana Vijayan," Molecular Biophysics Unit, Indian Institute of 

Science, Bangalore 560 01 2, India 

Pivaloyl-D-prolyl-L-prolyl-L-analyl-N-methylam~de ( I ) ,  C1UH32N404, crystallizes in the orthorhombic space group 
P21212, with four molecules in a unit cell of dimensions a = 9.982 ( l ) ,  b = 10.183 (3), c = 20.746 (2) A. The 
structure has been refined to R 0.048 for 1 745 observed reflections. All the peptide bonds in the molecule are 
trans and both the prolyl residues are in the CY-exo-conformation. The molecule assumes a highly folded con- 
formation in which a Type II' DL bend is followed by a Type I LL bend, both stabilised by intramolecular 4 + 1 
hydrogen bonds. This conformation, which has been observed for the first time, is of interest in relation to the 
structure of gramicidin S. 

I'ROLYL residues play an important role in determining 
the conformation of protcins,l*2 peptides, and peptide 
a n t i b i ~ t i c s . ~  As part of a prograinme aimed an exploring 
the conformational preferences of proline-containing 
peptides of  either all L- or mixcd L- and D-sequences, 
the crystal structure of pivaloyl-n-prolyl-r,-prolyl-L- 
alanyl-N-metliylamide (I) is reported here. It may be 
mentioned that the conformation of the molecule is of 
particular interest in relation to those of gramicidin S, 
which contains the sequence 11-Phc-L-Pro-L-Val and its 
analogues. 

EXPERIMENTAL 

The compound, obtained by L>r. 1'. Balaram and Mr. 
Y .  V. Venltatachalapathi as a by-product in the synthesis 
of the all-L-isomer, was crystalliscd from chloroform- 
light pe t ro le~im.~  The space group was determined to  be 
P2,2,2, from oscillation and Weissenberg photographs. 
The density was measured by flotation in potassium iodide 
solution in water. 

Crystal ~ c c t u . - P i i ~ a l o ~ l - ~ - p v o l y l - ~ ~ - p r o l ~ ~ l - L - ~ l a n y l - ~ -  
methylamide (I), C1&&404, A 1  = 380.1. Orthorhombic, 

TI = 210 8.8 A3, Dm = 1.207 g c ~ I - ~  (by Aotation), D, = 
1.196 g ~ m - ~ ,  Z = 4. Cu-K, radiation; p(Cu-K,) = 6.19 
cm-1. 

The intensity data were collected from a specimen of 
approximate dimensions 0.6 x 0.4 x 0.2 mm on a computer 
con trollcd CAD-4 diff ractometer employing a 0~--20 scan 
up to a maximuiii Bragg angle of 60" using graphite mono- 
chroniated Cu-K, radiation. Of the 2 058 reflections 
measured in this range, 1 988 reflections which had positive 
intensities were used in the initial stages of the analysis. 
Only 1745 refkctioils having I > 2a(I) were used in the 
final refinement cycles. The intensities were corrected for 
Lorentz and polarisation factors but not for absorption. 

The structure was solved by direct methods by use of 
RIULTAN and was refined by the block-diagonal SFLS 
nietliod using the locally modified version of a program 
originally written by Professor I<. Shiano. In the final 
cycles the non-hydrogen atoms were given anisotropic 
temperature factors rind the hydrogen atoms, locatcd from a 
difference Fourier map, isotropic temperature factors. 
The refinement was terminated a t  X 0.048 when all the 
least squares shifts were much smaller than the cor- 
responding cstimated standard deviations. The weighting 

P2,2,2,, u 9.982 ( l ) ,  11 = 10.183 (3), c = 20.746 (2) A, 

function used in the final cyclc Iiad the form (i l/(n 4- 
hF(, 1- C F ~ , ~ )  where a -- 1.G50 0, 6 == -0.033 2, sad c =L 
0.005 3. The scattering factors for the non-hydrogen 
atoms and thc hydrogen atoms were taken from refs. 7 and 
8, rcspectivcly. The computations wcre performed oil 
IBM 360/44 and DEC-1090 computers. The final posi- 
tional parameters of the non-hydrogen atoms are given in 
Tablc 1 .  The thermal parameters of all the atoms, the 

TABLE 1 
l;i11al positional coordinates ( x lo4) of non-hydrogen 

atoms, with standard deviations in parentheses 
X 

2 361(6) 
829(6) 

1 179(4) 

1 196(3) 
2 009(3) 
3 404(5) 
2 381(5) 
2 809(5) 
2 136(4) 

4 077(2) 

- 58(6) 

1479(4) 

3 OlO(3) 

2 587(3) 
1374(5) 
1 700(6) 

3 397(4) 

f s3:1(:1) 
2 9!)9(5) 
1600(5) 

4 433(4) 

2 548(6) 

3 683(1) 
4 618(3) 

3 897(5) 
4 104(5) 

5 330(6) 

Y 
3 197(6) 
1318(5) 
3 440(5) 
2 550(4) 
2 112(4) 

