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INTRODUCTION 

Various pyrimidine 2',3'-dideoxynucleoside analogues have been reported to inhibit the 
replication of human immunodeficiency virus (HIV) in vitro. -- Among the most potent inhibitors 

of HIV replication in vitro are 3'-azido-2' -- ,3'-dideoxythymidine (AzddThd, AZT), 3'-fluoro- 
2',3'-dideoxythymidine (FddThd) and 2',3'-didehydro-2' ,3'-dideoxythymidine (ddeThd, D4T). 

(For an overview, see ref. 1). Recently, we synthesized the corresponding 2',3'-dideoxyuri- 
dine derivatives [i.e. 3'-fluoro-2' ,3'-dideoxyuridine (FddUrd) and 3'-azido-2',3'-dideoxy- 
uridine (AzddUrd)] and found these derivatives markedly active against HIV-l (2). In con- 
trast, 2',3'-didehydro-2',3'-dideoxyuridine (D4U) was inactive at subtoxic concentrations 

(3). 
Since the introduction of an halogen atom (i.e. chlorine, bromine, iodine) in the uracil 

moiety of 2'-deoxyuridine (dUrd) results in molecules (i.e. 5-chloro-dUrd, 5-bromo-dUrd, 
5-iodo-dUrd) which resemble thymidine (dThd), rather than dUrd, in metabolic and kinetic 

properties (i.e. substrate affinity for dThd kinase (4), incorporation into cell DNA (5)), 

we synthesized the 5-chloro-substituted derivatives of AzddUrd, FddUrd and D4U. 
In the present report we describe the anti-HIV activity and several physical, kinetic 

and metabolic properties of D4U, FddUrd, AzddUrd and their 5-chloro-substituted derivatives 

i.e. FddClUrd and AzddClUrd. The latter represent two novel potent and selective anti-HIV 
compounds that should be further evaluated for their efficacy in the treatment of retrovirus 
infections. The cellular dThd kinase has a critical role in the anti-HIV action of FddClUrd, 
AzddClUrd and other pyrimidine 2' ,3'-dideoxynucleoside derivatives (i.e. FddUrd, AzddUrd and 

AZT). 

MATERIALS AND METHODS 

Compounds and radiochemicals 

The synthesis of D4U, FddUrd, AzddUrd, D4T and AzddThd has been described earlier (3.6). 
The synthesis of FddClUrd. AzddClUrd and 2',3'-didehydro-2' ,3'-dideoxy-5-chlorouridine 
(D4CU) will be described elsewhere. Their structural formulas ar9 depicted in Fig. 1. The 
other chemicals were of the highest quality obtainable. [Methyl- HldThd (specific radioac- 

tivity : 40 Ci/mmol) was obtained from the Radiochemical Centre Amersham (Amersham, U.K.). 

Fig. 1. Structural formulas 
of the 5-chloro-substituted 
derivatives of FddUrd, AzddUrd 
and D4U. 

FddCIUrd AzddClUrd 
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Cells and viruses 

Human T4-lymphocyte MT4, human R-lymphoblast-like Raj i/O and Kaj i/TK- ccl 1 s C the I at ter 
being a dThd kinase-deficient mutant cell line derived from the wild-type Ka_ji/O cells) and 
murine embryo fibroblast C3H cells were grown and characterized as described earlier 
(2,7). 

Stock suspensions of HTIV-IITR (designated HIV-l) and LAV-2 (designated HI1’-2) were pre- 
pared from supernatants of infected HUT-78 and CEM cells, respectively. Simian AIDS-related 
virus (SRV) was prepared from the supernatants of infected RajiiO cells. Eloloney murine 
sarcoma virus (MSV) was prepared from tumors induced in 3-day old NMRI mice according t@ a 
previously reported procedure (8). 

Antiretroviral assays 

The methodolog of the antiretroviral assays has been described previously (2). Briefly, 
MT-4 cells (5 x IO 5 cells/ml.) were suspended in fresh culture medium and infected with FlIV-1 
or HIV-2 at 200 CCID5C per ml ce1.l suspension (I CCID 

100 ul of the infected ce?f 
being the dose infective for 50 % of 

the cell cultures). Then, suspension was mixed with 100 ~1. of 
the appropriate dilution of test compound [in the presence or absence of 1000 I.IM 2’-deoxy- 
cytidine (dCyd) or 1000 uM dCyd + 250 IJM dThdi, transferred to microplate wells and further 
incubated at 37°C for 5 days. The numbers of viable cells were determined for both virus- 
infected and mock-infected cell cultures. The 50 % effective dose (ED5D) and 50 % cytotoxic 
dose (CD50) were defined as the compound concentration required to reduce by 50 % the number 
of viable cells in the virus-infected and mock-infected cell cultures, respectively. 

