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Abstract 

Nucleotide heterodimers were synthesized and examined for their inhibitory effects on the replication of human 
immunodeficiency virus type 1 (HIV-1), including HIV-1 reverse transcriptase (RT) inhibitor-resistant mutants. 
y-Azid•-3'-de•xythymidi•y•-(5')-ph•sph•-(5')-6-[(3'•5'-dimethy•pheny•)thi•]-5•ethy•- 1-[(2-hydroxyethoxy)methyl]uracil 
(AZT-P-E-HEPU-dM) and 3'-azido-3'-deoxythymidilyl-(5')-phospho-(5')-2',3'-dideoxyinosine (AZT-P-ddI) proved to 
be highly potent and selective inhibitors of HIV-1 (III B strain) in MT-4 cells. The mechanism of inhibition by these 
heterodimers may be attributed to their degradation and the formation of each constituent. AZT-P-E-HEPU-dM was 
also markedly inhibitory to an AZT-resistant mutant (HIV-I-IIIB/AZT) and an E-HEPU-dM-resistant mutant 
(HIV-I-IIIB R). However, AZT-P-ddI  was found to have a less inhibitory effect on HIV-I-IIIB/AZ T than on 
HIV-I-I I I  B. The heterodimers of (5',5') AZT and ribavirin (AZT-P-Ribavirin) and (5',5') ddI and ribavirin (ddI-P- 
Ribavirin) were also synthesized: AZT-P-Ribavirin inhibited HIV-1 replication, but ddI-P-Ribarvirin did not. 
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It  has  been r epo r t ed  tha t  d rug- res i s tan t  mu tan t s  
o f  h u m a n  immunodef ic iency  virus  type  1 (HIV-1)  
are f requent ly  i sola ted  f rom pa t ien t s  suffering 

* Corresponding author. Fax: +81 245 675554. 

f rom acqui red  immune  deficiency synd rome  
( A I D S )  dur ing  long- te rm t r ea tmen t  wi th  H I V - I  
reverse t ranscr ip tase  (RT)  inhibi tors ,  such as Y- 
az ido -3 ' -deoxy thymid ine  (AZT)  ( L a n d  et al., 
1990; La rde r  et al., 1989), 2 ' ,Y-d ideoxyinos ine  
(ddI)  (St. Cla i r  et al., 1991), and  nevi rap ine  (Rich-  
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man et al., 1994). Combination chemotherapy of 
AZT with other nucleoside analogues or with 
other classes of anti-HIV-1 agents is thought to 
circumvent or delay the emergence of drug-resis- 
tant mutants. Several nucleotide heterodimers 
composed of dideoxynucleoside derivatives were 
shown to selectively inhibit HIV-I replication in 
cell cultures (Schinazi et al., 1990). Furthermore, 
drug-resistant mutants have not been generated 
in cell cultures in the presence of increasing 
concentrations of such heterodimers (Gao et al., 
1993a). Combination of a nucleoside and a 
non-nucleoside reverse transcriptase inhibitor 
(NNRTI) was advocated by Nanni et al. (1993). 
Recently, Velfizquez et al. (1995) reported that 
heterodimers of AZT and NNRTIs linked 
through an alkyl spacer inhibited HIV-1 replica- 
tion in vitro. We have now synthesized novel 
heterodimers that consist of one of the 
dideoxynucleosides (AZT or ddI) and the 
NNRTI  6-[3,5-(dimethyl-phenyl)thio]-5-ethyl- 1- 
[(2-hydroxyethoxy)methyl]uracil (E-HEPU-dM), 
or the inosine-5'-monophosphate dehydrogen- 
ase inhibitor ribavirin, and examined them for 
their inhibitory effects on HIV-1 replication in 
vitro. 

