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Abstract NMR stuaks of arm-HlV 3’-a-fhwrothymr&ne (FLT) (I) and jl’-a-andorhynuduu (AZT) (2) m aqueo~ solutwn gave 
ms& 11110 the~ conformahonal dynamrcs [pseudorolalton of the furanose ring, rotatwn around the W-W bond (9, and romhon 
around the glycosuitc Cl *-Nl bond (a] The znterpretahon of scalar proton-proton covplurg data for FLT (I) #n sob&on showed a 
conforma~wnal btas towards a South-rypc (-904b) puckeredfwanose conformatwn Energy numnnsatwn by molecular mechanzcs 
calculahons ustng Ihe MM2 forcefield gave molecular structwe wlach IS m excellent agreement wuh the NMR &a (P = 151: vm 
= 34 ‘) Thrs solutwn structure IS grossly son&r to rhe avadable averaged cryskzl smuxures (P = 171: v,,, = 34 1 The phase angle 
P = 151 ‘for FLT (1) m solutwn uuhcates that Ihe prcfrred@anose geometry IS an rntermedsate bciween the C2’-endo envelope 
and the C2’-endolC1 *-exe nucsf cogormaaon whde the averaged phase angle III the s&i sue (P = 1717 maicates an mtermeakaie 
geometry between rhe C2’-en&~ envelope and the C?‘-endolC3’-exe twwt structure IH-NMR studtes tndzcated that the North- and 
Soul-type pseudorotamer populahon of rhe fwanose nng UI AZT (2) IS appro~mately 1 I but It faded to prow& any dejimte 
esumauon of P at,d vm from rhe anarysls of J-couphng constant because of tdenrrcal chenucal shafts qfH2’ and H2” Molecular 
mechamw calcultiions were used to model both the North and South form MM2 calculafwns m the North regwn converge 
vmually IO a smbzture wuh P = 21 6D(unsymmerncal twtd wrth major C3’-en& and nunor C4’-exe twzst siruclure), vm = 40: X 
= -160 8”and y= 56 go0 wiule rhe MM2 calculatrons m Ihe South re@on show a predonunam puckered geometry represented by 
P = 160 3” (envelope C2’-endo geometry).v, = 355 ‘, X = -157.8” and 7 = 58.3’ Note rhar all su known X-ray smuxures for 
AZT belong to rhe South-type geometry The MM2 calculated South geometry for AZT IS grossly amdar 10 one of the hvo 
uuiependen~ molecules found m the asymmemc unu ofX-ray crystal structures (P = 175” .v, = 32 3 7 Thts discrepancy between 
solutwn and soled state s@ucuue may makate Ihe danger of only unng crystal srructural data for Ihe fornudauon qf structure- 
acmuy relauonshlpsfor a cat&date drug 

The in vlvo anhretrovlral actlvlty of several 2’,3’-dldeoxynucleosides has attracted a great deal of interest m 

their conformatlonal propemes To date, the X-ray crystal structures of most achve 2’,3’-&deoxynucleosldes, 

* 3’-a-fluorothyrmdme and 3’-a-azldothymldme are known - 8 Interestmgly, this has led to the proposal that the 

mhlhtory actlon may be related to the (preferred) conformation of the mod&d furanose nngl A South-type 

puckered nng conformation 1s thought to facilitate anabohc phosphorylanon of the S-OH group’ In fact, 

2’,3’-dldeoxynucleosldes must be transferred mto the S-mphosphate spccles before they become actwe, either 

by blockmg a site on the reverse transcnptase enzyme, or by temnnatmg the growmg DNA cha,m dunng reverse 

transcnpUon9-*f 

In the present work, we have mvestlgated and assessed the conformauon of 3’-a-fluorothymldme (FLT) (1) 

and 3’-a-azldothymldme (AZT) (2) m aqueous soluuon, using lH-NMR spectroscopy m conJunction with 
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MM2 molecular mechamcs calculmons Wl~le m is cum?ntly used in chmcal AIDS therapy, the compound 

FLT 1s hkely to become another drug of chmcal importance. Efficacy of FLT as a drug m SIV infected monkeys 

