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Ahrttaet-The X-my crystal structure and the PMR spectrum in ;‘H,O and DMSUd, of c~cio-gf~~icyl-4-Fhi1tprofyf has 

been determined. fn the crystal, the diketop~~ra~j~e ring of the molecule adopts a boat ~onf~rrnat~~~ and the 
thiatolidine ring an enve~ope~onf~rmation, very similarto theana~o~ous compound ~~~l~~~c~l-p~o~~l. Comparison5f 

proton-proton dihedral angles derived from the crysfat structure and from vicinat coupling constants in solution 
indicates that the conformation of cycle-gtycyl-&hiaproiyl is nearly fhe same in crystaf and in solution in the limits 
of appfied methods. 

tf’ITRODUC!‘IO~ 
Semi-erttpiricat !&plus-type curves are now widely used 
to determine from proton-proton spin coupling constants 
the dihedral angles around the N-C,‘-f and C,-C,” bonds 
of peptides, With this method arnb~~~~es often occur 
since a caupfing &ousta~t defines mure than one dihedral 
angle. Furthermore nut alt of the ~o~ormation-de~n~ng 
angles can be obtained by this method. These problems 
have necessitated recent studies of the conformational 
dependence of vicinal coupling constants JNH,?-’ JcH?‘* 
J &’ and Jcc.‘2 The most direct way to establish these 
relationships is to study the corresponding NMR spectra 
of molecules for which the geometry has been determined 
by X-ray crystallography, with the assumption that the 
crystalline and sofvated conformations are equivalent. 
Cyclic molecules like the d~etop~pera~~ne cyclo-gtycyf- 
prolyf are most suitabte for these studies since the two 
rings greatly limit the number of ~o~urmationa~ contribu- 
tions, 

Here we report a study by X-ray crystallography and 
PMR of the conformation of cycle - gfycyl - 4 - thiaproIy1 
(cycle - Gly - Pro(S)), an analog of cycle - Gly - Pro in 
which the v-methylene group has been substituted by a 
sulphur. This molecule reveals a straightforward PMR 
spectrum which determines how close the conformation 
found in the crystalline state is confirmed by the values of 
the vi&al proton-proton coupfing constants found in 
solution. Fu~hermore this mule&e has been sefectively 
enriched in deferent positions in ‘% so that the results 
presented here wit1 establish as a next step refationships 
between dihedral angles and vi&at proton-carbon and 
carbon-carbon coupling constants. 

EXPERWENTAL 
Thiarolidine dcarboxylic acid was synthesized by acid- 

catalyzed condensation of formaldehyde with t_-cysteine.” Coupl- 
ing with glycine and cyclisation to the dikctopiperatine cyclo_Gfy- 
ProfSf was carried out as previously described for the analog 
~om~nd cyc!o-Giy-Pro.“’ 

ArMR studies. PMR spectra were recorded at 250 MHz on a 
CANECA TSN 250 sptctromctcr in the frequency sweep mode. 

t-Butanol and TMS served as internal references in ‘Hz0 and 
DMSO-<1, solution, respectively. Spectra were analyzed by the 
LAOCNl program..‘5 

X-ray stud&. Few single crystals were obtained from a con- 
centrated aqueous sofution of the compound upon standing at 4”. 

Examinations of pr~lirn~n~y rotation and Weissenberg photo- 
graphs revealed the crystals to be of orthorhombj~ symmetry 
space group P212r2r, with one molecule in the asymmetrical unit. 
For determination of lattice constants and data collection, the 
crystals were rather too big, but after unsuccessful attempts to 
reduce their volume, we decided to use the last one as if was. Its 
volume was about 0.8 x 0.6 x 0.4 mm’ and it was mounted along its 
longest edge (n axis). The cell parameters are a = 5.622 2 0.002 A, 
b = 12.2 17 2 0,004 A, c = IO.318 t 0.004 A. X-ray diffraction inten- 
sities were recorded on a CAD-3 Enraf-Nonius automatic diffrac- 
tometer in the 8-28 scan mode up to 8 = 66” employing Ni-filtered 
CuK, radiation Two standard reflections were measured each 40 
refiectioYts and showed no systematic deviations. 

From the 747 ~ode~~dent reflections of one octant, 579 were 
considered as observed with 13 3ir(I), where a@) is the standard 
deviation based on counting statistics. The intensities f were 
corrected for the Lorentz-polarization factor, but not for absorp- 
tion. A Wilson plot gave a general temperature factor B of 3.65 A.’ 

