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The structure and conformation of 2',3'-dideoxycytidine, a potent 
inhibitor of the human inmmodeficiency virus, was determined by X-ray 
crystd-kmaphy. The nucleoside crystallizes in the tetragonal space group 
p4,2,2 with cell dimensions a = b = 8.698(4) and c = 26.155(g) A. Atmic 
parameterswere refinedby full-matrixleastsquares toa finalvalue of 
R = 0.037 for 1926 observed reflections. The conformation of the furanose 
Fing corresponds to the unusual C3'exo/C4'- (3T4) pucker, similar to that 
found in one of the m%?cules of 3'-azidothymidine (AZT). The glycosidic 
torsion angle is also smaller than expected. The relevance of these unusual 
structural features to anti-AIDS activity is assessed. @ 1988 Academic Press, Inc. 

Acquiredimune deficiency syndrcm (AIDS)+ is a highly lethal disease 

caused by a retrovirus knmn as human T-cell lymphotropic virus typs III/ 

lymphadenopathy-associated virus (RTLV-III/LAV) but nm designated as human 

imnmodeficiency virus (HIV-l). 

3 ’ dzido-3 ’ deoxythynidine (AZT) has been administered to patients with 

AIDSbyYarchcan etal. (1) andscm inqxoverfen -- twasabservedinmanyofthe 
patients. As aconsequence, AZTwas rapidlyapprovedby the FDAforuse in 

the therapyofpatientswithAIDS. These findings stimulatedtheevaluation 
of other nucleoside analogs for potential inhibitory activity of retroviruses 

(2-15). Of the various 2',3'-dideoxynucleoside analogs evaluated for activity 
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against the AIDS virus, Mitsuya and Broker (3) found 2',3'-dimcyti&e 

WC, dX), a ccwmnd first synthesized by Hoi-wit2 and cmorkers (16), to be 

the IfKJst potent. Caney et al. (17) found DK to be metabolized in HIV-~ 
infectedanduninfectedcells to thermno, di- andtriphosphates. Starnes and 

Cmng (15) found 40% of the acid-soluble wol of DDC rnetabolites to be 

2',3'-dideow~ytidine triphosphate. Noevidencewas foundby Cconeyetal. 

(17) or Starnes and Cheng (15) for enzymic domination of this ccmpound, or by 

Cconey et al. (17) of phosphorolytic cleavage to cytosine and dideoxyribxxe-l- 

phosphate. Mitsuya and Broder (18) relm-ted that DIX was chosen for clinical 

development not only because it is resistant to de amination and phosphorolytic 

cleavage, but also because it is well absorbed when administered orally, has 
uncmplicated pharmcokinetic clearance by the kidney, has no adverse effect 

on intracellular pyrimidine nucleotides pools and is relatively non-toxic to 

animals. Recentclinicaltrials shcxedthatscmepatientst&ingDDChave 

developed peripheral neuroIx&hy, a condition which has been reversed in scxe 

cases. At the present time, Brcder and Yarchoan are treating AIDS patients by 

alternating DDC and AZT on a weekly basis (19). In view of its potent 

anti-AIDS activity, we consider it important to learn more about the physical 

and chemical properties of DDC. In this report, we describe its three- 
dimensional structure detemined by an X-ray analysis. 

METHODS 

Crystals of DK, C,H,,N,O,, belong to the tetragonal space group p4,2,2, 
and the cell dimensions are a = Q = 8.698(4), c = 26.155(g) A. Three- 
dimensional X-ray intensity data were collected on a CAD4 diffractcmeter with 
CuKaradiatioh. Anoctantof the reciprocal spheremsrtkeasured ( = 
76O), thus providing Friedel pairs of all hkl reflectims. "a%;r Of the 2 
rrreasuremnts, 1926 (93.3%) had intensities >3a(&) andwere considered 
observed. The intensities were corrected for Lorentz and polarization 
factors; absorption corrections were unnecessary (u = 8.7 an-l). 

The crystal structurewas deteminedbydirectrt~~thcds (20). All 
hydrogen atcms were located on a difference Fourier map. Atcxnic pammeters 
were refined by full-matrix least squares with anisotropic temperature 
paran-eters for non-hydrogen atms. The refineman t converged at E = 0.037 and 
F& = 0.048 for 1926 observed reflections (w = 8.O/lGl for I%1 >8.0). The 
coordinates and temperature parameters are listed in Table 1. A list of 
structure factors is available from the first author. 