1 2 

and in HIV-Infected human cells has been found to be at least 10 tunes improved than AZTl2.14 Phase I 

chmcal shubes on FLT are now m progress 15 Knowledge of the conformational propemes of AZT and FLT m 

aqueous solution can attnbute to our understandmg of structure-actlvlty relauonshlps of 2’,3’- 

&deoxynucleosldes, and therefore be a gmdeance in the design of more active substances Evidently, the 

molecular conformation as observed in the crystal could be mfluenced by mtermolecular crystal packmg forces, 

e-ally for hydrophilic molecules Thus it has been found that the pentose moiety m adenosmel6 crystalhzes 

m the North form (CT-eti) whde the counterpart m adenosme hydrochlondel7 crystalhzes m the South form 

(C2’-endo). although the protonatlon-srte m the latter 1s -sA away from the sugar moiety Note that NMR 

studies of adenosme m solunon have clearly shown that the North (N) and South (S) pseudorotamers are 

present in appmxlmately 2 * 8 ratio, while m acl&c solutton this North s South eqmhbrmm dynarmcally shifts 

to 4 6 The crystal structure of adenosme represents the structure of the rnmor sugar pseudorotamer. and the 

crystal of adenosme hydrochlonde represents a slightly preponderant sugar pseudorotamer Hrlth respect to the 

populanon of pseudorotamers that actually exist IJI neutral or acl&c solunon, respectively NMR studies, on the 

other hand, provide insight mto the conformutrond dynumrcs in soluaon [e g pseudorotation of the furanose 

nng, rotation around the C4’-CS bond (?I), and rotation around the glycosldlc Cl’-Nl bond (x)] The 

information concermng the conformation of the deoxynbose nng m2’,3’-&deoxy-3’-substituted nucleosldes 1s 

of parncular interest since the consequence of pseudorotatlonal population m equlhbnuml* can be studled as a 

function of solvent, temperature, salt, pH etc by NMR spectroscopy The N-type furanose conformation 1s 

characterized by phase angle of pseudorotanon PN = 0’ f 90”, and the S-type by Ps = 180’ f 90°, the 

amphtude of pucker (vm) m both N and S confonnatlons 1s however around 30 - 40’18-20 The conformational 

analysis of the sugar nng m terms of geometry and population of both conformers m soluuon by IH-NMR 

spectroscopy depends upon the determmatlon and mterpretatlon of scalar proton-proton couphng constants 

FLT in solution shows a conformatlonal bias towards a South-type puckered furanose conformation, which 

deviates considerably from the X-ray crystal structure AZT displays a rapld North Fi South conformational 

equlhbnum of the furanose nng m an approximate ratio of 1 1, but it crystallizes m the South form The 

encountered difference m the solution conformations of FLT and AZT may be rationalized on the basis of two 

factors (1) the greater electron wlthdrawmg effect of 3’-F versus 3’-N3, which leads to a greater preference for 



Ant0W 3’aGorothymtdme 7365 

F-CY-C!4’-04’ gauche onentanon m 1 m comparison untb N3-W-W-W galcche onentatlon m 2 It should 

be noted that 2’-a-substituted nucleosldes &splay analogous behavlour, 1 e mcrease of the electmnegattvlty of 

the 2’-a-subsmuent leads to a larger preference for a North-type conformer, 111 which gauche Onentahon 1s 

achieved m the sequence (2’-a-subsmuent)-W-Cl’-04’28, and (n) the larger stenc impact of 3’-N3 m 2 

versus 3’-F m 1 Stenc mteracnons of the 3’-a-Ng-subsmuent m 2 IS mmmuzed for Its preferential pseudo- 

equatonal locatton, which could also explam 111 part why North 1s populated to a slgnficantly larger extent m 

AZT (2) than m FLT (1) IH-NMR stu&es and molecular mechamcs calculattons ustng the MM2 force field% 

promded models of the North- and South-type furanose rings pamclpatmg 111 the conformahonal equthbnum of 

AZT These results are also Qscussed with reference to the South-type conformation of AZT which was 

encountered m the crystal structure. 

