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SUMMARY
We compared the inhibition of HIV-1 reverse transcriptase (Ri)
by 1 -[2 ‘ ,5’-bis-O-(t-butyldimethylsilyl)-f3-D-ribofuranosyl]-3’-
spiro-5”-(4”-amino-1 “, 2”-oxathiole-2”,2”-dioxide)-3-ethylthym-
me (TSAOe3T) and the nonnucleoside RT inhibitor (NNRTI)
9-aminonevirapine (9-NH2N). Both compounds were equally
effective against p51/p66 heterodimeric RT RNA-dependent
DNA polymerase activity, although TSAOe3T was a much better
inhibitor of the p51 /p51 and p66/p66 RT homodimers. Inhibition
by TSAOe3T and 9-NH2N combinations was essentially addi-
tive. TSAOe3T did not protect either free RT or the RT-template/
primer-deoxynucleoside triphosphate ternary complex from ir-
reversible inactivation by the photolabel 9-azidonevirapine.
Slight protection of the RT-template/primer binary complex

was noted, but only at high TSAOe3T/photolabel ratios. Analy-
sis of RT polymerization product profiles under both continu-
ous- and single-processive cycle conditions showed that
9-NH2N prevented the formation of full-length product with a
corresponding accumulation of smaller polymerization prod-
ucts. In contrast, all products formed in the absence of inhibi-
tor, including full-length product, were noted in TSAOe3T-in-
hibited reactions, albeit at reduced levels. TSAOe3T thus
inhibits HIV-1 RT by a different mechanism than NNRTI such as
nevirapine. Our data suggest that TSAOe3T and 9-NH2N inter-
act differently with HIV-1 RT, perhaps by binding to distinct
sites on the enzyme.

RT is an essential enzyme for the replication of HP/-i, the

primary causative agent of acquired immune deficiency syn-
drome. HIV-1 RT is virus-specific and multifunctional; it
exhibits RDDP, DDDP and RNase H activities. This enzyme
thus represents an attractive target for the development of

potential anti-HIV chemotherapeutics. Substantial effort on
the part of investigators in academia and in the pharmaceu-
tical industry has resulted in the identification ofa number of
RT inhibitors, most of which can be grouped into two major
classes.

The first class consists of the dideoxy analogs of the dNTP
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substrates; it includes such compounds as AZT, 2’,3’-

dideoxyinosine, 2’,3’-dideoxycytidine, 2’,3’-didehydro-2’,3’-

dideoxythymidine, and 2’,3’-dideoxy-3’-thiacytidine (1-5).
These dideoxynucleoside compounds are competitive inhibi-

tors with respect to the dNTP substrates and also inhibit RT
by acting as chain terminators during DNA polymerization

(6). Recent studies indicate that chain termination is likely to
be the primary mechanism ofinhibition by dideoxynucleoside

inhibitors (7, 8).

The second major class consists of the NNRTIs; it includes

such compounds as nevirapine (9, 10), tetrahydroimi-

dazo[4,5,1-jk][1,4J-benzodiazepine-2(1H)-thione (1 1), the pyr-
idinones (12), and the carboxanilides (13-15). The NNRTIs
function by interacting with a site on the p66 subunit of RT

ABBREVIATIONS: RT, reverse transcriptase; HIV-1 , human immunodeficiency virus type 1 ; dNTP, deoxynucleoside triphosphate; 9-AN, 9-azido-
5,6-dihydro-1 1 -ethyl-6-methyl-1 1H-pyrido[2,3-b][1 ,5]benzodiazepin-5-one; 9-NH2N, 9-amino-5,6-dihydro-1 1-ethyl-6-methyl-1 1 H-pyndo[2,3-b]
[1 ,5]benzodiazepin-5-one; AZT, 3’-azido-3’-deoxythymidine; DDDP, DNA-dependent DNA polymerase; NNRTI, nonnucleoside reverse transcnp-
tase inhibitor; PAGE, polyacrylamide gel electrophoresis; RDDP, RNA-dependent DNA polymerase; TCA, trichloroacetic acid; TIP, template/
primer; TSAO, 2’,5’-bis-O-(tert-butyldimethylsilyl)-3’-spiro-5”-(4”-amino-1”,2”-oxathiole-2”,2”-dioxide); TSAOe3T, 1 -[2’,5’-bis-O-(tert-butyldimeth-

DMSO, dimethylsulfoxide.
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Fig. 1. Structures of the inhibitors used in these studies.

that is near but distinct from the catalytic site (9, 10, 16-20).