Raji/O and RajijTK- cells were suspended at 250,000 and 350,000 cells per ml culture 
medium, respectively and infected with SRV at 40 CCID5C. 
(Raji/TK ). Then, 

per mi (Raji/O) or 100 CCID50 per ml 
100 uI of the infected cell suspension were added to 200-al mrcrotiter 

plate wells, containing 100 ul of an appropriate dilution of test compound. After 4 days 
incubation at 37”C, 100 ul culture medium was removed and 50 ul of the concentrated cell 
suspension was diluted 4-fold with fresh culture medium and transferred to new ZOO-u1 wells. 
Four days later (= day 8 of the experiment), 100 ~.ll culture medium was removed and 35 nl of 
the remaining cell suspension was diluted 5 times with fresh culture medium and transferred 
to new wells. Finally, at day 12 of the experiment, the total number of giant cells present 
in the cell cultures was estimated and the ED50 of the test compounds was defined as the 
compound concentration that caused a reduction of the number of giant cells by 50 Z. 

C3H cells were seeded at 20,000 cells per ml into wells of Tissue Culture Cluster Plates 
(4R wells/plate). Following a 24-hour incubation period, cell cultures were infected with 80 
foci-forming units of MSV during 120 min, whereafter the culture medium was replaced by 1 ml 
fresh medium containing appropriate concentrations of the test compounds. After 6 days, 
transformation of the cell cultures was examined microscopically. 

Enzyme assay 

dThb kinase was prepared from exponentially growing MT-4 cells. The enzyme fraction 
precipitated between 30 % and 70 % (NH )2SO4 was used in our experiments and [methyl-3HIdThd 
served as the radiolabeled substrate 4 or dThd kinase. The method for preparing the enzyme 
extract and the assay procedures have been described previously (4). 

Determination of the lipophilicity of the compounds 

To estimate the lipid solubility of the test compounds, the partition of the test com- 
pounds between I-octanol and 10 mM potassium phosphate buffer pti 7.5 was measured spectro- 
photometrically as described earlier (9). 

RESULTS AND DISCUSSION 

When the 5-chloro-substituted derivatives of D4lJ, FddUrd and AzddUrd were examined for 
their inhibitory effect on the cytopathogenicity of HIV-l and HIV-Z in MT-4 cells, FddClUrd 
and AzddClUrd proved highly potent in protecting the cells against destruction by the virus 
(Table 1). Their selectivity index (S.I.) in vitro [ratio CD5C / ED -- 
296, respectively, which was higher than the S.I. of the 1O 

i amounted to 1446 and 
paren compounds FddUrd and 

AzddUrd. The S.I. of FddClUrd and AzddClUrd was comparable to that of AZT and D4T, respec- 
tively (Table 1). In contrast, introduction of a chlorine atom at C-5 of D4U did not result 
in an increase of activity or selectivity. The ED50 values of the compounds for HIV-2 repli- 
cation were quite comparable to those found for HIV-l (Table 1). 

Thus, introduction of a chlorine at the C-5 position of the uracil base resuited in a 
substantial increase of the anti-HIV selectivity of the 3’-fluoro- or 3’-azido-substituted 
ddUrd analogues but not of D4U. The increased antiviral selectivity of FddClUrd was due to a 
marked decrease in the cytotoxicity, rather than an increased antiviral potency of the test 
compounds. The molecular basis of the decreased cytotoxicity remains subject for further 
investigation. 
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and FddThd, were 6, 55% and ZOO-fold more effective in the WY assay system than was 
AzddClUrd (2). D4U and D4CU were virtually ineffective as inhibitors of MSV. The fact that 
the 3'-fluoro analogues of ddUrd and ddClUrd were less effective anti-MSV agents than their 
3'-a&do-counterparts may be related to the observations of Bazin et al. (10) who found 
several 3'-fluoro-ddUrd 5'-triphosphate analogues to be substantially less effective as sub- 
strates for murine leukemia retrovirus-associated reverse transcriptase than HIV reverse 
transcriptase. This may explain why FddUrd and FddClUrd failed to inhibit murine retrovirus 
replication in vitro. -- 