Solutron conformcanon of FLT I-hgh-field 1H-NMR spectra (500 MHz) of FLT in D20 were recorded at 

different sample temperatures (283K, 298K, 303K. 333K, & 353K). the sample concentration was 

approximately 20 mM Nearly all J-couphng constants were obtained from smghtforward first-order analysis 

of the subspectra For some non-first order patterns we used a routine algorithm to sunulate the spectrum to 

Table 1 J couphngs (Hz) of 3’-a-fluorothynutie (FLT) (1) recmled at 500 MHz m QO 

J-couphngs 283K 298K 303K 333K 353K 

J102 93 91 91 89 8 
J1’2” 56 57 57 5.8 5; 
52’3 49 53 53 55 56 
J2”3’ 15 14 15 17 
J3’4 15 15 16 17 
J4’5 40 43 44 45 46 

J415” 40 43 J~‘F 38 9 38 2 34s: 34750 34663 
J2”F 21 7 22 1 22 2 22 7 22 9 
JYF 53 3 53 4 53 4 53 6 53 8 
J~‘F 27 6 27 5 27 5 27 3 27 1 

obtain accurate J-couplings and chenucal shifts The results are summarized in Table 1 The conformanonal 

equlhbnum around the C4’-C5’ bond could be characterized followmg standard methods, 1 e a relative 

&smbunon over the staggered rotamers y+, 9 and y can be calculated form the expernnental values for Jg5 

Table 2 J couphngs (Hz) of 3’-a-apdothyrmdme (AZT) (2) recorded at 500 MHz 111 D20 

J-couplings 292K 318K 353K 

(J1.z+ J112”) 12 8 130 130 
(Jr3’+ JY3’) 13 2 13 0 130 
53’4 
54’5 

:4 54 53 
37 39 

J4’Cj” 46 47 49 
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and J4~5~~ This showed (Table I) that the p rotamer 1s favoured (49%) over 9 (27%) and y (24%) at 298 

K21~2 Elevauon of the sample temperature slightly shifts the W-W conformattonal eqmhbrmm towards y 

and y A graphical method showmg the calculated dependence of Jtlr and Jye on P and Jzy and J3’4’ on P 

are shown m Figures la and 1 b, respectively The three curves m Figure la correspond to fixed values of v, at 

35’, 40’ and 45’. respecnvely, whde the two curves m Figure lb correspond to fixed values of v, at 35’ and 

40’ The calculations of couplmg constants were based on (1) the empmcally generalized Karplus equanon as 

developed by Altona et al ,t* which relates vlctnal proton-proton J-couplmg constants to proton-proton torsion 

angles, and (11) the relanons $@I’-Cl’-C2’-H2’] = 121 4’ +l 03 VI, Q[H2’-C?‘-C3’-H3’] = 2 4” + 106 v2 

and I$[H~‘-C~‘-C~‘-H~‘] = -124 0’ + 109 v3 19 Closed curves are obtamed as P vanes from 0’ (North regon) 

via 180’ (South regon), to 360’ (North regon) The expenmental data points m Figure la [Jty = 9 l-8 7 Hz, 

J3g4’ = 1 5 -1 75 Hz (298 to 353 K)] and Figure lb [Jry = 5 3-5 6 Hz, JY4’ = 1 5 -1 75 Hz (298 to 353 K)], 

which represent time-averaged values of the J-couplmg constants m each of the pamclpatmg conformers, 

comclde to the South regon m both Figures la and lb This shows that the modified nbose nng 111 FLT 1 IS 

biased towards a South-type conformation Clearly, the posmon of the expenmental data points 1s determmed 

by the J-values m each of the conformers participatmg in the conformational equihbnum, and theu mole 

fractions It 1s possible to construct conodes between the North and South regons, such that the expenmental 

data points fall on the conodes If done so, It follows that the conformauon 1s blased towards the South-type 

conformanon (> ca 90 96) In a subsequent alternative analyns, the conformanon of the furanose nng m FLT 

can be monitored through five vlcmal proton-proton J-coupling constants, namely Jtlz, Jlly, JT~~,J~~ and 

Jye These couplmgs were found to vary considerably upon changmg the sample temperature, which greatly 

facllnated the conformatlonal analysis via the pxugram PSEURCY@3 We used the program PSEUROT23 for the 

translation of expenmental set of 3JHH-couplmg constants us terms of a two-state conformahonal equlllbnum of 

the furanose nng m FLT 1 PSEUROT calculates the best fit of the five conformational parameters needed to 

charactenze a two-state conformatlonal equlllbnum to the set of expenmental vlcmal couplmgs After 

convergence, one obtains the best-fit phase angle of pseudorotation (P) and the puckenng amplitude (v,) of 

both partlclpatmg conformers, as well as their relanve conmbuuons to the conformanonal equlhbnum For 

