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From a series of newly synthesized 3 -fluoro-modified nucleocsides
the C-S—-chloro-substituted derivative of 2',3 -dideocuy—~3" —-fluoro-
uridine (FddUrd) and the 4-thio analogue of 27,3 -dideoxy-3 -
fluorothymidine (FddThd) ermerged as the most efficient and se-
lective anti-HIV agents. Their antiviral doses (EDseo) proved to
be 7O0-and 480-fold below their toxic doses (Cleo) in MT-4 cells.
The S04 inhibitory dose of cell proliferation of the G-chloro-
subgstituted FddUrd and its parent agent FddUrd was found to be in
the millimolar range for various other human cell-lines and. for
mouse CFU-GM. The S -triphosphate of Fddurd as well as of its oS-
chloro derivative are demonstrated to be two of the most active

and selective inhibitors of the HIV-reverse transcriptase (ICee =
Q.07 .t 0,01 and 0.04 i 0.00&6 )..l”) . © 1989 Academic Press, Inc.

2,3 ~Dideoxy-3°' ~fluorothymidine (FddThd)} has been described as
the most effective dinhibitor of HIV-1 replication in  various
cellular systems, being at least § times more effective than 37—
azido~-2° ,3 ' ~dideagxythymidine (AZT) (1-5). However, both compounds
have also considerable cytotoxic effects (1-4). We therefore
looked for compounds with sufficient anti-HIV activity amd wmuch
less cytotoxicity than that of FddThd or AZT. SBuch compounds may
be found among T —-fluoro-modified pyrimidine 2°—~deoxyribonucleo-
sides as shown by the corresponding properties of 27,3 ~dideoxy-
I =fluocrouridine (FddUrd) (1-4). In the work presented here we
examined to what extent the C-5%-halogeno substitution of FddUrd
changes the compounds’ properties on HIV-replication, on cell
proliferation, and (as &' —-triphosphates) on HIV-1 reverse trans-

criptase (HIV-RT) and the cellular DNA polymerases O and B. The
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came studies were done with the C-4-thioc analogue of FddThd. Our
results indicate that the S-chloro derivative of FddUrd and the
4~-thic analogue of FddThd are promising antiviral agents with low

cytotoxicity. At the level of polymerases, the &' -triphosph

= &
of FddUrd and of its S—chloro dervivative proved toc be two of the

most active and selective inhibitors of HIV-RT.

MATERIAL AND METHODE

Test compounds: The 4-thio analogue of FddThd was newly synthe-
sized, on which we will report elsewhere, whereas the other 37—
fluoro-modified deaxynuclecsides and the nuclecside triphosphates
were prepared according to published procedures (&6 ).

Folymerase assays: The DNA polymerase o was prepared rom calf
thymus as described (7)3; the DNA polymerase B obtained from rat
liver (spec.act. 3 units/ug) was kindly provided by Dr.A. Krayev—
sky, Moscow. Both enzymes were assayed exactly as described (7).
The recombinant HIV-1 reverse transcriptase (HIV-RT) was gener-—
ously provided by Dr.k. Moelling, Berlin-West (8) and tested in
comparison to lysed HTLV-IIlg as described (9),omitting Triton X-
100, however. No differences between the two enzymes could be
detected concerning their inhibition by more than 10 nucleoside
triphosphate analogues (Matthes et &1., unpublished). All re-
quired reagents were of the gquality used previously (7).
Inhibition assay for the cytopathic effect of HIV-1: MT-4 cells
exposed to HTLY-I1Ie suspension for 70 min at a multiplicity of
infection of 0.04 (10,11) were adjusted to Z2x10% per 0.2 ml RFMI
1640 supplemented medium (1), as were the uninfected cells, and
incubated either alone or in the presence of the desired drug
concentrations for & days at 37<C, and the viable cells were
counted (1). The effective doses reqguired to protect 5304 of the
cells against the cytopathic effect of HTLV-1Ils {(EDso) and the
cytotoxic doses reqguired to reduce the number of viable un-
infected cells to 30% (CDee) were sstimated (5 ).