RESULTS AND DISCUSSION 

A stereoscopic view of the DDC molecule is presented in Fig. 1. Inview 

oftheunus.ualconfomationwfiich~ foundinoneofthexr0leculesofAzT 
(21), it is most interesting to examine whether the DDCmlecule alsohas any 

unusual conforrnational features. We findthatthe furanose ring adopts a 

c3'~/C4'~ (p) pucker, with a pseudorotation phase angle p = 207.5O and 
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TABLE 1, Final atomicparmters andtheirstandard deviations 

AtUll x Y z - E&q@ 

Nl 
c2 
02 
N3 
c4 
N4 
c5 
C6 
Cl' 
C2' 
C3' 
C4' 
04' 
C5' 
05' 
HN41 
HN42 
H5 
H6 
Hl' 
H2' 
H2" 
H3' 
H3" 
H4' 
H5' 
H5" 
Ho5' 

0.3122(2) 
O-3178(2) 
0.2857(2) 
0.3562(2) 
0.4005(2) 
0.4368(3) 
0.4065(3) 
0.3575(3) 
0.2551(2) 
0.3770(3) 
0.3506(4) 
0.2881(3) 
0.1997(2) 
0.4105(4) 
0.3460(4) 
0.471(3) 
0.415(4) 
0.443(3) 
0.357(3) 
0.173(3) 
O-477(4) 
0.358(3) 
0.450(4) 
0.275(3) 
0.215(3) 
0.494 (4) 
0.455(3) 
0.343(5) 

0.7525(2) 
0.9127(2) 
0.9757(2) 
0.9931(2) 
0.9194(2) 
1.0024(3) 
0.7561(2) 
0.6782(2) 
0.6689(3) 
0.6429(3) 
0.4771(3) 
0.4024(3) 
0.5244(2) 
0.3424(3) 
0.3101(Z) 
O-949(3) 
1.098(4) 
0.708(3) 
0.573(3) 
0.733(3) 
0.660(4) 
0.720(3) 
0.429(3) 
0.479(3) 
0.314(3) 
0.427(5) 
0.246(4) 
0.220(4) 

0.41029(5) 
0.40742(7) 
0.36649(5) 
0.45007(6) 
0.49225(7) 
0.53331(7) 
0.49459(7) 
0.45346(7) 
0.36444(7) 
0.32369(8) 
0.30672(8) 
0.35460(8) 
0.37933(5) 
0.39003(10) 
0.43877(7) 
0.5607(10) 
0.5336(12) 
0.5257(g) 
0.4540(9) 
0.3516(9) 
0.3376(10) 
0.2949(U) 
0.2968(11) 
0.2770(10) 
0.3494(9) 
0.3954(13) 
0.3731(11) 
0.4454(13) 

3.08(6) 
3.29(7) 
4.42(7) 
3.57(7) 
3.30(7) 
4.60(9) 
3.67(8) 
3.48(8) 
3.56(7) 
4.57(10) 
4.94(11) 
4.40(9) 
4.21(6) 
5.65(13) 
8.03(14) 
5.2(6) 
6.4(8) 
4.0(5) 
4.4(5) 
4.6(5) 
6.0(7) 
6.1(7) 
5.8(7) 
5.6(6) 
5.2(6) 
8.9(10) 
6.4(7) 
8.7(10) 

a maximum am@itude of puckering Tm = 33.9". This conformatim is quite 

similar to that of mlecule B of AZT (p = 214.5", ~~ = 36.6"). In the 1987 

Car&ridge Crystall~~c Database (22), which contains wll over 600 

nucleosides andnucleotides, we findonlythree similar structures (P = 

208 ?r 9") in which the pucker of the furanose ring is not irqxxed by fusion to 

another ring. Itdoesnotappearlikelythatthisunusualconfomatimis 

ascribable to the 2',3'-dideoxy structure of the furanose ring itself. In the 

Figure 1. Stereoscopic view of the DIX mlecule. 
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NH2 

1.527 

Figure 2. (Left) l?ond lengths (in A) and torsion angles (in deg); unless 
otherwise indicated, their estimated standard deviations (esd's) 
are 0.002-0.003 A and 0.2-0.3", respectively. (tight) Band angles; 
their esd's are 0.15-0.27°. 

recently described X-ray analysis of 2',3'-dkSxyribavirin (23) the ring 

conformations of two independent molecules were reported to be p = 4.5O, 

T = 34.7O and g = 3.1", -rm = 36.8". Anotherunusualconfonnationalfeature 

iz the relatively small glycosidic torsion angle, b [CG-Nl-C1'+4'1 = 23.3" 
(Fig. 2). InrmstnucleosideswithatyFe sringpucker, this angle is in the 

range 40-65" (24). Itmaybe recalledthatinmlecule Bof AZT the glyco- 
sidic torsion angle was also mailer than usual (b = 2.3"). The decrease of 

this torsion angle is caused by the XT4 pucker of the fumnose ring. In this 

conformation, H5' of the side chain muld be very close to H6 if the glyco- 

sidic torsion angle was normal. Rotationofthepyrimidineringabutthe 
glycosidic bond relieVeS this S&&C interaction and decreases the H6***H5' 

distance to a tolerable 2.23 A (the C-H bond lengths wre normliz& to their 

naninal value of 1.09 A). Thepyrimidine ringisnotexactlyplanar; the 
atcms with the largest deviations frcm the man plane are C2 (A = -0.040(3) A) 

and C5 (A = -0.031(3) A). Finally, the .cH,OH side chain adopts the anti 
conformation which, although not as ccmmm as the gauche+ rotamr, has been 

frequently observed in other nucleosides (25). 