FLT, It was found on the basis of the proton-proton J-couplmgs data in D20 (Table 1) that PSEUROT 

converges towards a South-type conformation with P = 151’ and v, = 34’. and a North-type conformation 

with P = -14’ and v ,,, = 40 5’ The South conformer was found to be predommant (x(South) = 0 92 at 298 

K) It should be noted that the charactensanon of the North-type conformanon IS mherently Inaccurate because 

of its minor conmbution to the conformational eqmhbnum (-10% over the enme temperature traJect) It 1s of 

interest to compare the apparently preferred furanose conformation us solution to the set of SIX FLT geometnes 

that were found m the solid state by van Roey et al 1 (structures I - IV), and Camerman et al 2 (structures V 
and VI) The pseudoratlonal parameters are I P = 174, v, = 33’, II P = 175’, v, = 34’, III P = 171’, v, 

= 34, IV P = 176’, v, = 32’, V P = 164’, v, = 36’, VI P = 169’, v, = 32’ This means that the average 

phase angle of pseudorotatlon of FLT m the sohd state 1s 171’, the average puckenng amplitude 1s 34’ It can 
be concluded that the result of the conformatlonal analysis of the furanose nng m solunon (P = 151’, v, = 34’) 

1s grossly sumlar to the average over the avnlable crystal structures (P = 171’, v, = 34’) The phase angle P = 

151’ m solution indicates that the preferred furanose geometry 1s an intermediate between the C2’-endo 

envelope and the C2’-e&/C 1 ‘-exo tHnst conformation The averaged phase angle m the sohd state (P = 17 1’) 

indicates an intermediate geometry between the C2’-endo envelope and the C3’-exo/C2’-endo twist structure 
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Two obvtous explanaaons can be given for this Merence. (1) the conformation in the sohd state IS partly 

dictated by crystal packmg forces, 1.e mtermolecular mteracUons such as base-base stackmg and hydrogen 

bondmg, and (II) solvatmn effects are operahve m solution The mmammg conformat~onal degree of freedom, 

Table 4 Startmg and MM2 opunuzed solution structures of 3’-a-azldothynudme (2) m the North regon 
of pseudorotational cycle 

Startrng geometry MM2 optamazed geometry 

Phase 
angle 

Puckering rq Xr s * 
amphtude 

Phase Puckering Y 
angle amplla 

x ErEg 
P) Ntl) (Kcal /mol) 

-41 2O 

-22 6’ 

0” 

20 3O 

414O 

-43 2O 

-21 o” 

0 o” 

20 8’ 

42 5’ 

-44 4O 

-21 6” 

0 lo 

214O 

43 7O 

-47 lo 

-22 go 

0 o” 

22 7O 

46 3” 

28 2’ 

28 7’ 

29 5O 

29 3” 

29 o” 

32 So 

32 9’ 

33 4O 

33 2O 

32 9” 

36 lo 

36 4’ 

37 0” 

36 7O 

36 6’ 

42 7’ 

42 6O 

43 3O 

42 9” 

43.2’ 

6o” -170° 

642O -1594O 

60” -170 5O 

60° -170 so 

60” -170 so 

60° -170 so 

60” -170 6’ 

60° -170 5O 

60° -170 5O 

6o” -170 6” 

60° -170 6” 

60” -170 5O 

60’ -170 5O 

60” -170 6’ 

60” -170 5O 

60” -170 5O 

60” -170 6’ 

60’ -170 5O 

60’ -170 5O 

60” -170 5O 

q Populauons were calculated ( 55% vf, 32% 31 
b21 6O *40 o” *56 go *-160 go 

md 13%_y ) usmg ref 21*22 . 