All compounds used in this study were synthe- 
sized at the chemistry laboratory of Yamasa 
Corporation. Their formulae are shown in Fig. 1. 
3'-Azido-3'-deoxythymidilyl)-(5')-phospho-(2')- 1- 
[(2' - hydroxyethoxy)methyl] - 6 - [(3, 5 - dimethyl- 
phenyl)thio]-5-ethyluracil (AZT-P-E-HEPU-dM) 
was prepared by reacting E-HEPU-dM (Tanaka 
et al., 1992) with AZT cyanoethylphosphate 
(Busso et al., 1988), as previously described. 3'- 
Azido-3'-deoxythymidilyl-(5')-phospho-(5')-2',3'- 
dideoxyinosine (AZT-P-ddI) was prepared 
according to the established method (Busso et 
al., 1988). 3'-Azido-3'-deoxythymidilyl-(5')-phos- 
pho-(5')- 1 -fl -D-ribofuranosyl- 1,2,4-triazole-3-car- 
boxyamide (AZT-P-Ribavirin) and 2',3',-dide- 
oxyinosine-(5')-phospho-(5')-l-fl-D-ribofuranosyl- 
1,2,4-triazole-3-carboxamide (ddI-P-Ribavirin) 
were also prepared by reacting AZT cya- 
noethylphosphate or ddI cyanoethylphosphate 
(Tener, 1961) with 2',3'-O-diacetyl ribavirin, 
which was synthesized according to the general 

procedure by deprotection of 5'-O-(tert-buthyl- 
dimethylsilyl)-2',3',-O-diacetyl protected nucleo- 
side with tetrabutylammonium fluoride in tetra- 
hydrofuran. The deprotection of cyanoethylphos- 
phate acetate ester with 1 N sodium hydroxide 
solution afforded the sodium salts of the het- 
erodimers. Nuclear magnetic resonance and mass 
spectrometry data were satisfactory for all com- 
pounds. The sodium salts of the heterodimers 
were purified by reversed-phase high-performance 
liquid chromatography(HPLC), and their purity 
was more than 99% by HPLC analysis. 
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Fig. 1. S t ruc tura l  fo rmulae  of  A Z T - P - E - H E P U - d M ,  A Z T - P -  
dd l ,  A Z T - P - R i b a v i r i n  and  dd I -P -R ibav i r i n .  
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MT-4 cells were used in the anti-HIV-1 assay. 
The cells were grown and maintained in R P M I  
1640 medium supplemented with 10% heat-inacti- 
vated fetal bovine serum (FBS), 100 units of  
penicillin G per ml, and 20/zg  of  gentamicin per 
ml. Three HIV-1 strains (IIIB, IIIB/AZT and III  B R) 
were used in the assay. H I V - I - I I I  B was obtained 
from R.C. Gallo (National Cancer Institute, 
Bethesda, MD). HIV-I-IIIB!AZT is an AZT-resis- 
tant mutant  that was established by a serial pas- 
sage of  HIV-I- I I IB in cell culture in the presence 
of  increasing concentrations of  AZT. This mutant  
has three amino acid changes, namely Asp67--~ 
Asn, Lys7°-~Arg, and Lys172-~Arg, in its RT  
(unpublished data). HIV-I- I I IB R is a NNRTI - r e -  
sistant mutant  isolated by a serial passage of 
HIV-I - I I IB in cell culture in the presence of  
increasing concentrations of  the H E P T  deriva- 
tive 6 - benzyl - 1 - ethoxymethyl - 5 - isopropyluracil 
(MKC-442). RT  sequence analysis has revealed 
that it has a single amino acid change Tyr 181--} 
Cys (Baba et al., 1994). The antiviral activity of  
the test compounds  against the replication of  
HIV-1 strains was based on the inhibition of the 
virus-induced cytopathic effect (CPE) in MT-4 
cells, as described previously (Baba et al., 1994). 
The number  of  viable cells was determined by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium bromide (MTT) method on day 4 or 5 
after virus infection (Pauwels et al., 1988). 

A Z T - P - E - H E P U - d M  completely inhibited 
HIV-l-IIIB-induced CPE in MT-4 cells at a con- 
centration of  0.02 /zM (Fig. 2). However, the 
compound did not affect the viability of  mock-in- 
fected MT-4 cells at concentrations up to 2.5 ~M. 
The 50% effective concentration (ECso) and 50% 
cytotoxic concentration (CC5o) of  AZT-P-E-  
H E P U - d M  were 0.002 and 15.5 BM, respectively. 
The selectivity index, based on the ratio of  CC50 
to ECs0, was 7750. A Z T - P - E - H E P U - d M  was 
equally effective against both HIV-I- I I IB and 
HIV-I- I I IB R (an NNRTI-res is tant  mutant),  yet it 
was slightly less effective against the AZT-resis- 
tant mutant  HIV-I-IIIBIAZT. The ECso values for 
HIV-I- I I IB R and HIV-I-IIIB/AZX were 0.002 and 
0.01 /zM, respectively. 
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Fig. 2. Inh ib i to ry  effect of  A Z T - P - E - H E P U - d M  on the repli- 
ca t ion  of  HIV-1 in MT-4  cells. MT-4  cells were infected wi th  

