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From a series of newly synthesized 3’ -fluoro-modified nucleosides 
the C-5-chloro-substituted derivative of 2’ ,3’-dideoxy-.X’-fluoro- 
uridine (FddUrd) and the 4-thio analogue of 2’ ,3’-dideoxy-z’- 
f luorothymidine (FddThdj et-merged as the most efficient and se- 
lective anti-HIV agents. Their antiviral doses (EDsnj proved to 
be 70@--arid 480-fold below their toxic doses (CD,,,) in MT-4 cells. 
The 5 0 % inhibitory dose of cell proliferation of the 5-c h 1 oro- 
substituted FddUrd and its parent agent FddUrd was found to be in 
the milliiilolar Lange for various other human ccl l-lines and. for 

mouse CFU-GM. The 5’-triphosphate of FddUrd as well as oi its 5 
chloro derivative are demonstrated to be two of the most active 
and selective inhibitors of the HIV-reverse transcriptase (ICnn = 
0 * (37 -+ 0 . 01 and 0. r114 i: 0 . 006 b{M j . (iI 1989 Academic Press, Inc. 

2’ 7’ b ‘- -Dideoxy-3’-fluorothymidine (FddThdj has been described as 

the most effective inhibitor of HIV-l replication in .various 

ccl lular systems, being at least 5 times more effective than 3’- 

a,zido-2’ ,3’ -dideoxythymidine (HZT j (1-5). However? both compounds 

tmve also considerable cytotozic effects (l-4). We therefore 

looked for compounds with sufficient anti-HIV activity zad irrLlC h 

less cytotoxicity than that of FddThd or AZT. Sue h compounds. may 

be found among 3 ’ -f 1 uoro-mod i f ied pyrimidine 2’-deoxyribonucleo- 

sides as shown b-y the corresponding propert,ies cjf 2’ ,3’-dideoxy- 

3’-f luorouridine (FddUrdj (i-4). In the work presented here we 

examined to what extent the C-5--hal.ogeno substitution of FddUrd 

changes the compounds’ properties on HIV-replication, on cell 

proliferation, and (as 5’ -triphosphatesj on HIV-1 reverse trans- 

criptase (HIV-RT) and the cellul&r DNA polymerases CY and 13. The 
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s;tme studies wet-e dune with the C-4-thio analogue of FddThd. 0 i-i f 

r-esul ts indicate that the 5-chlofo derivative of FddUrd and the 

4-thio analogue of FddThd at-e premising antiviral agents with luw 

cytotoxicity. kt the level OS polymerases, the 5’-tripho5phate 

rjf FddUrd and of its 5-chlorn derivative proved to be two of the 

most active and selective inhibitors of HIV-F:T. 

MATER I AL &ND ME.T-HlllDS 

Test compounds: The 4-thio analogue of FddThd was newly synthe- 
sized T on which we will report elsewhere, whereas the other 3’- 
f luoro-modified deoxynucleosides and the nucleoside triphosphates 
were prepared according to published procedures (t, 1 . 
Polymerase ElE.5ay5 : The PNA polymerase d was prepared f i- 0 ITI calf 
thymus at5 described (7); the DNG polylmerase 13 cjbtained from rat 
liver (spec.act. 3 units/ug) was I-::indly provided by l3r.A. K:b-ayev-- 

Both enzyiiies were assayed exactly as 
.-. 

5 I:: y I Moscow. described ( /) . 
The recombinant HIV-l r-ever-se transcriptase (HIV-ET) was gener- 
ously provided by l2r.C:. Moelling, Eieb-1 in-West (aj and tested in 
comparison to lysed HTLV-III= as described (9) ,omitting Triton X- 
1 (1) 0 g however. No differences between the two enzymes could be 
detected concerning their inhibition by Imore than 10 nut leoside 
triphosphate analogues (Natthes et al., unpublished) . fill re- 
quired reagents were of the quality used previously (4). 
Inhibition assay for the ceathic effect of HIV-i: MT-4 ccl 15 - _-.--.-.--_..-- --_ 
exposed to HTLV-I I I= suspension for 90 min at a multiplicity of 
infection of 0.04 (10,ll) were adjusted to 2;:104 per 0.2 ml RPMI 
1640 supplemented medium (1) r as were the uninfected cells, and 
incubated either alone or in the presence of the desired drug 
conceritratitsns fOr ,+, days at ::s7=‘C, iArid t.he ‘v i a b 1 e c: e i 1 5 wet-e 
counted (1). The effecti.ve doses required ta protect 50X of the 
ccl 1s agailnst the cytopathic effect. IX?’ HTLV-I II, (EIb,,j and the 
cytotoxii doses required to reduce the number of v i a b 1 e un- 
i. n .f e c ted c: e 1 1. 5 t c3 5 C) X ( immc, j @J e f’ c ~2 czz, .\-, i ,T, ~1, ted ( 5 j _ 
Cell qrowth assay: The given human cells were incubated for 48 hr 
at Y37-=c: alone or in the preE.ence of the desired drug con- 
centrations (1). The cells were counted in a. F’icoscaie particle 
counter (Hungary j and the doses estimated I which result in -0.. .,- c ,-) .,; 