196’ 

20 6” 

18 2’ 

19 lo 

24 4’ 

19 2O 

20 4O 

23 6’ 

20 3O 

25 6’ 

184’ 

20 7O 

175O 

21 3” 

27 2’ 

24 2” 

20 go 

17 I0 

22 go 

30 go 

40 lo 

39 5O 

39 8’ 

39 8’ 

39 go 

39 8’ 

39 8’ 

40 2O 

40 lo 

40 5O 

39 7O 

39 7O 

39 go 

40 o” 

40 6’ 

39 8’ 

39 8’ 

40 o” 

40.7O 

40 8” 

56 9’ -163 0” 1829 

56 8’ -164 5O 18 36 

57 o” -164 lo 18 36 

56 2’ -162 7’ 18 31 

56 8’ -159 lo 18 15 

56 9’ -163 0’ 18 29 

56 9’ -162 0” 18 25 

56 6’ -158 5’ 18 12 

57 lo -161 8” 1824 

57.1° -158 4’ 18 14 

56 8’ -163 7’ 18 34 

56 9” -161 3’ 1823 

56 7’ -164 2O 1836 

57 0” -159 8’ 18 18 

56 9” -156 4’ 1809 

57 lo -157 2O 18 10 

57 lo -1610” 18 21 

56 9’ -163 6’ 1834 

56 9’ -158 7’ 18 16 

56 6’ -152 6’ 1806 

* Glycosyl torsion (x) has been calculated on the basks of ‘JC_2&_1’= 195 Hz and ‘JC_~JI_~~ = 3 9 Hz measured m D20 Using 
modified Karplus equauon by LemleuxU and Dav~es~~ we were able to pnxhct +[C2-Nl-Cl’-HI1 = f 50’ to which 120’ 1s 
subtracted to obtam two dihedral angles for x m antr range [-70° (bghann ) or -170” (a&] 
* Average of MM2 optmuzed geometnes of the North-type fmanose of AZT 

1 e rotation around the Cl’-Nl bond determmmg syn or arm onentanon of the base was probed via the vlcmal 

t3C - 1H J-coupling constants 3J~t*_~2 and ~JH~I_c~, using the Karplus type equation as proposed by 

Lemieuxa and Davies25 [~JHII_~ = 6 7 co&$ - 13cos$] Based on the expenmental observations that ~JH~I_ 
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~2 = 2 4 Hz, and 3JB11_~6 = 3 9 Hz, it can be safely concluded that the thymme base is m the anfi-domain, 

which is normal for pynmtdme bases. The next stage of our conf~ analyss of FLT comprised a set of 

MM2 molecular mechamcs calculations 26 A stamng geometry was constructed on the basis of the NIvlR- 

PSEUROT derived stmctural model, 1 e the C4’-CS conformauon was placed in -y+, the furanose nng was put 

in a South conformation (P = 151’. and vm = 34’). and the base was placed m the anh domam By employmg 

Lermeuxa and Dames*5 equatton for determmatlon of glycosyl torsion. we obtamed two tiedral angles for x 

m URN range [-63 7 (high-anrr ) or -154 3 (unto)] because of even functional nature of “~0s” function We 

performed MM2 calculaaon w& both &hedral angles for x, and the one m anti range 1 e x = -154 3” was 

preferred by 2 Kcal/mol over the high-unrr After MM2 optnmzatton, we obtamed a final geometry wtth the 

followmg charactensncs (see also Table 3) The torslon angle r[OS-C5’-C4’-CS’] was calculated to be 58 3’. 

which favourably agrees wth the yvalues for crystal stuctures I - VI, 1 e 48 3’, 51 Y, 45 8’, 50 5’, 50 3’, 

and 53 4’. respecnvely (average 50 0’) The pseudorotanonal parameters m the MM2 opmmzed geometry of 
FLTare P=152’andv,= 38’ Thus, the phase angle agrees perfectly wtth the PSEUROT result (vlde 

supra), whale the puckenng amplitude 1s predicted 4’ larger by MM2 Thus, MM2 predms the sume mode of 

puckermg us found by NMR J-couphng unulys~s, but ut the sume tme slrghtly overestmutes the extent of 

puckenng The glycosldlc torsion angle x[C2-Nl-Cl’-04’1 IS found to be -160° (Table 3) m the MM2 

optmuzed model (Figure 4b) This number 1s also m good agreement with the X-ray data, which showed for 

the structures I - VI -137 6’, -153 2’, -129 5’, -149 4’, -133 4’. and -153 5’, respectively [average -144’, 