However, the mechanism by which NNRTIs inhibit RT DNA
polymerase activity is not yet clear.

In addition to these two major classes of RT inhibitors,
there are other anti-RT agents that are not readily classified,
such as TSAO and its derivatives (21, 22). Although TSAO
inhibitors are nucleoside-based, they are highly modified and

exhibit inhibition kinetics characteristic of NNRTI (21).
HP/-i resistance to TSAO derivatives correlates with a

unique mutation [E138K (23)1 not normally noted with resis-
tance to most NNRTI or to dideoxynucleoside inhibitors.

Interestingly, resistance to TSAO is attributable to alter-
ation of the p51 subunit of the p5l/p66 RT heterodimer (24,
25), the apparently “inactive” subunit of the p51/p66 RT

heterodimer. Crystallographic studies have shown that the
E138 residue of p51 can contribute to the NNRTI binding
pocket of the p5l/p66 RT heterodimer (18-20).

In this study, we compared the inhibition of RT by analogs
of TSAO and the NNRTI nevirapine to determine whether

these structurally different RT inhibitors function in a simi-

lar manner and whether they bind to the same site on HIV-1
RT. Our data show that TSAO and nevirapine analogs lead to
very different inhibition profiles, which implies that these
classes ofinhibitors bind differently to HP/-i RT, perhaps by

interacting with different sites on the enzyme.

Materials and Methods

The photoactivatable nevirapine analog 9-AN was synthesized as
described previously (26). The nevirapine analog inhibitor 9-NH2N
was obtained as an intermediate in the synthesis of 9-AN. ‘H NMR

and elemental analyses of 9-AN and 9-NH2N were entirely consis-

tent with the chemical structures (Fig. 1). Both 9-AN and 9-NH2N

inhibit HIV-1 RT with a potency similar to that of nevirapine, and
both compounds have been shown to bind to the same site on RT as

nevirapine (27). The ethyl derivative of TSAO, TSAOe3T (Fig. 1), is
one of the most potent of the TSAO analogs and was prepared as

described previously (28).

[3H]deoxy-TTP and [3Hldeoxy-GTP were purchased from New
England Nuclear-Dupont (Boston, MA). [a-32P]dNTPs were from

Amersham (Mississauga, ON). The homopolymeric TIP poly(rC)-oli-

go(dG),�,8, poly(rA)-oligo(dT)12_,8, and poly(dC)-oligo(dG),2_,8 were

obtained from Pharmacia (Montreal, Quebec, Canada). The hetero-

polymeric DDDP TIP, calf thymus-activated DNA, was a
product of Sigma (St. Louis, MO). Heteropolymeric RDDP TfP was
prepared using the T7 polymerase RNA transcript from plasmid
pHIV-PBS and a synthetic 18-mer oligonucleotide primer as de-

scribed previously (7, 29). Recombinant heterodimeric pSl/p66 and

homodimeric pSi/pSi and p66/p66 forms of HIV-1 RT were purified

from lysates ofEscherichia coli JM-105 transformed with expression
plasmids pRT66 and pRT51 (7) using a rapid single-step purification

method we have devised (30). All other reagents were of the highest

quality available and were used without further purification.
Assay of RT RDDP and DDDP activities. HIV-1 RT DNA

polymerase activity was determined with a fixed-time assay. Briefly,

reaction mixtures (50-100 �.il total volume) contained 50 mM

Ths�HCl, pH 7.8, 37#{176},60 mM KCI, 10 mM MgCl2, 5 mM dithiothreitol,

5 aM pSl/p66 RT, variable template/primer (generally 150 aM), and

0.5-25 �M of 3H- or or 32P-labeled dNTP substrate. Aliquots of

inhibitor stock solutions in DMSO were added such that the final
DMSO concentration never exceeded 2%. Neither RT RDDP nor

DDDP activity was affected by this concentration of DMSO (14).