i.nhibition of ccl 1 proliferation. 
Colony atssay of mouse qranulucvte-~~lacroflhaqe precursors (CFU-GM j : _- ____ ____ - _.. - .~ .-.---_.--- _ .-.-.- .--___ 
Hone marrow ccl 1s obtained from thr femurs of 8-12 week-iild DB.G/2 
mice wet-e washed .twice in F’Bi;. 5xlC)~ ccl 1s were plated into petri 
dishes containing in 1 ml C).rj ml agar (Eacto-Agar; Ijifco Labot-a- 
tories) Detroit) r McCoy 5A medium, supplemented with 20% FCS (FKS 
Ladeburg II Bet-lin) ( 4x lunq-conditioned medium a5 a source Uf 
colony-stimulating factor 3 -pr-epared according to Me’ccaif (IX), 
and the desired drug concentrations. The plates were incubated 
f:CiV 5 days at. 37% i.n a tii.kmi.di.fied 5;; CD,-ai. t-. atmosphere. The 
plating efficiency was about 0.5X. The drug effectE. on the nctm- 
bers of colonies consisting of 50 or mot-e ccl 1s were estimated. 

RESULTS iiND D I SCUSS I i3N 

Protection of MT-4 cells against the cytopathic effect of HIV-I. - 

We compared the in vitro activity against HIV-1 uf rcme neti) 3’- 

fluoro-modified nucleusides obtained from the pa r-en t compounds 
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a b C d e 

Fiq.1. Structural modifications of 3'-fluoro-modified nucleoside 
analogues tested as inhibitors of HIV-replication. la): FddUrd P 
(b): its S-f luoro-, (c): its J-chloro-, cd): its J-trromo deriv- 
ative; (e): 4-thio analogue of FddThd. 

FddUrd and FddThd by the replacement of the S-hydrogen of FddUrd 

by fluorine, chlorine or bromine, and the C-4-oxygen of FddThd by 

the thio group, respectively (Fig-l). As shown in Tab.1, the 5- 

chloro compound was the most active one among the S-halogeno- 

substituted derivatives (13), requiring a dose of 0.7 PM for a 

50% (ED-o ) and of 5.2 ).kM for a complete protection of MT-4 cells 

against the cytopathic effect of HIV-l. Though the antiviral 

activity is about 2.5 times lower than that of the parent com- 

pound FddUrd b its cytotoxicity is &fold lower on uninfected MT-4 

cells. In contrast, the S-bromo, and S-fluoro derivatives were 

found to be less active or less selective. The 4-thio ana logue 

Table 1. The anti-HIV actilrity and cytotoxicity of some 3'- 
fluoro-modified nucleoside analogues in MT-4 cells. 

Compound 

SO% 50% 
Effective dose Cytotoxic dose 
EDs,>i J-~M CDs,>; &+I 

2’ ,3'-Dideoxy-3'-fluoro- 0 . 003 1.1 
thymidine* 

2’ ,3'-Dideoxy-3'-fluoro- 1 . 0 480 
4-thiothymidine 

2' ,3'-Dideoxy-3'-fluoro- 0 . 27s 75 
uridine 

2’ ,3’ -Dideoxy-3 * -f luoro- 
S-fluorouridine 

50 50 

2’ ,3'-Dideoxy-3'-fluoro- 0 . 7 490 
S-chlorouridine 

2' ,3'-Dideoxy-3'-fluoro- 5.0 190 
S-bromouridine 

Mean values of at least 3 experiments were given. 
*Data from reference (1). 
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Table ? The effects of some 3’ -f luoro-modified nucleoside tri- 
phosphates on the activities of the HIV-HT and of the 

cellular DNA polymerases a and i3. The concentrations 
required for a 50% inhibition of the enzyme activities 

(IC,,) are given. 

Inhibitor 

ICs0; pi 
Polymerases 

HIV-RT* a n 

2’ 3 3'-Dideoxy-3'-fluoro- 
uridine 5’-triphosphate 

2’ ,3’-Dideoxy-3’-f luoro- 
5-fluorouridine 5'-tri- 
phosphate 

2’ ,S’ -Dideoxy-S'-fluoro- 
S-chlorouridine 5'-tri- 
phosphate 

2’ ,3'-Dideoxy-3'-fluoro- 
5-bromouridine S’-tri- 
phosphate 

2’ T3’ -Dideoxy-3’ -f luoro- 
4-thiothymidine 5’-tri- 
phosphate 

90 

140 

* Mean values and standard variations of 4 experiments were 
given. 
0.01 OD of the corresponding primer templates and 10 k(M of dTTF’ 
as substrate were generally used. 