(Figure 4a)] These results confirm that MM2 molecular mechamcs calculations constitute a very valuable 

complement to NMR studies on e g mtified, flexible nucleosldes In the present case it 1s found that the 

torsion angles y and x, as well as the phase angle of pseudorotation are very closely pticted, while the 

puckenng amphtude of the furanose nng 1s overestunated by 4 

Solutron conformutlon of ,427 In our attempts to elucidate the conformation of AZT (2), we have recorded its 

5OOMHz lH-NMR spectra at the sample temperatures 29213, 318K and 3533, a sample concentration of 

approximately 20 mM was used It was possible to extract some of the J-coupling constants except most 

important Jl~z ,Jl~~. Jr.3. and J2-3’ because of identical chermcal shifts for H2’ and H2” protons (Table 2) 

Note that it was not possible to perform pseudorotatlonal calculanons using PSEUROT program*3 because we 

*7 were unable to extract mdtvldual J112, J12”, J~J and J2n3’ coupbngs We have been however able to esttmate 

(Jty + 51-2~ ) and (JT~ + Jyy) by analysis of tH-NMR spectra Further stuQes of the conformanonal analysis 

of the furanose nng of AZT was based on these data (Table 2) The data show that almost no changes m the J- 

couplings are found upon varymg the sample temperature This has further complicated the conformatlonal 

analysis of the furanose moiety (vlde mfra) ConformatIonal analysis of the C4’-C5’ bond could be easily 

performed As m the case of FLT, It 1s found that the p rotamer 1s predonunantly populated (55%) at 292 K 

while populations of y and y are 32 and 13% respecuvely The conformation around the Cl’-Nl bond (x) 

was agam based on the vicmal ‘H, l3C J-couplings, ~JH~*_cz and 3J~t*_c6, using the equanon of L.ermeux*4 

and Davies*5 From the expenmental data 3J~t*_a = 2 0 Hz and ~JI.I~s_c~ = 3 9 Hz, it can be concluded that the 

thymme base IS m the ant1 domain [x = -70’ (high-utir ) or -170’ (am)] , as was also found for FLT We 

however performed MM2 calculanon wth glycosl&c torsion x = -170° (see Table 4) Confonnaaonal analysis 

of the furanose nng m AZT usmg the PSEUROT procedure was unpossible smce H2’ and H2” protons showed 

identical chenucal shifts and therefore we were left ~nth only option which was to use temperature mvanant 
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(Jll + Jlzn ) and (Jzy + J& and Jye coupling constants 27 We turned to a graphlcal method showmg the 

calculated dependencies of (Jt2 + Jl2” ) and Jye on P @g. 2a) and (Jry + Jy3’) and Jye on P (Fig 2b) The 

Table 5 Starang and MM2 optumzed soluuon structures of Y-adothyrmdme (2) m the South regon 

Starting geometry 
-- 

Phase 
angle 

Puckering r9 XV 
amplttude 

(P) (v-1 

137 9” 

159 5” 

180 0’ 

200 3” 

2214O 

136 8’ 

159 o0 

180 0’ 

200 8” 

222 so 

135 6’= 

158 4’ 

180 0” 

201 4O 

223 7’ 

132 9’ 

157 lo 

180 0’ 

202 7” 

226 3” 

28 6’ 

29 o” 

29 5O 

29 3” 

29 o0 

32 5’ 

32.9O 

33 4O 

33 2O 

32 9’ 

36 1’ 

36 4’ 

37 o” 

36 7’ 

36 6’ 

42 7’ 

42 6” 

43 3O 

42 9’ 

43 2O 

6o” -170 5” 

60” -170 5O 

60° -170 5O 

60” -170 5O 

60” -170 6” 

60° -170 6” 

60” - 170 5O 

60° -170 6” 

60° -170 6” 

60° -170 5O 

60° - 170 6’ 

60° -170 5O 

60° -170 5O 

60° -170 5O 

60° -170 5O 

60° -170 5O 

60” -170 6” 

60° -170 6” 

60° -170 5O 

60° -170 6” 

MU2 optrmized geometry 

Ph 
ulglea& 

Puckermg Y stenc 
amphtude X Energy 

(v,) @al /mol) 

#89 2’ 

1514O 

160 go 

158 0” 

160 7’ 

#98 4’ 

152 3’ 