The test compounds were also evaluated for their cytostatic and antiviral effects in Si- 
mian AIDS related virus (SRV)-infected Raji/O and Raji/TK- cells (the latter cell line being 
deficient in cytosol dThd kinase). In contrast with the 2' ,3'-unsaturated 2',3'-dideoxy- 
nucleosides D4U, DLCU and D4T, the antiviral and cytostatic effects of the other test com- 
pounds were exquisitely dependent on the presence of cellular dThd kinase. Indeed, FddUrd, 
FddClUrd, AzddUrd, AzddCJUrd and AZT were substantially less active as antiviral or cyto- 
static agents in Raji/TK than Raji/O cells (Table 2). These observations clearly point to a 
pivotal role of dThd kinase in the metabolic activation of 3'-fluoro- and 3'-azido-ddUrd and 
-ddGlUrd analogues, but not 2' ,3'-unsaturated ddllrd, ddClUrd and ddThd derivatives. This is 
in keeping with our other findings that the anti-HIV-l activities of FddUrd, FddCIUrd, 
AzddLlrd and AzddClUrd, but not D4U and D4CU, were markedly decreased (as much as 25O- to > 
IOOO-fold) when combined with 250 I.IM dThd (in the presence of 1000 UM dCy_d to avoid cytotoxi- 
city of dThd) (data not shown). The data obtained in RajilO and Raji/TK cells provide di- 
rect evidence for the important rofe of the cytosol dThd kinase in the antiretroviral acti- 
vity of several but not all pyrimidine 2',3'-dideoxynucleosides. 

The test compounds were also evaluated for their potential to inhibit ~meth~l-3HldThd 
phosphorylation by partially purified dThd kinase extracted from MT-4 cells. (Table 3). 

Table 3. Effect of introduction of a‘chlorine at C-5 of the uracil part on the affinity of 
D4U, FddUrd and AzddUrd for MT-4 cell dThd kinase 

Compound Ki (UN IQ/K a 
m 

Type of inhibition 

D4U >> 2000b >> 1050 
DOCU 1975 1241 

FddUrd 392 302 
FddCllird 6.1 4.7 

AzddUrd 49 48 
AzddClUrd 1.7 1.7 

slope-linear mixed 

competitive 
competitive 

competitive 
competitive 

aK values obtained in the individual experiments ranged from 0.R4 to 2.5 CIM and were graphi- 
c%ly obtained from the Lineweaver-Burk plots. The Ki values for the respective compounds 

-11. 
b 
were calculated from following formula : Ki = [II/[&, 

3 
app x Km-') 

at 2000 PM, no significant inhibition of [methyl- HldThd phosphorylation by dThd kinase was 
observed. 

FddClUrd and AzddClUrd showed a 30- to 60-fold higher affinity for dThd kina& than FddUrd 
and AzddUrd. Both FddClUrd and AzddClUrd competitively inhibited lmethy~-3HldThd phosphory- 
lation by dThd kinase at relatively low concentrations (Fig. 2). 

_ ---____-.-__________ _ 
” 

0 

‘; 4QC 

, AzddUrd 

Fig. 2. Double-reciprocal 
plots for the inhibition of 
MT-4 cell dThd kinase by 
AzddUrd (left Panel) and 
AzddClLJrd (right Panel). 
Inhibitor concentrations : 
0 ti (o), 100 LAM (*I) and 
40 uM (A). 
Substrate : jmethyl-3RldThd. 

I/ dihd (/.iN-’ i 
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As we reported in a previous paper (2f, FddUrd, in contrast with Azddlird, is unable to ir- 
hihit MSV-induced transformation of murine C3H cells. We now found that FddClCrd also is in- 
active as an anti-WSV agent, while AzddClUrd is as effective as AzddUrd. However, DLT, jAZT 

Table 1. Anti-HIV-l and -HIV-2 effects of 2’ ,3’-dideoxyuridine analogues and their ii-chlnro- 
substituted congeners 

HIV-I-induced cytopathogenicity in 
MT-4 cells 

HIV-2-induced 
cytopathogenici- 
ty in MT-4 cells 

Compound RD5Oa <uM) eDSOb (PM) s.I.c EDSOB (G’0 

D4U 
D4CU 

FddUrd 
FddClUrd 

AzddUrd 
AzddClUrd 

D4T 
AZT 

> 20 39+1.3 < 2 > 20 
> 20 4421.7 2.2 > 20 

0.06+0.02 1.1+0.2 25 0.16+0.03 
0.38~0.06 535+41 1408 0.69?O.15 - 

0.43-w.21 39+3.7 90 Q.lOSO.O1 
0.72G?.22 213-29 296 0.4570.01 - 

0.05+0.001 19+3.fi 3RO 0*09+0.01 
0.003?0.001 4.8T2.5 1603 0.004+0.003 - 

z50 % effective dose or dose required to inhibit virus-induced cytopathogenicity by 50 I. 
50 % cytostatic dose or dose required to reduce the number of living MT-4 cells by 50 % 
after a 5-day incubation period. 

‘Selectivity index or ratio CD50/ED50. 