Reaction assays were incubated at 37#{176},then quenched with 500 �.il of
cold 20 mM sodium pyrophosphate in 10% TCA. After 15 mm on ice,

the samples were filtered on Whatman 934-AR glass fiber filters
(Fisher Scientific, Montreal, Quebec, Canada), washed with 10%

TCA and 95% ethanol, and analyzed by liquid scintillation counting.

The ability ofTSAOe3T to protect the various mechanistic forms of

RT from irreversible inactivation by the photolabeled 9-AN was
assessed exactly as described for the carboxanilide NNRTI (14).

Briefly, RT (0.4 �M) in 40 �tl of 50 mM TrisHCl, pH 8.0, 25#{176},was

incubated with 9-AN photolabel (1 �tM) in the absence or presence of

TSAO&’T (12.5 �.tM) or 9-NH2N (12.5 �M) and illuminated at 365 nm

at an intensity of 20 �tW/cm2. At various times, aliquots were with-

drawn and diluted 800-fold into reaction assays for the determina-

tion of residual RT activity. In experiments concerning inactivation

of the RT-TIP binary complex, RT was preincubated with 15 �g/ml
poly(rC)-oligo(dG),2_,8 for 10 mm before the inhibitors and the 9-AN
were added and irradiation was performed as above. In experiments

concerning inactivation of the RT-TIP-dNTP ternary complex, RT

was first preincubated with 15 �g/ml poly(rC)-oligo(dG),2_,8 for 10

mm, and then dGTP (10 �tM final concentration), the inhibitors and

9-AN were added sequentially before irradiation.
Inhibition of RT DNA polymerase activity by combinations of

TSAO&’T and 9-NH2N was assessed by calculation of the combina-

tion index (31), as we have described previously (15). Combination
indices ofless than 1 indicate synergistic inhibition, whereas values

equal to or more than 1 imply additive and antagonistic inhibition,

respectively.

PAGE analysis of RT inhibition products. Unless otherwise
indicated, experiments were carried out in 100 �tl total volume using

conditions similar to that described above for assay of RT polymer-

ase. After incubation at 37#{176},a portion of the reaction mixture was
removed and added to 500 �l of 10% TCA/20 mM sodium pyrophos-

phate for determination oftotal RT polymerase activity. The remain-

der of the reaction assay was immediately placed on ice; then the
reaction products were isolated by extraction with phenollchloro-

form, precipitation with sodium acetate/ethanol, and centrifugation
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TABLE 2

Inhibition of HIV-1 RT multiple forms by TSAO&’T and 9-NH2N.
The values are averages of two separate experiments. RDDP and DDDP assays
were carried out with poly (rC)-oligo (dG) and poly (dC)-oligo (dG) respectively, as
described in Materials and Methods.

a A maximum of 50% inhibition was attained. The value reported is that at

which 50% inhibition was noted.
b Essentially no RDDP activity was noted with p51 AT.
C AT DDDP activity was equivalent to no drug controls at an inhibitor concen-

tration of 25 �LM.

Comparison of TSAO and Nevirapine Inhibition of HIV-1 RT I 059

at 12,000 x g for 10 mm. The reaction products were dissolved in 25
�tl of TrisfBorate/EDTA buffer (1 x = 45 mM Tris/borate and 1 mM
EDTA, pH 8.0) containing 98% deionized formamide, 10 mM EDTA,

1 mg/mi bromphenol blue and 1 mg/ml xylene cyanol, heated at 100#{176}

for 5 mm, then analyzed by denaturing PAGE followed by autora-
diography (Kodak X-OMAT film). The size of the polymerization
products is designated as n + x, where n is the 18-nucleotide primer

and x is the number of nucleotides by which the primer has been

elongated.
Processivity analysis of RT polymerization. These studies

used heparin (1 mg/ml final concentration). Heparin competes with

the T/P for binding to free RT (32). This allows observation of the
polymerization product distribution under conditions of a single pro-

cessive cycle, because RT, upon dissociation from the T,P, is trapped
by the heparin and therefore unable to rebind to the T/P and con-
tinue transcription of the partial polymerization products. In these

experiments, RT and TIP were preincubated in 50 mM Tris-HC1 pH
7.8, 37#{176},60 mM KC1, and 10 mM dithiothreitol for 5 mm before

starting the reaction by addition of dNTPsIMgC12 and heparin in the

absence or presence of inhibitor. The effectiveness of the trap was

confirmed by preincubating RT with heparin for 5 mm before addi-

tion ofthe TIP. Under these conditions, less than 2% RT activity was
noted (data not shown). No detectable bands were noted on autora-
diographic analysis, even after 6 days of exposure.