163 9’= 

161 5’ 

#195 lo 

#104 0” 

153 4O 

159 o0 

162 lo 

175 2O 

#105 8” 

154 6’ 

159 4O 

174 lo 

158 5’ 

#40 4O 

36 8” 

35 6O 

36 2’ 

35 8” 

#40 go 

36 6’ 

35 0” 

35 7O 

#32 7’ 

#39 4O 

36 5’ 

36 lo 

32 5’ 

34 o” 

#39 6” 

36 1” 

36 0’ 

33.9” 

36 0’ 

#614O #-160 3’ 18 80 

58 3’ -149 lo 18 90 

58 1” -156 5” 19 07 

58 4’ -159 7O 19 05 

58 4O -161 7’ 19 14 

#614’ #-157 4O 18 87 

58 lo -149 5O 18 91 

58.2’ -157 6” 19 15 

58 4’ -161 4=’ 19 15 

#55 9” #-168 8” 20 21 

#61 8’ #-154 8’ 1894 

58 2’ -149 go 1893 

58 4’ -158 lo 1905 

58 0’ -162 2’ 19 18 

59 o” -165 6” 19 59 

#617O #-153 3” 18 94 

58 0’ -149 9” 18 97 

58 5” -159 0” 19 07 

58 5’ -164 7” 19 54 

58 5” -161 7’ 19 09 

*160 3’ *35 5” *58 3” *-157 8” 
*. _I 

‘u Populations were calculated ( 55% y+, 32% 3 and 13% y ) usmg ref zl;LL 

r Glycosyl torsion 01) has been calculated on the basks of 3JC_2fi_la = 195 HZ and 3JC_~i_l. = 3 9 HZ measured m RO Usmg 

mtied Karplus equation by L.em~ux~ and LXavies25 we were able to wt $[C2-Nl-Cl’-Hl’] = f 50’ to which 120’ IS 
subtracted to obtam two dthcdral angles for x m arm range [-70” (hqha ) or -170’ (an&‘)] 
* Average of MM2 optunued geometnes (excludmg the geometnes marked by #) of the South-type furano~ of AZT 

three curves m Figures 2a and 2b correspond to fixed values of vm at 30’, 35’ and 40’ The calculations were 

performed ldenhcally as described for FLT, but usmg different elecuonegatlvlty for 3’-N3 = 0 85 Closed 

curves are obtamed as P vanes from 0’ (North regmn) via 180’ (South region), to 360’ (North regon) The 

expenmental data points m Figure 2a [(Jts~ + Jt*zm ) = 12 8-13.0 Hz, Jye = 5 4-5 3 Hz (292 to 353K)] and 
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(4a) 

(4e) 

Figures 4a - 4e: Structures for 3’-a- 
fluorothymldine (FLT) (1) and 3’-a- 
azldothymldme (AZT) (2) (4a) averaged X-ray 
structure of FLT (1) (ref l& 2) [v, = 34O, P = 

171’, y= 5OO.x = -144’1, (4b) NMR-MM2 
optnmzed soluaon structure of South form of FLT 
(1) [v, = 38“, P = 152’, y= 58”, x = -160”], 

(4~) X-ray structure of AZT (2) (ref 1) [v, = 

32 3”, P = 175“. y= 509“. x = -1244’1, (4d) 
MM2 optmuzed averaged solution structure of 
NorthformofAZT(2)(v,=40°,P=2160, y= 

56.9’. x = -160 8’1, (4e) MM2 optlmlzed 
averaged soluaon structure of South form of AZT 
(2) [v, = 35 5’, P = 160 3’, y= 58 3”, x = 

-157 8’1 
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Rgure 2b [(Jr31 + J2”3’) = 13 2-13 0 Hz, J~J = 5 4-5 3 Hz (292 to 353K)l rcprcsent me-averaged values of 

the J-couphng constants m each of the pamcipatmg conformers. The expenmental data pomts in both Figures 

2a and 2b nearly coincide at the spot winch 1s half-way between the North (P = 0“) and South (P = 1800) 

region m the pseudorotational cycle m all three graphs at V, = 34 35 and 40’ It is of interest to note that the 

expenmental data points can be extrapolated to any two points m North and South re@ons for v, = 30,35 or 