Cell growth assay: The given human cells were incubated for 48 hre
at 3I7°C alone or in the presence of the desired drug con-
centrations (1). The cells were counted in a Ficoscale particle
counter (Hungary)! and the doses estimated, which result in 504
inhibition of cell proliteration.

Colony assay of mouse granulocyte-macrophage precursors (CFU-GM):
Bone marrow cells obtained from the femurs of 8-1%7 week-old DBA/Z
mice were washed twice in FBES. 54109 cells were plated into petri
dishes containing in 1 ml 0.3 ml agar (Bacto—-Agari Difco Labora-
tories, Detroit), McCoy SA medium, supplemented with Z0% FCS (FES
Ladeburg, Berlin}), 4% lung-conditioned wmedium as a source of
colony—-stimulating factor, prepared according to Metcalf (1321,
and the desired drug concentrations. The plates were incubated
for 9 days at 370 in a humidified 08X Clz-air atmosphere. The
plating efficiency was about 0.5%%. The drug effects on the num-
bere of colonies comsisting of 530 or more cells were estimated.

£y

RESULTS AND DISCUSSION

Frotection of MT-4 cells against the cytopathic effect of HIV-1,

e

We compared the in vitro activity agaimst HIV-1 of some new

fluoro-modified nuclecosides obtained from the parent compounds
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Fig.1. Structural modifications of 3'-fluoro-modified nucleoside
analogues tested as inhibitors of HIV-replication. {a): FddUrd,

(by: its S-fluoro—, (c): its S—chloro-, {(d}: its S-bromo deriv-—
ative; (e}: 4-thio analogue of FddThd.

Fddurd and FddThd by the replacement of the 5S5-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.l, the G-
chloro compound was the most active one among the S-halogeno-—
substituted derivatives (13}, requiring a dose of 0.7 uM for &
30% (EDso) and of 5.2 uM for a complete protection of MT-4 cells
against the cytopathic effect of HIV-1. Though the antiviral
activity is about 2.5 times lower than that of the parent com—
pound FddUrd, its cytotoxicity is &6-fold lower on uninfected MT-4
cells. In contrast, the S~bromo, and S~fluoro derivatives were

found toc be less active or less selective. The 4-thioc analogue

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

S0% [0%
Effective dose Cytotoxic dose

Compound EDwony KM CDaonji MM

2’ ¢3'-Dideoxy-3'—~fluoro- Q.003 1.1
thymidine™*

2" ,3'-Dideoxy-3'-fluoro—- 1.0 480
4-thiothymidine

2’ ,3'-Dideoxy-3'-fluoro- 0.275 75
uridine

2 43" -Dideoxy-3"~fluoro-— 50 S0
S—fluorouridine

2,3 -Didegxy—-3"—-fluoro- 0.7 430
S—chlorouridine

2,3 " -Dideoxy-3"—fluoro- 3.0 120

S—hbromouridine

Mean values of at least 3 experiments were given.
*Data from reference (1).
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Table 2. The effects of some I ~fluoro-modified nucleoside tri-
phosphates on the activities of the HIV-RT and of the
cellular DNA polymerases a and B. The concentrations
required for a S0% inhibition of the enzyme activities

(ICmo) are given.

1Coni pM

Folymerases
Inhibitor HIV-RT* o 8
2’ .3’ -Dideony—-3'~fluoro~- 0.07 10,01 200 3.0
uridine 3’ -triphosphate
2’ 43’ -Dideoxy-3"—fluoro—- 0.45 *0.08 F 200 15.8
S—-fluorouridine S -tri-
phosphate
2,3 -Dideoxy-3'-fluoro- 0.04 20,006 200 5.0
S—chlorouridine 5 —tri-
phosphate
27,3 -Dideocxy-3"—-fluorao—- 0.08 * 0,019 F0 3.0
S—bromouridine 5 —-tri-
phosphate
2 3’ -Dideoxy~3 ~fluoro— 0.2 rto.045 140 7.0
4-thiothymidine 5" -tri-
phosphate

* Mean values and standard variations of 4 euperiments were
given.