Results

Effect of TIP identity on inhibition of RT RDDP and

DDDP activities by 9-NB2N and TSAOe�T. The apparent

effect of NNRTI on RT DNA polymerase activity depends in

part on the T/P used in the in vitro assay (15, 21). To estab-

lish appropriate conditions for our product distribution anal-

yses, we studied the ability of 9-NH2N and TSAOe3T to

inhibit RT-catalyzed DNA polymerization using a variety of

TIP (Table 1). Both TSAOe3T and 9-NH2N showed essentially

similar inhibitory activity with all TIP, except for activated

calf thymus DNA. With the latter TIP, TSAOe3T was signif-

icantly more effective than 9-NH2N.

Inhibition of DNA polymerase activity of the multi-
ple forms of RT by TSAOe3T and 9-NH2N. Resistance to

nevirapine correlates with mutations in the p66 subunit of

RT (33), whereas resistance to TSAO is caused by a mutation
in the pSi subunit of the enzyme (24, 25). Our purification

protocol (30) enables isolation of active p5l/p5l, p66/p66, and

p5l/p66 forms of recombinant HIV-1 RT. We found that

TSAOe3T and 9-NH2N had similar inhibitory potency

against the p5l/p66 RT heterodimer (Table 2). However,

compared with 9-NH2N, TSAOe3T was a much better inhib-

itor of both the RDDP and DDDP activities of the p66 and

TABLE 1

Effect of T/P on inhibition of HIV-1 p51/p66 RT by TSAOe�T and
9-NH2N.
Values are the averages of determinations from two separate experiments.

Template/primer
IC50

TSAOe’T 9-NH2N

�M

RDDP
Poly (rA)-oligo (dT) 2.5 1.0
Poly (rC)-oligo (dG) 0.7 0.5
Heteropolymeric 1 .0 0.3

DDDP
Poly (dC)-oligo (dG) 1 .3 0.4
Heteropolymeric 1 .0 6.5

RTform

IC50

RDDP DDDP

TSAOe3T 9-NH2N TSAOe3T 9-NH2N

pM

p51/p66
p66/p66
p51/p51

0.7
0.2

b

0.5
1.7

b

1.3
0.8
5�5

0.4
8�

>25c

p51 homodimeric forms ofRT (Table 2). Indeed, 9-NH2N was

entirely inactive against p51 RT DDDP activity, whereas

TSAOe3T showed good inhibition (Table 2).

Effect of TSAOe�T and 9-NH2N combinations on in-
hibition of RT RDDP activity. Analysis of enzyme inhibi-

tion by combinations of inhibitors compared with that by

each inhibitor alone can provide information concerning the

mode ofbinding ofthese inhibitors (31). We have shown that

analysis of the effect of drug combinations on HP/-i RT

requires characterization of inhibition of each of the mecha-

nistic forms of the enzyme, namely free RT, RT-TIP binary

complex, and the RT-TIP-dNTP ternary complex (14, 15). The
level of these RT mechanistic forms in reaction assays can be

varied by alteration of TIP and dNTP concentrations. Inhibi-

tion of RT RDDP activity by combinations of TSAOe3T and

9-NH2N was essentially additive in assays that contained

primarily the RT-TIP binary complex or the RT-TIP-dNTP

ternary complex (Table 3: assay conditions B and C, respec-

tively). Interestingly, inhibition of assays that contained free

RT seemed to be partially antagonistic (Table 3; assay con-

dition A).

Photoprotection analysis of the binding of TSAOe�T
and 9-NH2N to RT. We studied the ability of TSAOe3T and

9-NH2N to protect RT from irreversible inactivation by the

photoactivatable nevirapine analog 9-AN using techniques

similar to those employed in our studies of the carboxanilide

NNRTI (14). Control studies carried out in the dark (i.e.,

without irreversible inactivation) showed that 9-AN and

TSAOe3T were comparable inhibitors of RT RDDP activity

(data not shown).