Cj f FddThd r however 5 i 5 al.tiiisst AS effective iEJ1,,,=1..0 )AM) and 

selective as the chloru derivati.ve of FddUrd 113) - 

Inhibition of HIV-RT and the cellular DNA polymer&se% ~2 and fi. 

The described nucleoside analngues must be phosphorylated i n ‘5 i d e 

i:3f ccl 1s ta the ??I'-tripho5phates b‘?fDFE they Ci3fi .3tt&7ck:: tk HI’V- 

R-T !I  their t;it-tuai viral target. Besides the viral ._ pu 1 yiilera-rsrr 

63150 the ccl l-own polymerases tire exposed to these analclgues. 

Therefore I we ha.ve examined the susceptibility uf both the HIV-ET 

and the cellular PNA polymerases ~6 and 13 to the inhibition bv the 

3’ -f 1 ctcjro nucleoside 5’-triphosphater. Tab.2 summarizes the re- 

sults obtained from at least 3 diffet-ent dose response cL!r’veS as 

the concentrations of the analogues t-equired for a 50% inhibition 

of ,t.he t3izijiise ai:ti.vi.t.ies ( II:s~.) . The 5’-t.riphnsphate c?f FddlJrd 

and uf its J-bromo derivative emerged as ‘very stt-ong inhibitors 

of the HIV-ET (IC ,,=0.07 2 0.01 and 0.08 2 0.019 )@I> . A replacement 

of hydrogen at the C-5 positiun by chlorine results in the mcsst 

effective inhibitor ( ICbO=0.04 2 0.006 pl) ~ being slightly mC3l-E 

active than the 5’- triphosphates of FddThd and AZT ( IDJ,~=O. 05 b+-i) 

(9,141. The J-fluoro substitution t-educed the activity of the 5’- 
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“ .  S Inhibition of the proliferation of human cell-lines by 
3'-fluoro-modified nucleosides. Doses reducing the 

cell number to 50% (ID,n) are given. 

*Deviation: K-562 : acute myeloic leukemia; REH: acute lymphatic 
leukemia; E-37, H9, and MOLT-4: immortalized T-cells. 
‘Data from reference (1). 
Mean .values of 3 experiments were given. 

triphosphate of FddUrd about 10-fold. The corresponding 4-thio 

analogue of FddThd was 4-fold less efficient than the parent com- 

pound. The data show furthermore an almost complete insensitivity 

of polymerased and a partial inhibition of polymerase fi, as 

described earlier for the 5’-triphosphates of sugar-modified 

nut leosides sue h as 2’ 73; -didehydro-2’,3’ -dideoxythymidine, 

2’ ,3’ -dideoxythymidine, and FddThd or GZT (9) . These results sug- 

gest that mechanisms other than inhibition of DNG polymerases& 

or B must be responsible for the extreme differences in cytotoe- 

icity, e.g., of FddThd and the S-chloro derivative of FddUrd (see 

Table 3 and Fig.3). 

I::: i n e t i c 5 of inhibition of the HIV-RT. Increasing concentrations 

of the substrate dTTP were used to characterize the nature of 

HIV-HT inhibition by the J’-triphosphates of FddUrd and its 5- 

chloro derivative. As reflected by the double reciprocal plots of 

the experimental data in Fig.2, the inhibition by the 5’-triphos- 

phate of FddUrd was competitive with dTTP. The t:::, value of HIV-HT 

for dTTP was estimated to be 11.42 1.9 pMr the inhibitor constant 

KL was 0.08 ? 0.018 @I) (n-4) . Unexpectedly, the Lineweaver-Burk 

plot suggests a noncompetitive type of inhibition for the 5’- 

triphosphate of the 5-chloro analogue of FddUrd (Fig.2, right). 

Effects on proliferation of human cell-lines. Besides the S- 

fluoro analogue, all other nucleosides were evaluated for their 

effects on proliferation of some human cell-lines. In agreement 

with previous data (I), the tested cell-lines tolerated much 
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1 --u 

005 01 0.15 02 
l/dTTP [PM I l/dTTP [PM 1 

Flq.2. Kinetics of Inhibition of HIV-ET by the ‘Y- 
of FddUrd (left) and Its 5-chlcrro derivative I right) 
ciprocal plots OS the reaction velocities 1rj the 

r1phosphatrs 

Double r-e- 
presence nf 

different con c en t t-ix t i cm 6 0 f dl T'P w.~:rh Q.!:l.t ijl3 p01yA . ~ligo(drj~,, 
as template primes. No inhibitor (I ): 5 -trlphosphate of FddUrd: 
0.03 pl (A j or (3.1 )d+l CA j: 5’-triphosphate uf the S-chlc1ri7 de- 
riuatiiie of FddUrd: 0.03 yM ( 0 ) or 0.1 /~it-i ( 0 ). 