997(2) 

4 348(4) 
4 842(5) 
3 670(5) 

1277(4) 

286(3) 
235(5) 

2 955(3) 

2 503(4) 

1220(2) 

- 830(6) 
- 1  782(5) 
- 906(4) 

- 1  623(4) 

- 1  418(3) 

-2  330(5) 

- 1  824(4) 

- 2  399(3) 

- 2 075(4) 

- 1  354(5) 

-217(4) 
529(6) 

2 

-2  082(3) 
- 2  135(2) 
- 1  740(2) 
- 1  747(2) 
- 1  053(2) 

- 621( 1) 
- 685(2) 

- 873( 1) 

- 2(3) 
392(2) 
50(2) 
87(2) 

- 210( 1) 
462( 1) 
865(2) 

1353(2) 
984(2) 
525(2) 
- 98(2) 
- 122(1) 
- 689( 1)  

- 1  207(2) 
- 1  504(2) 
- 1  680(2) 
-2 205(2) 
- 1  492(2) 
- 1  899(3) 

positional paraiiieters of hydrogen atoms, and the observed 
and the calculated structure factors are given in Supple- 
nientarv Publication No. SUP 22886 (16 pp.).? 

]>I SCUSSION 

Bond Lcngtlzs and Valerzcjt A@es .--The bond lengths 
arid angles in the molecule (Figure l) ,  except angles 
C(5)-N(l)-C(G) and C(4)-C(5)-N(l), have values com- 
parable with those found in other peptides containing 

t For details of Supplementary Publications, see Notice to 
Authors No. 7, in J.C.S. Perkin 1 I, 1979, lndex issue. 
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prolyl residues9 The observed values of C(5)-N(1)- 
C(6) and C(4)-C(5)-N(l) are however larger than those 
found in similar structures. These angles presumably 
open out to accommodate tlie bulky pivaloyl group. 
The CLC-N angle C(g)-C(lO)-N(2) in the peptide group 
that links the two consecutive prolyl residues has a value 

from planarity, with the values of the dihedral angle l4 
w varying from 173.8 to -178.9' (Table 2). 

Prolyl residues are endowed with some conformational 
flexibility on account of the different puckerings the 
pyrrolidine rings can adopt. As can be seen from Tablc 
3, the prolyl residues in tlie present structure assumc the 

greater than that found in normal peptide groups 
presumably due to the steric interactions between the 
adjacent prolyl side chains. This feature is found to  

C,-Cr ~xo-conformation.~~ In 
from the mean plane of the 
pyrrolicline ring by 0.552 A. 

occur when two consecutive prolyl residues are on the 
same side of the main chain as in t-pentyloxycarbony1-L- 
pro1 yl-L-prolyl-L-proline. l2 

Peptide Geometry and Pyrrolidine Ring Con formation.- 
X-Pro peptide bonds can adopt cis- or trans-geon~etry.~ 
All peptide bonds in the present structure are, however, 
traits. The first tertiary amide bond in the molecule is 

TABLE 2 
Main chain dihedral angles (") 

i = l  i = 2  i = 3  i = 4  
ui 173.8 - 178.2 - 178.9 178.4 

59.1 - 58.8 - 88.1 
- 135.6 -23.2 -0.1 

+i 
h 

the n-residue Cr deviates 
other four atoms in the 
The corresponding value 

TABLE 

Deviation of atoms of prolyl resiclucs from the 
rcspectivc least squares planes 

Deviation 
from the least 
squares plaiic 

Atomic group A tom (A) 
0.0389 

- 0.0245 
-0.5524 * 
-0.0370 

n-Pro N(1) 
(3) 
( 7 7 )  
C(8) 
(79) 
C( 10) 

L-Pro N(2) 
C( 1 1 )  

0.0225 

1.1447 * 
0.0171 

- 0.0107 
C( 12) -0.5405 * 

3 

C( 1 3 )  0.0097 
-0.0161 

1.1288 * C( 14) locked into the tram-geometry presumably due to tlw 

formation of a hydrogen bond between the carbonyl * These atonis were not included in the mean plane calcul- 
group of D-Pro residue and the amino-group of the 
terminal methylamide function apparently stabilises in the L-residue is 0.541 A. In both residues, Cv and tlic 
the observcd tmm-geometry of tlic wl'ro-L-Pro bond. 
The p p t  icle groups (lo not cbxhibit appreciable deviations Mai1z Clzniiz To?~fomtcctioit.-A pcrspectivc view o f  the 

presence of the bulky pivaloyl group.13 The ready C( 15) 

CO group lie on thc opposite sides of tlieir nican plane. 
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molecule is shown in Figure 2. The main chain dihedral 
angles l4 which define the conformation of the molecule 
are given in Table 2. These values indicate that the 
molecule has a Type 11' D-Pro,L-Pro p-bend followed by 
a Type I L-Pro,L-Ala p-bend. The observed 9, $ angles 
in these bends are close to the corresponding theoretical 