TABLE 3

Inhibition of p51/p66 RT in vitro by combinations of TSAOe�T and
9-NH2N.
Assays were carried out in triplicate with poly (rC)-oligo (dG) and [�‘HJdeoxy-GW
as descnbed in Materials and Methods. In control experiments, the Km values for
deoxy-GIP and poly (rC)-oligo (dG) were determined to be 1 �tM and 40 flM,

respectively. Combination indices were calculated for mutually nonexclusive in-
hibitors according to the method of Chou and Talalay (31).

Assay condition
Combinat ion index

Cl50 Cl70

Km T/P + Km deoxy-GTP 1 .4 ± 0.05 1 .2 ± 0.03
0.5 Km T/P + 5 Km deoxy-GTP 1.0 ± 0.1 0.8 ± 0.1
5 Km T/P + 0.5 Km d&SxyGTP 1.2 ± 0.05 1.0 ± 0.05
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TABLE 4

Ability of TSAOe3T to protect HIV-1 RT mechanistic forms from
irreversible photoinactivation by 9-AN
AT mechanistic forms were prepared; photoprotection studies of these different
AT mechanistic forms were carried out as we have described previously (1 4). The
concentration of the 9-AN photolabel was 1 �M, and that of TSAOe’T, where
present, was 12.5 iM. Values are the means ± standard deviation of three
separate determinations.

Rate
AT mechanistic form - TSAOe3T

of inactivation

+ TSAOe3T

Imi,r

Free RT 0.035 ± 0.002 0.035 ± 0.003
RI-T/P binary complex 0.044 ± 0.004 0.036 ± 0.002
RT-TIP-deoxy-GTP ternary complex 0.036 ± 0.002 0.036 ± 0.002

TSAOe3T was unable to protect either free RT or the RT-
TIP-dNTP ternary complex from photoinactivation by 9-AN

(Table 4). Although some apparent photoprotection was

noted for the RT-TIP binary complex (Table 4), this was

obtained only with very high concentrations of TSAOe3T,

well above the apparent IC50 value shown in Table 1 for this

inhibitor. In contrast, 9-NH2N completely protected all three

RT mechanistic forms from photoinactivation by 9-AN (data

not shown).

Effect of inhibitor concentration on RT RDDP prod-
uct distribution. Although HIV-1 RT DNA polymerase ac-

tivity is essentially processive, under certain conditions, a

number of different length polymerization products can be

observed because oftranscriptional pausing and/or template-

primer dissociation events that occur during reverse tran-

scriptase-catalyzed primer extension (34-37).

The heteropolymeric RDDP template used in these studies

corresponds to the sequence of the HXB2D HIV-1 genomic

RNA template used for synthesis ofviral (-)strong stop DNA

(29). With a synthetic 18-nucleotide DNA oligonucleotide as

primer and in the absence of inhibitor, a number of polymer-

ization products are seen (Fig. 2A).

TSAOe3T inhibited the formation of all polymerization

products (Fig. 2A, lanes 2-4). Although the amount of the

full-length (-)strong stop DNA product (n+ 173) was de-

creased by TSAOe3T, this decrease was not accompanied by

a significant accumulation of smaller polymerization prod-

ucts (Fig. 2B). In contrast, inhibition by 9NH2N (Fig. 2A,

lanes 6-8) resulted in a complete loss of full-length product

n+ 173, accompanied by an apparent increase in smaller

polymerization products (Fig. 2B).

Time course of RT RDDP activity under continuous
and single-cycle processive conditions in the absence
and the presence ofTSAOe3T and 9-NH2N. The apparent
differences in the polymerization product distribution pro-

files in the presence ofTSAOe3T and 9-NH2N prompted us to

further investigate these mechanisms. In these experiments,

the concentrations ofTSAOe3T and 9-NH2N were adjusted to

provide approximately 70-75% inhibition. Continuous poly-

merization (Fig. 3) and single processive cycle (Fig. 4) exper-

Fig. 2. Effect of inhibitor concen-
tration on AT ADDP product distri-
bution. A, Autoradiogram of poly-
merization products separated by
PAGE. Reactions contained the
pHIV-PBS RNA transcript T/P (35.5
nM), RT p511p66 heterodimer (3.4

flM), and 5 �tM each of deoxy-ATP,
[a-32P]deoxy-CTP, deoxy-GTP and
deoxy-TIP. Reactions were carried
out for 10 mm. at 37#{176},then