The structure was solved by direct methods using the MUL- 
TAN ptogram.16 The eleven highest peaks on the E map corres- 
ponded to the atomic positions of the non-H atoms. After least- 
squares refinement of the structurai parameters, a difference map 
has been computed and has ted to the coordinates of ail H atoms 
except the one bound to the nitrogen N1. The isotropic thermal 
factor of each hydrogen atom was that of the atom to which it is 
attached. 

For r~~nernc~t cakutations, a iocal version of ORFLS prog- 
ram” was used, which minimizes the function wrtF+/ - tF#. The 
scattering factors were those of the ‘*~~~~~~~~o~~~ Tab/es for 
X-Ray Crystaffogmphy”.‘* During the last refinement cycles, the 
anisotropic thermat parameters were introduced for “heavy” 
atoms, the B factors of hydrogen atoms were unvariablc and each 
structure factor was weighted by the weighting scheme of Cruick- 
shank,‘* The final conventional factor R is 0.079. 

Crystal srntcture. The fractional atomic coordinates, 
the thermal parameters and their standard deviatiuns are 
given in Tabies f and 2. The list of structure factors can be 
obtained from the authors. Bund lengths and bond angles 
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Table I. Fractional coordinates and thermal parameters of the non-hydrogen atoms (the estimated standard deviations are given in 

parentheses and refer to the last decimal places) 

Atom x/a y/h 

s -0.0492(4) 0.7481(2) 0.7271(2) 0.0304(g) 0.0073(2) 0.0069(2) -0.0066(3) 0.0007(3) -0.0003(2) 2.78 

N, 0.5902(13) 1.0043(5) 0X466(5) 0.0289(28) 0.0061(5) 0.0049(6) -0.001 l(l0) -0.0011(11) -0.0001(4) 2.34 

N, 0.307qlO) 0.8804(5) 0.6882(j) 0.0231(20) 0.0053(4) O.lNMO(5) -0.0022(9) 0.001 l(l0) -0.0008(4) I .95 

0, 0.4205(1 I) 0X29(5) 1.0202(j) 0.0334(22) 0.0079(5) 0.0045(5) O.o006(9) -0.0027( IO) 0.0014(4) 2.71 

0, 0.5373(10) 0.9219(j) 0.5 158(j) 0.0292(20) 0.0062(4) 0.0048(4) -0.0012(8) O&23(9) -0.0005(4) 2.36 

C, 0.0831(17) 0.81 lq7) 0.8658(7) 0.0338(31) 0.0061(5) 0.0054(6) -0.0042(12) 0.0014(15) 0.0008(6) 2.55 

CI 0.2151(12) 0.910@5) 0.8166(6) o.o226(24) 0.0043(4) 0.0035(s) 0.0005(9) 0.0004(11) -0.0003(4) 1.73 

G 0.4181(13) 0.9462(6) 0.9037(6) 0.0215(24) 0.0049(5) 0.005q6) -0.0004(10) -0.001q1 I) -0.0003(5) 2.14 

C. 0.5828(15) 1.0302(6) 0.7083(6) 0.0261(26) 0.0060(5) 0.0046(6) -0.0035(1 I) -0.0006(12) -0.000(S) 2.23 

G 0.4785(12) 0.9383(j) 0.6300(6) 0.0209(25) 0.0039(5) 0.0048(6) -0.0004(9) o.OOlql2) -0.000l(5) 1.75 

C1 0.1741(18) 0.797q8) 0.6204(g) 0.0428(38) 0.0074(7) 0.0062(7) -0.0076( IS) 0.0001(17) -0.002q6) 3.12 

are shown in Fig. I. No large deviations can be detected 

compared with the crystal structures of other 

diketopiperazine?’ and thiazolidine Ccarboxylic 
acida,” except for the bond length between C6 and H6’. 

As for cycloGly-Pror” and cyclo-Leu-Pro,20 the di- 

ketopiperazine ring is not planar. It may best be described 
by two planes, each of them being constituted by a 

Fig. I. Bond lengths and bond angles in cycloGly-Pro(S). 

Statistical errors are 0.01 A for bonds between non-hydrogen 
atoms and 0. I A for bonds between carbons and hydrogens. For 
the angles, the statistical errors are 0.5” (three non-hydrogen 

atoms), 5” (two non-hydrogen atoms and one hydrogen), and 6-7” 
(one non-hydrogen atom and IWO hydrogens). 