the III  B (11), IIIBIAZ T (A) ,  or  IIIB. R ( ~ )  s train,  and  incuba ted  
in the presence of  var ious  concen t ra t ions  of  the compound .  

Af ter  a 4 -day  incuba t ion ,  the v iabi l i ty  of  virus- infected cells 
and  mock- infec ted  cells (O) was  de te rmined  by the M T T  
method .  The  n u m b e r  of  v iable  cells was expressed as a per- 
centage  of  the mock- infec ted  control .  

Table 1 summarizes the inhibitory effects of  
several nucleotide heterodimers and their con- 
stituents on HIV-1 replication in MT-4 cells. Like 
A Z T - P - E - H E P U - d M ,  A Z T - P - d d I  and AZT-P-  
Ribavirin were found to be potent and selective 
inhibitors of  HIV-1 replication. In contrast, ddI- 
P-Ribavir in did not show any inhibition at con- 
centrations that were not toxic to the host cells. 
A Z T - P - E - H E P U - d M  was highly effective against 
all of  the three HIV-1 strains, but the ECs0 values 
were identical to those obtained by the the combi- 
nation treatment with AZT and E-HEPU-dM.  
For  AZT-P-ddI ,  the ECs0 values were quite simi- 
lar to those obtained for AZT alone or for the 
combination of AZT with ddI. Since the anti- 
HIV-1 activity of  AZT was much higher than that 
of  ddI the in MT-4 cells, the inhibitory effects of  
the heterodimers seem to be reflected by the activ- 
ity of  the more active constituent. Although AZT-  
P -ddI  does not seem to have a more inhibitory 
effect on HIV-I-IIIBIAZT than AZT itself in MT-4 
cells, it may be possible that the compound is 
more effective than AZT in resting cells. It has 
been reported that ddI exerts more potent anti- 
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Table 1 
Inhibitory effects of nucleotide heterodimers on HIV-I replication in MT-4 cells ~' 

Compound ECso b (I~M) 

HIV-I-IIIB HIV-I-IIIB:AZT HIV-I-IlIB 'a 

CC50 c (ItM) 

AZT-P-E-HEPU-dM 0.002 ± 0.001 0.010 + 0.001 0.002 _+ 0.001 
AZT-P-ddl 0.002 + 0.001 0.045 _+ 0.002 0.002 - 0.001 
AZT-P-Ribavirin 0.004 _+ 0.001 N.D. d N.D. 
ddl-P-Ribavirin > 17.5 > 17.5 > 17.5 

A Z T +  E-HEPU-dM 0.001 + 0.001 0.006 ± 0.001 0.002 ± 0.001 
A Z T + d d l  0.002 4- 0.001 0.041 ± 0.001 0.001 ± 0.001 

AZT 0.002 -- 0.001 0.051 ± 0.001 0.001 _+ 0.001 
E-HEPU-dM 0.007 i 0.001 0.014 -+ 0.003 2.4 i 0,2 
ddl 13.3 ± 3.4 10.8 +0.3  6.5 +0.3 
Ribavirin > 3.3 > 3.3 > 33 

15.5 ± 2.9 
18.2 + 2.8 
N.D. 
17.5 + 2.2 

11.5+ 1.0 
12.2 _+ 0.9 

10.7 ± 1.9 
155_+27 
226 ± 17 
3.3_+0.1 

a All data represent means + standard deviations for at least three separate experiments. 
h 50% Effective concentration based on HIV-l-induced CPE in MT-4 cells. 

50% Cytotoxic concentration based on the reduction of viability of mock-infected cells. 
d N.D., not determined. 