Q.01 0D of the corresponding primer templates and 10 HM of dTTF
as substrate were generally used.

of FddThd, FOWEVEI . is  almost as effective (EDge=1.0 HM) ard

sglective as the chloro derivative of FddUrd (13},

e

Inhibition of HIV~-RT and the cellular DNA polymerases o and

The described nucleoside analogues must be phosphoryvlated inside
of cells to the S -triphosphates before they can attack the HIV-
T, their wvirtual viral target. Besides the viral polvmerases
also the cell-own polymerases are exposed to  these analogues.
Therefore, we have examined the susceptibility of both the HIV-RT
and the cellular DNA polymerases & and § to the inhibition by the
I —fluoro nucleoside 3 —-triphosphates. Tab.Z? summarizes the re-—
sults obtained from at least 3 different dose response curves as
the concentration=s of the analogues required for a 50% inhibition
aof  the enzyme activities (ICse). The 5 —triphosphate of Fddurd
and of its S—-bromo derivative emerged as very stromg inhibitors
of the HIV-RT {(ICso=0.072% 0.01 and 0.08% 0.01% uM). A replacement
of hydrogen at the C-5 position by chlorine results in the most
effective inhibitor (IC50=O.04:!0.DOé‘pM), being slightly wmore
active than the o' -triphosphates of FddThd and AZT (IDme=0.05 AL

(Z+14). The S—~fluoro substitution reduced the activity of the 5" -
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Iable =, Inhibition of the proliferation of human cell-lines by
3 —fluoro-modified nucleosides. Doses reducing the
cell number to 30% {(IDwme)} are given.

Cell-lines™*

Do M

27 43 ~Dideany-

I —fluoro-— K—-562 REH 37 HY MOLT-4
~thymiding™* a 160 260 1000 Mad.
~thiocthymidine 575 SO0 700 800 1000
~uridine 1000 OO0 >1000 2300 210
~8-chlorouridine 2000 1000 1000 FZ000 A200
—S—bromouridine 830 1000 FR0Q0 SO0 2000

*Deviation: K-5&62: acute myeloic leukemiay REH: acute lymphatic
leukemiay K-37, HP, and MOLT-4: immortalized T-cells.

+Data from reference (1).

Mean values of 2 experiments were given.

triphosphate of Fddird about 10-fold. The corresponding 4-thio
analogue of FddThd was 4-fold lese efficient tham the parent com—
pound. The data show furthermore an almost complete insensitivity
of polymerase ¢¢ and a partial inhibition of polymerase £, as
described earlier for the 53 -triphosphates of sugar-modified
rnuc leosides such as 2,3 ~didehydro-2° .3’ —dideoxythymidine,
2,3 ~dideoxythymidine, and FddThd or AZT (?). These results sug-
gest that mechanisms other than inhibition of DNA polymerases o

or B must be responsible for the extreme differences in cytotox-
icity, e.g., of FddThd and the S-chloro derivative of FddUrd (see
Table 3 and Fig.3).

inetics of inhibition of the HIV-RT. Increasing concentrations

of the substrate dTTF were used to characterize the nature of
HIV-RT inhibition by the S —-triphosphates of FddUrd and its G-
chloro derivative. As reflected by the double reciprocal plots of
the experimental data in Fig.Z, the inhibition by the 3’ -triphos-
phate of Fddurd was competitive with dTTF. The kK., value of HIV-RT
for dTTF was estimated to be 11.4% 1.9 MM, the inhibitor constant
Ky was 0.08%0.018 My (n=4). Unexpectedly, the Linewsaver-Burk
plot suggests a noncompetitive type of inhibition for the 5'-
triphosphate of the S5-chloro analogue of FddUrd (Fig.2, right).