Fig. 2 shws the gemetrical details of the DIX m&?cule. The bond 

lengths andkxmdanglesofthepyrimidinemietyare inverygccdagreemnt 

with previously observed values (26). As cmonly observed in pyrimidine 
nucleosides in a law-& glycosidic conformation, the C6-Nl-Cl' angle is 

larger than CZ-Nl-Cl'. In the furanosemietythekxmdlengths andlxmd 
angles are unremarkable and require no ccmnent. 

Thehyckcgenbonds foundinthis crystal structure are listedinTable 2. 

The corrected H.-s fi di.StanCeS were obtained after IIOrIMiiZing O-H, N-H and C-H 
bond lengths to their ncmbal values of 0.97, 1.04, and 1.09 A, respectively. 
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TABLE 2. Distances and angles for hydrogen bonds 

Distances (A) Angles (deg) 

D A at D.--A H**.A H.. . - - - &OYY 
D-H*.*& 

N4-HN41***02 ?4-y, ?4z, ?&g 2.978(3) 2.09(3) 1.96 167(2) 

N4-HN42*..04' y. 5. g 2.956 (2) 2.62(3) 2.58 105(2) 

N4-HN42*.*05' yt 5, z 3.268(4) 2.45(3) 2.28 161(2) 

C6-H6***05' 3 Yl z 3.226(3) 2.32(2) 2.15 169(2) 

05'-HOS'***N3 5, -1+yr g 2.774(3) 1.98(4) 1.82 170(4) 

The N4-HN42... 05' hydrogen bond is relatively weak because the proton is also 
donated to 04' (asynmetric bifurcation). Intramkcular C6-H.**05' bonds have 

been frequently &served in nucleosides and are knmn to stabilize the gauche+ 

rotamr of the side chain (24). The presentcaseis unusual inviewof the 
m conformation of the -CH,OH group. ThishYdrogenbondis possible only 
because of the rare 3!J4 pucker of the furanose ring and the relatively small 
glycosidic torsicn angle. 

BIOLOGICAL CONSIDERATIONS 

The detailed mchanim of the anti-AIDS activity of DDC is not yet clear. 
Lacking a 3'-OHgroup, DDcis obviouslyachainterminator andwas shmhtobe 

incorporated into DNA (15). Yet, as in the case of AZT, it is not certain 

whether chain tetition or inhibition of the retroviral reverse 

transcriptase by the triphosphate is more important. In contrast to AZT, 
DDCdoes not have a 3'-substituentwhich~miLd facilitatebindingtothe 

reverse transcriptase (21). The absence of apolar 3'-substituentwx~ldalso 
decrease themlecule's capacitytobindtoki.naseswhichwxiLdexplainwhy 

DKis amchpcorer substrate fordeoxycytidine kinase thandeoxycytidine 

(4). F'urthenmre, the conformation of DDC my also play a role in the anti- 

AIDSactivityofthenucleoside. It, too, may influence the rate of 

phospho~lationbykinases. Therareconfomationwhichwa foundinthis 
cry&xii structure analysis reflects ahigher thanusualpotential energy state 
of the molecule and my therefore represent the transition state in which 

DDC or its triphosphate interact with enqmas (21). The fact that both AZT 
andDDChave similarunusualccmfomationsis remarkable,butwhetherthese 

structuml features canbe correlatedwithanti-AIDS activitycannotbe 
assessedatthepresenttim. 

The toxicities producedinhmansbythese two antiviral agents are 
markedly different. AZT toxicity is primarily one of bone marrm sumressim 
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(anemia, leukopenia, neutropenia) as well as nausea, myalgia and very severe 

headaches, whereas DDCprodh3cesverypainfulperipherdlneuropathyas~ll as 

abodyrash. This clearly implies that; in addition to their involvement with 

reverse transcriptase and viral DNA synthesis, these drugs interact with other 

sites in vivo. The mlecular basis for their toxicities is presently mkncwn. 

We hope, hcwever, that OUT results and those of future similar studies will 

lead to structural modifications which will afford anti-AIDS drugs with 

retained antiviral activity but decreased clinical toxicity. 

All calculations were performed with the NRCVAX system of programs (27). 

Figure 1 was drawn with the ORTEP program of Johnson (28). T.S.L. and W.H.P. 
ackhcwledge support by USPHS grant CA05262 frcxn the National Institutes of 

Health. 
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