quenched and analyzed by PAGE
as described in Materials and
Methods. Lanes 1-4, TSAOe3T (0,
3, 6, 12 .tM); lanes 5-8, 9-NH2N (0,
0.75, 1 .5, 3 /.LM). Major polymeriza-
tion products are indicated at n+3,
n+21 , n+37 and n+70. Full-length
product is n+173. B, Graphical
representation of the variation of
selected polymerization products
with increasing inhibition by
TSAOe3T (0) and 9-NH2N (S). AT
RDDP polymerization products
from the gel illustrated in Fig. 2A

were excised and the radioactivity
was determined by liquid scintilla-
tion counting.
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Fig. 3. Time course of polymerization product distribution under continuous assay conditions. A, Autoradiogram of polymerization product
profiles in the absence of inhibitor (lanes 1-8) or the presence of 4 jiM 9-NH2N (lanes 9-16) or 7 �M TSAOe3T (lanes 1 7-24). Reactions were carried
out at 37#{176}and contained the pHIV-PBS ANA transcript T/P (74 nM) and AT p511p66 heterodimer (4.5 nM); they were initiated by the addition of
a dNTP mix, which gave a final concentration of 25 �M each of deoxy-ATP, [a-32P]deoxy-CTP, deoxy-GTP, and deoxy-TTP. Samples were
removed at 1 , 2, 4, 6, 8, 10, 30, and 60 mm after the addition of the dNTPs and were quenched and analyzed by PAGE as described in Materials
and Methods. B, Graphical representation of the variation of selected polymerization products with time in the absence of inhibitor (S) or in the
presence of TSAOe3T (LI) or 9-NH2N (0). AT RDDP polymerization products from the gel illustrated in Fig. 3A were excised and analyzed by liquid
scintillation counting.

iments were carried out under similar conditions, except that

single-cycle experiments contained heparin as a “trap” after

preincubation ofRT with the TiP. Heparin competes with the

T/P for binding to free RT (32). This allows observation of the

polymerization product distribution under conditions of a

single processive cycle, because RT, upon dissociation from

the TIP, is trapped by the heparin and therefore unable to

rebind to the T/P and continue transcription of the partial

polymerization products.

In the absence of inhibitor, discernable n+ 173 full-length
product was noted after about 4 mm of reaction (Figs. 3 and

4). Similarly, in the presence of TSAOe3T, n+ 173 full length

product was noted after approximately the same time of

polymerization, under both continuous and single processive

cycle conditions (Figs. 3 and 4), even though overall RT

RDDP activity was inhibited by 70% under these conditions.
In contrast, with 9-NH2N under continuous polymerization

conditions, the n+ 173 full length product was discernable

only after 30 mm of reaction (Fig. 3A). In single processive

cycle experiments with 9-NH2N, no full-length n+ 173 prod-

uct was observed even after 60 mm of reaction (Fig. 44).

In the experiments shown in Figs. 3 and 4, significant
polymerization pausing was noted after the addition of the

first nucleotide, as has been found by others using different

templates (37, 38). This has been proposed to result from a

higher probability of termination at this site, with the initi-

ation of polymerization and the subsequent elongation rep-

resenting distinct kinetic phases (39). In our experiments,

this strong pause site at n+ 1 was more apparent in the

presence of high concentrations of dNTP. For example, 25 p.M

dNTP was used in the experiments shown in Figs. 3 and 4,

whereas the experiments illustrated in Fig. 2 employed 5 p.M

dNTP. In the latter case, the n+ 1 products were significantly
diminished.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


A n+173 B

n + 70

30

20

10

0

30

20

10

0
15

10

5

0

20

10

0

1 234 5 6 18 910111213141516 1718192021222324

0 2 4 6 8 10

reaction time (minutes)

1062 Anon et a!.

V
n+31 .�

(6

0
0.