C(7) 
FIGURE 2 Perspective view 

va1ues,lG namely, +i+ 1 = 60", 
$ i + 2  = --80", t,bi+2 = 0 for a 

& + 2  = 0" for a Type I bend. 
$ i + 1  = -GO", # i + 1 =  -30" 

provides the first example of a bend with prolyl residues 
at  both corners. A majority of the L-Pro-L-X bends 
observed in peptide structures are of Type I.lg-23 Type 
I1 L-Pro-L-Ala and L-Pro-Gly bends are, however, 
observed in N-isobutyl-L-prolyl-L-alanylisopropyl- 
amide * and N-acetyl-~-prolyl-glycyl-~-plienylalanine,25 
respectively. The L-Pro-L-Ala bend in the present 
structure is of Type I. 

Consecutive Type 111 @-bends give rise to a 3,, helix. 
Such consecutive bends have been observed in some 
peptides containing the unusual optically inactive 
amino-acid a-aminoisobutyric The present 
structure provides the first description of two consecutive 
p-bends in a peptide not containing a-aminoisobutyric 
acid. I t  is also noteworthy that neither of the bends is 
of Type 111. 

Relevance to the Strzccture of Gramicidin S.-The 
sequence u-Phe-L-Pro-L-Val occurs twice in the structure 
of the cyclic decapeptide antibiotic gramicidin S, and it is 
of interest to examine the observed conformation of (I) 
with sequence D-Pro-L-Pro-L-Ala in relation to that of 
gramicidin S. The structure of gramicidin S in its 
crystals consists of a two-strand anti-parallel p-sheet, 
each stand made up of a Val-Om-Leu sequence, looped 
at  each end by a D-Phe-L-Pro bend.28 I t  is interesting 
to explore the other possible conformations of this im- 
portant antibiotic. The conformation of the biologically 
active gramicidin S analogue bis-N-methyl-leucyl- 
gramicidin S, as determined by n.m.r. studies in 
methanol,29 is significant in this context. This analogue, 
without the leucine NH groups, cannot obviously form 
the p-sheet of the type found in the crystal structure of 

= -120" and gramicidin S itself. The n.m.r. data for the analogue 
Type 11' bend and are compatible with a structure incorporating con- 
and $i + = -goo, secutive Type 11' u-Phe-L-Pro and Type I L-Pro-L-Val 
Both the bends are The occurrence in the present structure of a 

of the molecule 

bends. 
stabilised by 4 + 1 N-H 0 hydrogen bonds, which, 
in fact, are the only hydrogen bonds in the structure. 
The parameters of this hydrogen bonds are given in 
Table 4. 

$-Bends with L- or glycyl residues at  the corners are 
of great importance in the three dimensional structure of 
proteins l7 whereas LD- and DL-bends have been known 
to occur in peptide and depsipeptide  antibiotic^.^^^^ 
Therefore a number of X-ray crystallographic studies 

TABLE 4 

Hydrogen bond parameters, with standard 
deviations in parantlieses 

O(1) * * N(3) 3.011(4) A 
O(2) * - N(4) 3.055 (4) 
0(1) * * * N(3) * * H(N3) 18(3)" 
O(2) - * - N(4) - - * H(N4) 14(3)" 

havc been carried out recently to  define the possible 
geometrical features of p-bends at  the atomic resolution. 
The present structure contains two bends, one of the DL- 
type and the other of the LL-type. All the nL-bends 
observed so far in crystal structures l* are of Type 11'; 
so is that in the  present structure. 'The latter, however, 

similar arrangement involving DL- and LL-bends 
establishes the need for considering such conformations 
in D-L-L sequences with L-Pro as the central residue, 
when exploring the biologically active conformations of 
gramicidin S and its analogues. 

It has been reported30 that gramicidin S retained 
some antimicrobial activity when D-Phe was replaced 
by D-Ala or Gly while no activity was observed when it  
was replaced by L-Ala or a-aminoisobutyric acid. A 
Type II' p-bend can be formed only if its first corner is 
occupied by a D or glycyl residue. Therefore the above 
experimental observation shows that the preference of a 
Type 11' @-bend of the kind observed in the present 
structure, and postulated in the structure of bis-N- 
methyl-leucylgramicidin S, is perhaps a requirement for 
retaining the biological activity of the antibiotic. 

CrystaZ Str,ztcture.-The arrangement of molecules in 
the crystal is shown in Figure 3. The crystal structure is 
devoid of intermolecular hydrogen bonds and is stabilised 
by van der Waals interactions. 

\\'c tliank nr. P. Balaram and Mr. Y.  V. Venkatachala- 
patlii for supplving tlic saiiiples used in this investigation 
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FIGURE 3 The crystal structure of the inoleculc as vicwed along thc a axis. 1 lydrogcn bond.; arc shown by broken lincs 

ant1 for inany discussions. Financial assistance from tlic 
T Jniversity Grants Commission, India, ant1 the Indian 
Xational Scicnco Acmlein y is acknowledged. 
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