HIV-1 activity in resting cells than in activated 
cells, while AZT preferentially protects activated 
cells against HIV-1 infection (Gao et al., 1993b). 
The same group reported the effect of dideoxynu- 
cleoside analogues on HIV-1 replication in resting 
cells that were infected with HIV-1 before or after 
phytohemagglutinin (PHA) activation (Shirasaka 
et al., 1995). 

A plausible explanation for the mechanism of  
inhibition by heterodimers is their degradation 
and the formation of each constituent in cell 
cultures. To examine their stability in culture 
medium, each heterodimer (100 ILM) was incu- 
bated at 37°C for 72 h in culture medium contain- 
ing 10% heat-inactivated FBS. They were then 
analyzed by HPLC as follows: 10 ¢tl of each 
sample were injected onto the column and eluted 
with various concentrations of acetonitrile in 50 
/zM triethylamine acetate (pH 7.0), while being 
monitored with a UV-detector at a wavelength of 
270 nm. When AZT-P-E-HEPU-dM was incu- 
bated in the culture medium, 94% of the het- 
erodimer was degraded, and AZT and 
E-HEPU-dM became detectable within 24 h (data 
not shown). The heterodimer was not detectable 
any more after 72 h of incubation. On the other 
hand, AZT-P-ddI ,  AZT-P-Ribavirin,  and ddI-P- 

Ribavirin were still detected for 57, 36, and 44%, 
respectively, when the heterodimers were incu- 
bated at 37°C for 72 h. The order of their stability 
in the culture medium containing 10% heat-in- 
acvitated FBS was as follows: AZT-P-dd!  > ddI- 
P-Ribavirin > AZT-P-Ribavirin 
>>AZT-P-E-HEPU-dM. Puech et al. (1992) re- 
ported that dideoxycytidine phosphodiester dimer 
was decomposed for 60% in the culture medium 
containing 10% heat-inactivated FBS, and this 
decomposition was escalated in the medium con- 
taining 10% non-heat-inactivated FBS. It has also 
been demonstrated that a heterodimer of AZT 
and 2',3'-dideoxyadenosine is metabolized rapidly 
at a rate of approximately 10% per hour in hu- 
man plasma (Hahn et al., 1989). Thus, the stabil- 
ity of heterodimers in serum/plasma may, as 
expected, be an important determinant of their 
anti-HIV-1 actvity in vitro and in vivo. 

|nosine-5'-monophosphate (IMP) dehydroge- 
nase inhibitors, such as ribavirin and tiazofurin, 
have been shown to decrease the phosphorylation 
of 2',3'-dideoxyribopyrimidines (including AZT) 
and to reduce their anti-HIV-1 activity, while they 
enhanced the phosphorylation of purine 2',3'- 
dideoxynucleosides and potentiated their anti- 
HIV-1 activity (Vogt et al., 1987; Baba et al., 
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1987; H a r t m a n  et al., 1991). Based on these find- 
ings, we examined the an t i -HIV-!  activities of  
A Z T - P - R i b a v i r i n  and  d d I - P - R i b a v i r i n  in MT-4  
cells. A Z T - P - R i b a v i r i n  inhibi ted the replication 
of  H I V - I - I I I  B by 50% at a concen t ra t ion  of 0.004 
/~ M, similar to the ECso of A Z T  itself for H I V - l -  
III  B (Table 1). On  the other  hand,  d d I - P - R i b a v i r i n  
did no t  show any inhib i t ion  of  HIV-1 replication 
at concent ra t ions  below the CC50 (Table 1). These 
results may not  have been expected from the 
previous reports. However,  this discrepancy could 
be explained by the fact that  the heterodimers 
were degraded to the equimolar  amoun t s  of  each 
const i tuent .  The concen t ra t ion  of  r ibavir in  that  
reduced the ant i -HIV-1 activity of A Z T  was 200- 
fold higher than  that  of  A Z T  (Vogt et al., 1987). 
Even for ddI,  a 2-fold higher concen t ra t ion  of  
r ibavir in  was required to enhance the inhibi tory  
effect of  ddI  ( H a r t m a n  et al., 1991). These results 
suggest that,  a l though some interact ion may exist 
between each componen t ,  the ant i -HIV-1 activity 
of  heterodimers  is pr imari ly  a t t r ibuted  to the ac- 
tivity of  the more  po ten t  component .  
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