40’ The crude estnnatlon of North and South population from graphical representations in Figure 2a or 2b 

does not allow us to defme their exact geomemcal nature The graphlcal representaaon m Figure 2b however 

showed us qmte expectedlyI* that it IS possible to a&manly resmct’9 the regons for phase angle of 
pseudorotanon (P) and puckermg amphtudes (Vm ) 111 both South (130 to 230”, Vm = 30-45’) and North (-40 to 

+45o, vm = 30-45’) conformers At this pomt of our search for conformaaonal space for North- and South- 

type conformers for AZT, we mlhated molecular mechamcs calculanons (MM2) as an independent method of 

amvmg at an energy mummzed structure Clearly, MM2 calculanonsx conshtute an Important part of the 

construction of a structural model for AZT m soluaon We decided to perform two sets of MM2 calculatrons 

The first starts from P-values between -40’ and + 45’ (North regon), wlnle the second set starts from P-values 

between 130’ and 230’ (South regmn) In 20 MM2 calculanons m the North repon, the puckermg amplitude 

and the phase angle were vaned between 30-45’ and -40 to 45’, respecuvely while the torsions y and x were 

set at 60’, and -170’ m the startmg geomemes w&out any constraint The results of these calculations are 

summarized m Table 4 and Fig 3a All 20 MM2 calculations m the North repon converge to vntually a nnular 

structure v&h P = 17 1 to 30.9’ (average P = 21 6”), v, = 39.5 to 40 8’ (average v, = 40’), x = -152 6 to - 

164 5’ (averge x = -160.8’) and y = 56 2 to 57 1’ (averge y = 56 9’) (see Table 4, Fig 3a) The molecular 

model representing the average MM2 mmmuzed North structure 1s shown m Figure 4d. In 20 MM2 calculanons 

m the South region, the puckenng amphtude and the phase angles were vaned between 30-45’ and 130 to 

2u)‘, respecavely while the torsions y and x were set at 60’, and -170” m the startmg geomemes w&out any 

constramt The results of these calculanons are summarized m Table 5 and Fig 3b Fifteen resultmg structures 

out of 20 results m the South regon converge to vn-tually a snmlar structure mth P = 1514 to 175 2’ (average 

P = 160 3”), v, = 32 5 to 36 8’ (average v, = 35 5’). x = -149 1 to -165 6’ (averge x = -157 8”) and y = 

58 0 to 59 0’ (averge y = 58 3”) (see Table 5, I?g 3b) The molecular model representmg the average MM2 

rnunrmzed South structure IS shown m Figure 4e The North form has P = 22’ which 1s close to unsymmemcal 

twist with major C3’-endo and rmnor C4’-exo twist structure, while the South form Hrlth P = 160’ IS close to 

the envelope C2’-endo geometry Note that all SIX X-ray crystal structure known for AZTS-8 belong to the 

South-type geometry, and they drstmctly fall mto two groups (1) P = 175’. v, = 32’ and (n) P = 215’, v, = 

36’ The MM2 calculated South geometry for Ai!T IS grossly srmrlar to one of the avadable X-ray crystal 

structures (P = 175O ,v,,, = 323 >l (Fig 4c) which rmplres an unsymmetrical twist wuh major C2’-enab and 

mmor C3’-exe pucker 

To date there 1s no report of any AZT crystal structure representmg the North-type geometry although the North 

and South-type furanose are equally populated in solutmn Clearly It 1s the overall solunon structure that has a 

direct lmplcatron m our understandmg of the structure-actlvity relabonslup of an annvlral substance m the 

blologcal system Note that X-ray structures of AZT 3-8 only partly represent the overall structural View found 

In solution This discrepancy between soluhon and solrd state structures may m&cate the danger of only using 

crystal structural data for the formulation of structure-acavlty relaaonslnps for a can&date drug Molecular 
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structures of small hydroptic molecules m the sohd state can be more or less detexmmed by crystal packmg 

forces, and no salvation effects or mherent dynarmcs can be exammed We suggest that It 1s therefore better to 

rely also on data that were obtamed m aqueous solu~on. J-couphng data as measured by h@-field NMR reflect 

the dynutmc structuralpropemes of n~&fied nucleosldes, and molecular mechamcs calculations can be helpful 

111 order to translate dus mformanon mto structural models 
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