Effects on proliferation of human cell-lines. Besides the ©O—

fluoroc analogue, all other nucleosides were evaluated for their
effects on proliferation of some human cell-lines. In agreement

with previous data (1), the tested cell-lines tolerated much
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Fig.2. Fineticse of imhibition of HIV-RT by the S -triphosphates
of FddUrd (left) and its 5—-chloro derivative (right). Double re-
ciprocal plots of the reaction velocities in  the presence of
different concentrations of dTTF with 0,01 UOD polyA « oligo(dT).e
as template primer. No inhibitor (@) S -iriphosphate of FddUrd:
Q.02 M (A ) or 0.1 pM (A3 S -triphosphate of the S-chloro de-
rivative of fFddUrd: O.0Z puM (O ) or 0.1 FM (@),

higher doses of FddUrd tharn FddThd (Tab.3). With the exception of
the MOLT-4 cells, the doses inhibiting cell proliferation by S0O%
were noticed for FddUrd at the millimolar range. The S-chloro
analogue of FddUrd hardly influenced the growth of all tested
cell-lines at concentrations up to 1 mM. For the S-bromo ana-
logue of FddUrd and the 4-thio derivative of FddThd the most sen—
sitive cell-lines have an IDas of 500 uM.

Effects on colony formation of mouse myeloid progenitor cells

(CFU—GM); In agreement with the effects on human cell-lines, the
colony  formation of mouse CFU-GM was much less  influenced by
FddUrd and the S—chloro, and S—bromo derivatives and by the 4-
thio analogue of FddThd in comparison to FddThd itseldf (Fig.3).

The S0%  inhibitory doses ([Dse) were 13 pM for FddThd  against
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Fig.3. Inhibitory effects of modified nucleosides on colony
rig.o. Y

formation of mouse CFU-GM given as percent of control. Fddurd
(0, its S-chloro— (B). its S-bromo- ( A) derivative; FddThd
(®), its 4-~thio analogue ( Ay Z'-deoxy-S5—chlorouridine (0O ).
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2200 pM  for FddUrd and F000 uM for its S-chloro, and 500 pM for
its OS-bromo derivative, and 200 pM for the 4-thio analogue of
FddThd. AIT gave in our system an  IDse of 45 M, whereas
Somadossi et al. {(13) have found for human CFU-BM an IDeso of 0.9
WM, variations which may be caused by species differences. In any
case, the myeloid progenitor cells tolerated much higher doses of
the described 3 —fluorc-modified nucleoside analogues than of AZT
or FddThd itself. Of special interest is the antiproliferative
activity of 27 -deoxy-S—chlorouridine on mouse CFU-GM. The IDso is
4.2 uM but it is, unlike the corresponding 3’ -fluorine-containing
derivative, without effect against HIV-1 in MT-4 cells up to 5.0
P (CDmo=0.8 uM}. These data demonstrate that the replacement of
the 3" -0OH—group by fluorine generates both its efficient anti-

HIV activity and low cytotoxicity.

CONCLUSIONS

The S’ -triphosphate of FddUrd and of its S-chlore, and S-bromo
derivatives (ICae=0.04-0.08 uM) 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 (EDme=0.2753-5.0 pM). This probably re-
flects great differences in their intracellular metabolism, espe-
cially the phosphorylation (16). Freliminary results show that
the S—-chloro derivative of FddUrd has & more than 10-fold higher
affinity +to the thymidine kinase than the parent compound. The
53’ —monophosphate of FddUrd seems to be both methylated and
further phosphorylated, resulting in small amounts of the S —-tri-

phosphate of FddThd inside of cells.

The wvirtual absence of an antiproliferative activity of FddUrd
and its S5'-chloro derivative and the low cytotoxicity of the 4-
thio analogue of FddThd together with their high anti-HIV
activity recommend these nucleoside analogues for further
evaluation as selective antiretroviral drugs, especially for the

treatment of AIDS.

During the preparation of this manuscript a paper by Balzarini et
&l. (16} came to our knowledge describing a similar anti-HIV-1
activity of the S—chloro derivative of FddUrd but showing differ-

ent data concerning the cytotoxicity of the parent compound.
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