higher doses of FddUrd than FddThd (Tab.3). With the exception of 

the MOLT-4 cells, the doses inhibiting cell pruliferation by 5 I:) ji, 

WEi--e noticed for FddUrd at the millimolar range. The 5-chloro 

analoque 0-f FddUrd hardly influenced the growth of all tested 

ccl l-lines at concentrations up to 1 mM. For the 5-br!xx ana- 

loque of FddUrd and the 4-thio derivative of FddThd the Imost sen- 

siti.ve cell-lines have an ID,, of 500 )iM- 

Effects on colony formation of ~mouse m.yeloid proqenitof ccl 1s 

(CFU-GM j -. In aqreement with the effects on human cell-lines, the 

colony formation of iilouse CFU-GM was mutt, less inf lcienced by 

FddUrd and the 5-chloro, arid 5-bi-omo derivatives and by the 4- 

thio analuque of FddThd in comparison to FddThd itself (Fiq.Xj. 

The 5 t:, % .inhibitor-y doses ( ID,,,! were 15 JJM fi2t- FddThd against 

Concentroi,on of lnh,b,tors II-'M 1 

Fig.3. Inhibitory effects of modified nucleosides on calony 
formation of mouse CFU-GM given a6 percent of control. FddUrd 
10 )I its 5-chloro- ( n ). its 5-bromo- (A j derivative; FddThd 
( l ), its 4-thio analogue ( A 1; 2’-deoxy-, 5-chlorouridine ( 0 I _ 
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2200 )!‘M for FddUrd and 9000 )“M for its 9-chloro, and 500 pM for 

its S-bromo derivative, and - - 2 (.I (J )t.‘M for the 4-thio analogue of 

FddThd . AZT gave in GLlb systeii an IT)=,, Gf 43 y-‘M 3 whereas 

Somadossi et al. < 15) have found for human CFU-GM an IDso of 0 -9 

uM, variations which may be caused by species differences. In any 

case, the myeloid progenitor cells tolerated much higher doses of 

the described 3’ -fluoro-modified nucleoside analogues than of kZT 

or FddThd itself. Of special interest is the antiproliferative 

activity of 2’-deoxy-5-chlorouridine on mouse CFlJ-GM. .The IDS,, is 

4.2 )“M but it is r unlike the corresponding 3’-fluorine-containing 

derivative, without effect against HIV-1 in NT-4 cells up to 5.0 

HM (CDso=‘S. 8 >tM ) . These data demonstrate that the replacement of 

the 3’-OH-group by fluorine generates both its efficient anti- 

HIV activity and low cytotoxicity. 

CONCLUSIONS 

The 5’-triphosphate of FddUrd and of its S-chloro, and 5-bromo 

derivatives ( ICm~,=0.04-(:).08 yM) proved to be some of the most 

active inhibitors of HIV-1 reverse transcriptase, whereas their 

efficiency as nucleosides to block the viral cytopathic effect on 

MT-4 cells varies widely (EDbc,=0.275-5.0 yM). This probably re- 

flects great differences in their intracellular metabolism, espe- 

cially the phosphorylation (16). Preliminary results show that 

the Fchloro derivative of FddUrd has a more than i&-fold higher 

affinity to the thymidine kinase than the parent compound. The 

5’-monophosphate of FddUrd seelms to be both methylated and 

further phosphorylated, resulting in small amounts of the 5’-tri- 

phosphate of FddThd inside of cells. 

The virtual absence of an antiproliferative activity of FddUrd 

and its 5'-chloro derivative and the low cytotoxicity of the 4- 

thio analogue of FddThd together with their high anti-HIV 

activity recommend these nucleoside ana logues for further 

evaluation as selective antiretroviral drugs, especially for the 

treatment of AIDS. 

During the preparation of this manuscript a paper by Halzarini et 

al. (16) came to our knowledge describing a similar anti-HIV-i 

activity of the 5-chloro derivative of FddUrd but showing differ- 

ent data concerning the cytotoxicity of the parent compound. 
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We at-e indebted to Dt--5.X .U.Hahet-mehl and E. Zort- (Berlin-West) fcli- 

he1 pful cc11 laboration irtvolvirig the ccl luiat- anti-HI?.) test. The 

QE?~~~~-OCII gift ai the t-eco,-r,binant #I!,!-F:T by Dt-.K.Moelling (hriin- 
West) is grateful 1~ acknowledged. We thai-ik Fit-5 E.kktnqet- for het- 
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