0
C.)

n+21

n+3 ci�
>

0)

Fig. 4. Time course of polymerization product distribution under single processive cycle conditions. A, Autoradiogram of polymerization product
profiles in the absence of inhibitor (Lanes 1-8) and in the presence of 4 j.�M 9-NH2N (lanes 9-16) or 7 �M TSAOe3T (lanes 17-24). p51/p66 AT (4.5
flM) was preincubated with pHIV-PBS RNA transcript T/P (148 flM) for 3 mm at 37#{176},then reactions were initiated by the simultaneous addition of
deoxy-ATP, [a-32P]deoxy-CTP, deoxy-GTP, and deoxy-TIP to a final concentration of 25 �M each and heparin to a final concentration of 1 mg/mI.
Samples were removed at 1 , 2, 4, 6, 8, 10, 30, and 60 mm after the addition of the dNTPs, quenched, and analyzed by PAGE as described in
Materials and Methods. B, Graphical representation of the variation of selected polymerization products with time in the absence of inhibitor 4)
or in the presence of TSAOe3T (El) or 9-NH2N (0). AT RDDP polymerization products from the gel illustrated in Fig. 4A were excised and the
radioactivity determined by liquid scintillation counting.

Discussion

TSAO inhibitors of HIV-1 RT are highly modified nucleo-
side derivatives (21, 22) (Fig. 1). However, TSAO-mediated

inhibition of viral replication does not require metabolism,

and kinetic studies have shown that inhibition of RT RDDP

by TSAO analogs is distinct from that of other nucleoside-

based inhibitors such as AZT (21). This implies that TSAO

functions by binding to a site distinct from that which binds

dNTP substrate. In this respect, TSAO mimics the NNRTI

compounds, a structurally diverse group of HIV-1 RT DNA

polymerase inhibitors. Nevirapine is typical of the NNRTI

and binds to a hydrophobic site on the RT p66 subunit that

can be defined in part by residues 100, 103, 106, 181, 188,

and 190, because resistance to NNRTI is associated with

mutations in one or more of these residues (33). Recent

crystal analyses have confirmed the identity of the NNRTI

site (17-20). Although some mutants that are resistant to

NNRTI (e.g., V1OGA, Y181C, Y188H) are also cross-resistant

to TSAO, specific resistance to TSAO correlates with a

E138K mutation, which does not confer cross-resistance ei-

ther to NNRTIs (such as nevirapine) or to dideoxynucleoside

antivirals (such as AZT) (23). In addition, in distinct contrast

to mutations associated with resistance to NNRTI, resistance

to TSAO is attributable to modification of the pSi subunit of

RT (24, 25). Nonetheless, the p51 E138 residue is very near to

the NNRTI pocket on p66 (33). Thus, although it is conceiv-

able that TSAO may function by interacting with the well-

defined NNRTI pocket, this binding is not certain. The ex-

periments described in the present report have attempted to

clarify this question.

Both TSAOe3T and 9-NH2N were equally effective at in-

hibiting the DNA polymerase activity of the RT p5 i/pGG

heterodimer on a variety of T/P (Table 1), and both function

as mixed, noncompetitive inhibitors of the RT p5l/p66 het-

erodimer (data not shown). These observations are consistent

with similar mechanisms for binding to RT. However, viral
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1 D. Anon and M. A. Parniak, unpublished observations.
2 G. I. Dmitrienko, N. J. Taylor, J. Baizarini, M.-J. Camarasa and M. A.

Parniak, unpublished observations.

resistance to nevirapine and TSAO correlates with different

mutations in the p66 and p51 subunits of RT, respectively.

Our purification protocol provides active p51/pSi and p66/
p66 homodimeric forms of RT (30). Although the biological
status of these homodimeric forms of RT is uncertain, the

homodimers possess significant levels of DNA polymerase

activity and can therefore serve as useful mechanistic probes
in inhibitor studies. We found that 9-NH2N was virtually

inactive against the DDDP activity of both p5l/p5l and p66/
p66 homodimeric RT (Table 2), which indicates that the

NNRTI binding pocket may be significantly altered in the RT
homodimers. In contrast, TSAOe3T was a good inhibitor of

the DDDP activity ofboth pSi/pSi and p66/p66 homodimeric

RT (Table 2), which indicates that a binding pocket exists for
TSAOe3T but not for 9-NH2N in the RT homodimers and
implies different modes of binding to RT for the nevirapine

and TSAO analogs.
Several mechanistic species of RT are involved in proviral

DNA synthesis. We have previously shown that the efficacy

of NNRTI inhibition of RT depends largely on the mechanis-
tic form of RT present in the reaction assay (14, 15). Nevi-
rapine analogs bind to all three mechanistic forms ofRT: free