Table 2. Fractional coordinates of hydrogen atoms 

(the estimated standard deviations are given in 

parentheses and refer IO the last decimal places) 

Atom x/a 

HI 

HI’ 

H2 

H4 

H4 
H6 

H6 

-0.067( 18) 

0.166416) 

0.102(17) 

0.487( 17) 

0.750(19) 

0.268(17) 

0.033(19) 

y/b 

0.850(7) 
0.75q7) 

0.976(7) 

l.l05(7) 

I .027(g) 
0.73 l(8) 

0.860(8) 

Z/C B 

0X3(8) 2.55 

0.915(8) 2.55 

0.807(8) I .73 

0.681(g) 2.23 

0.676(g) 2.23 
0.584(9) 3.12 

0.533(9) 3.12 

peptide unit. The first one includes the atoms C2. C3,Ol. 
NI. C4 with an average deviation of 0.002 A (the maximum 
being 0.004 A); the amide bond lying in it is essentially 

planar. For the other, the atoms C2, N2, CS. 02, C4 reveal 
an average deviation of 0.04 A from the least squares plane 

(the max being 0.06 A) and the amide bond is slightly 
twisted (w = 9.2”). This distortion of the amide bond is 

slightly larger than in cycloGly-Pro (W = 7.2”).M The 
intersection of the two planes occurs along the line joining 
C2 and C4 with a dihedral angle of 143”. 

The thiazolidine ring assumes an envelope conforma- 

tion: C2, N2, C6 and S form a plane with a mean square 
deviation of 0.02 A (the maximum being 0.05 A) and Cl 
projects 0.53 A out of this plane syn to 01. This 
conformation is also very similar to that of the 

corresponding pyrrolidine ring in cycle-Gly-Pro in which 
Cl was found to be 0.55 A out of the plane of the four other 

atoms.‘O Thus only little influence of the small bond angle 
Cl-S-C6 on the puckering of the S-membered ring of the 

molecule studied can be detected. 

In fact, the atoms S. C6, C2, N2, CS, 02. C4 are nearly 

in the same plane. The distance of S and C6 from the 
second least squares plane is only 0. I4 A and 0.06 A. The 
stereochemistry of the molecule is summarized in Fig. 2 
which shows a projection of the molecule through this 
plane. 

A 01 
v 

Fig. 2. Projection of cycle-Gly-Pro(S) in the plane containing the 

largest number of atoms. 
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Some proton-proton dihedral angles have been calcu- 
lated to be compared with the NMR results. They are 
given in Table 3 and will be discussed in next paragraph. 
Since the proton bound to N I was not found in our crystal 
structure analysis, its position was derived from known 
bond geometry with the assumption that it lies in the same 
plane as C2, C3,01, Nl, C4, e.g. maintaining planarity of 
the amide bond. 

The a~angement of the molecules in the crystal is 
assumed to be mainly determined by Van der Waals 

Table 3. Proton-proton dihedral angles of cyclo- 
Gly-Pro(S) 

u==r u=‘$ 
‘H,O DMSO& Crystal 

solution soluIion structure 

8(Hl,H2) 39”’ 37’ 
0(Hl’, HZ) 151” 143’ 154 I 

27 o=$ 

@H4,NIH) - 90”” 92.0 
0(H4’,NlH) - 33”” 36.0 0‘ = 5” 

“Calculated from vicinal coupling constants by the 

relationship of Kopple ef ok6 

bCalculated from vicinal coupling constants by de 

relationship of Cung et al.’ 

contacts. The shortest Intermolecular distances are 
shown in Fig. 3. The particular distance of 2.87 A between 
the atoms Nl and 02 of two different molecules is 
indicative of a hydrogen bond. 

NMR spectrum analysis. Figure 4 shows the PMR 
spectrum of cycle-Gly-Pro(S) in ‘HZ0 solution at 
250 MHz. Signal assignments indicated in the figure were 
achieved by homonucle~ decouplj~ and ~on~rmed by 
spectrum simulation. Chemical shifts and coupling con- 
stants so obtained are listed in Table 4. Interestingly a 
large number of long-range couplings exists, indicating the 
molecule is relatively rigid in solution. 

In DMSO-d, solution the line-widths of the resonances 
are larger and the long-range couplings no longer resol- 
ved. However a vicinal coupling of 39Hz between the 
glycyl proton H4 and the non-exchanged, Nl-bound pro- 
ton is seen. The coupling of this to the proton H4’ of the 
glycine residue is not resolved (the coupling constant 
should be close to zero, since no sh~pening of this glycyl 
resonance can be observed upon decoupli~ the amide 
proton). From these vicinal coupling constants the corres- 
ponding dihedral angles have been calculated applying the 
relationship of Cung er al.’ and are shown in Table 3. They 
are in good agreement with those derived from the 
crystallographic calculations. We thus conclude that the 
conformation of the diketopiperazine ring is the same in 

1 

Fig. 3. Arrangement of cycio~ly-Pro(S) molecules in the crystal. 

Fig. 4.250 MHz proton magnetic resonance spectrum of 0.13 M cycloCly_Pro(S) in ‘H,O. The spectrum recorded at 
pH 8.3 is independent of pH. 
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