Table 2. Anti-SRV and -MSV effects of 2’ ,3’-dideoxyuridine analogues and their S-chloro- 
substituted congeners 

SRV-induced syncytium formation in Raji/O and MSV-induced transformation 
Raji/TK-cells of C3H cells 

Compound 

RajifO Raj i/TK- 

ED5”a CD5O 
b 

RD50a CD50 
b 

ED5”C MCCd S‘I.e 

CUM) (MM) CUM) (UN) (00 (uM) 

D4U > 100 241+1 > 100 252i7.0 > 200 > 200 i 1 
DLCU > 20 105132 > 20 6874.2 > 100 500 c 5 - 

FddUrd 40 > 500 > 500 > 50Q > 500 1 500 - 
FddClUrd 4 > 500 > 500 > SGO 45747 > 500 > 1.1 

AzddUrd 40 > 500 > 500 > 500 Xf > 400f > 27 
AzddClUrd 2 258+39 > 500 > 500 12+2.0 > 500 > 41 

D4T 4 280+8.0 10 254+9 2.1+0.7 > 200 
AZT 0.1 57.&14 > 200 > 5% 0.023f~o.n1 > 500f 

> 95 
>22,OOO 

z50 % effective dose or dose required to reduce the number of giant cells by 50 X. 
50 % cytostatic dose or dose required to inhibit proliferation of Raji cells by 50 % after 
a ?-day incubation period. 

cd50 % effective dose or dose required to inhibit virus-induced transformation by 50 X. 
Minimal cytotoxic concentration or concentration of the compound that causes a micros- 
copically morphological alteration of the cells. 

FSelectivity index or ratio MCC/EDSO. 
Data taken from ref. 2. 
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In this respect, FddClUrd and AzddClUrd more closely resembled to the corresponding 
thymidine derivatives (FddThd and AZT) (2) than the uridine derivatives, a kinetic bshaviour 
that could be expected based on our previous knowledge of the kinetic properties of 
5-chloro-dUrd relative to those of dThd and dUrd (4,5). In contrast, D4CU appeared to be a 
weak inhibitor of the phosphorylation of /methyl -3HjdThd by MT-4 cell extracts, and the 
kinetics followed a slope-linear mixed type inhibition (Fig. 3). 

Fig. 3. Double reciprocal plots for the inhibi- 

tion of MT-4 cell dThd kinase by D4CU. 
Inhibitor concentrations : 0 mM (o), 2 mM (0) 
and 0.5 mM (A). Substrate : [methyl- H]dThd. 

/I, t I 
0 0.1 02 0.4 1 

1 / dThd f&‘f-‘/ 

Thus, from our data we may infer that the phosphorylation of the 5-chloro-substituted FddUrd 
and AzddUrd derivatives by dThd kinase is a prerequisite for their antiretroviral action. 
For D4U and D4CU no such dependence as phosphorylation by dThd kinase could be demonstrated. 
Which cellular enzyme(s), if any, are responsible for the metabolic conversion of D4U and 
DGCU remains to be elucidated. 

In view of the requirement of an anti-AIDS compound to cross the blood brain barrier, we 
also determined the effect of the introduction of the S-ehloro-substituent on the 
lipophilicity of D4U, FddUrd and AzddUrd. As a rule, the S-chloro-substituted ddUrd 
derivatives were invariably 2- to 2.5-fold more lipophilic than their unsubstituted 
counterparts (Table 4). 

Table 4. Effect of introduction of a chlorine at C-5 of the uracil part on the partition of 
D4U, FddUrd and AzddUrd between 1-octanol and 10 mM potassium phosphate buffer. 

Compound Pa 

D4U 0.086 + 0.048 
D4CU 0.218 7 0.023 - 

FddUrd 0.279 f 0.035 
FddClUrd 0.678 + 0.192 

AzddUrd 0.506 + 0.003 
AzddClUrd 1.188 7 0.080 

D4T 0.154 + 0.008 
AZT 0.964 T 0.038 

apartition coefficient or ratio of the compound concentration present in the apolar 
(l-octanol) phase to the compound concentration present in the polar (water) phase. 

BP a*:$-* 
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Consequently, FddClUrd had a partition coefficient (P) that was only slightly inferior to 
that of AZT (P : 0.678 and 0.964, respectively) while AzddClLJrd was clearly more lipophilic 
than AZT. From a clinical viewpoint, the relatively high lipophilicity of FddCIUrd and 
AzddClLJrd may make these compounds therapeutically advantageous over their unsubstituted 
congeners Fddllrd and Azddllrd. 

CONCLUSIONS 

The 5-chloro-substituted derivatives of FddUrd and AzddUrd, but not D4U proved consider- 
ably more selective in their anti-HIV-l and HIV-Z activity than their unsubstituted parents. 
Phosphorylation by dThd kinase appeared to be a prerequisite for the antiviral and cytosta- 
tic effects of 3'-fluoro- and 3'-azido-substituted analogues of both ddUrd and ddC1Urd. The 
potent and selective activity of FddClUrd and AzddClUrd against HIV-l and HIV-Z justifies 
further studies with these novel compounds to assess their therapeutic potential as 
candidate anti-AIDS drugs. 
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