RT, RT-TIP binary complex, and the RT-TIP-dNTP ternary

complex (14). Crystallographic studies have shown that such
NNRTIs as nevirapine, a-anilinophenylacetamide and tetra-

hydroimidazo[4,5,1-jk][1,4]-benzodiazepine-2(1H)-thione all
bind to the same well-defined site on RT (17-20). Irreversible

inactivation ofRT by the photolabel 9-AN is prevented by the

presence of other NNRTI, such as nevirapine (27), and the

carboxaniuides (14). In the present studies, we found that
9-NH2N was able to photoprotect all RT mechanistic forms

(data not shown), which implies that 9-NH2N competes for
the same site on RT as nevirapine. In contrast, TSAOe3T was

unable to significantly protect any ofthese mechanistic forms
of RT from inactivation by the nevirapine analog photoaffin-

ity label 9-AN (Table 3), even when present at a concentra-

tion nearly 20-fold higher than its IC50 value and in 10-fold
excess over that of the 9-AN photolabel. It therefore seems
that TSAOe3T interacts with RT in a manner very different

than nevirapine.
Further evidence for the differential binding of TSAOe3T

and 9-NH2N was obtained from our studies of the RDDP
polymerization product distributions obtained under contin-
uous and single processive cycle conditions. In the absence of

inhibitor, several polymerization products are evident (Figs.
2A, 3A, 4A). Transcriptional pausing occurs at homopoly-
meric nucleotide stretches as well as at regions ofnucleic acid
secondary structure (37). Two of the polymerization products
in our experiments (n+37, n+70) correspond to regions of

three consecutive cytidylic acid residues. The product at

n+3 may result from pausing caused by a RNA hairpin

secondary structure at this point.’ The n+ 173 product is the

full-length DNA.

The experiments carried out under single processive cycle
conditions (Fig. 4) show that the various products arise via

two distinct polymerization termination mechanisms (37).
The first is polymerization stalling, in which RT remains

bound to the T/P with the possibility of further product elon-

gation. The second is RT dissociation from the TIP. In this

case, no further product extension is possible because the

presence ofthe heparin “trap” prevents rebinding ofRT to the

TiP. In the former case, the intensity of the polymerization

product will decrease with time because of subsequent reini-

tiation of polymerization with the stalled RT-T/P complex.

However, polymerization products created by T/P dissocia-

tion will remain relatively constant or increase with the time

of reaction.

The polymerization products at n+ 1, n+3, n+37 and n+70

correspond to dissociation events, whereas that at n+21 is

consistent with polymerization stalling. Under continuous

polymerization conditions (Fig. 3), both TSAOe3T and

9-NH2N have similar effects on the n+21 product, increasing

polymerization stalling at this site. However, 9-NH2N seems

to be more effective than TSAOe3T in promoting the dissoci-

ation events that lead to products at n+37 and n+ 70 (Fig.

3B). The most striking difference between inhibition by

TSAOe3T and 9-NH2N is the absence of n+ 173 full-length
product in the presence of the latter inhibitor under both

continuous and single processive cycle conditions.

Thus, although TSAOe3T and 9-NH2N may be equally

effective at reducing the overall rate of RT polymerase activ-
ity, the inhibitors seem to function by different mechanisms.
TSAOe3T does not substantially alter the polymerization
product profile, because all products noted in the absence of

inhibitor, including n+ 173 full length product, are evident in

the TSAOe3T-inhibited reactions. In contrast, 9-NH2N effec-

tively prevents the formation of full length product, despite

the lack of a commensurate decrease in shorter length prod-

ucts. Interestingly, the pyridinone inhibitor L-697,661

(which binds to the same NNRTI site as nevirapine) also

promotes the appearance of polymerization products that are

shorter than full length (40).

In conclusion, our data, when considered with previously

published information on the mechanism of NNRTI inhibi-

tion of RT, implies that TSAOe3T may inhibit HW-1 RT
either by interacting with the NNRTI site differently than

other NNRTI or by binding to a site somewhat distinct from

the sites of NNRTI or dNTP binding. Preliminary molecular

modeling studies2 are consistent with the idea that TSAOe3T

may bind to a region of RT close to and partially overlapping

with the the well-defined NNRTI binding pocket. However,

confirmation of this conjecture must of course await crystal-

lographic analysis of the RT-TSAOe3T adduct.
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