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Small pieces of the dry eye tissue of not more than 1
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wl of GeneReleaser (BioVentures) was added. Gene-
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94°C. The PCR parameters were as for the first round
except that the annealing temperature was adjusted
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The mechanism of inhibition of HIV-1 reverse transcriptase by three nonnucleoside in-
hibitors is described. Nevirapine, O-TIBO, and CI-TIBO each bind to a hydrophobic pocket
in the enzyme-DNA complex close to the active site catalytic residues. Pre-steady-state
kinetic analysis was used to establish the mechanism of inhibition by these noncompet-
itive inhibitors. Analysis of the pre-steady-state burst of DNA polymerization indicated that
inhibitors blocked the chemical reaction, but did not interfere with nucleotide binding or
the nucleotide-induced conformational change. Rather, in the presence of saturating
concentrations of the inhibitors, the nucleoside triphosphate bound tightly (K, 100 nM),
but nonproductively. The data suggest that an inhibitor combining the functionalities of
a nonnucleoside inhibitor and a nucleotide analog could bind very tightly and specifically
to reverse transcriptase and could be effective in the treatment of AIDS.

Virally encoded human immunodeficiency
virus (HIV) reverse transcriptase (RT) cat-
alyzes the replication of single-stranded vi-
ral RNA to yield double-stranded DNA
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before the viral genome is integrated into
the DNA of the host. RT has been the
target of several antiviral therapeutic agents
(I) used in the treatment of AIDS. Al-
though nucleoside analogs, such as AZT
(3'-azido 3’-deoxythymidine) and ddC
(2',3’-dideoxycytidine), have been the
drugs of choice in attenuating the action of
the virus, toxicity limits their use (2) and
long-term inhibition of RT is limited by the
high frequency of virus mutation whereby
drug-resistant forms may accumulate (3). In
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searches for new inhibitors, random screen-
ing has resulted in the identification of
several classes of nonnucleoside RT inhib-
itors. These include the tetrahydro-benzo-
diazepine (TIBO) derivatives and the
dipyridodiazepinone  Nevirapine (4-6)
(Fig. 1). Because the nonnucleoside deriv-
atives inhibit RT at low concentrations and
with high specificity, these inhibitors are
promising candidates for the treatment of
AIDS. However, as in the case of the nu-
cleoside analogs (3, 7), TIBO- and Nevi-
rapine-resistant forms of RT have already
been identified (8, 9). Several studies un-
dertaken in an effort to retard the onset of
resistance have been focused on convergent
combination therapy (2, 10).

A crystal structure of RT with Nevira-
pine bound shows the inhibitor in a hydro-
phobic pocket near the polymerization ac-
tive site (I11). Nevirapine makes contact
with the side chain residues of Tyr!'8! and
Tyr'® in the p66 subunit only. The TIBO
derivatives are a structurally distinct class of
inhibitors that appear to bind to the Nevi-
rapine site (12), a conclusion that is sup-
ported by the observed cross-resistance of
these drugs in mutant RTs (8, 13). Howev-
er, structural information cannot reveal
which step or steps in the DNA polymer-
ization cycle are affected by binding the
inhibitor at a distant site.

Several steady-state studies have at-
tempted to elucidate the inhibition mech-
anism of nonnucleoside inhibitors (6, 14,
15). In general, these studies suggest a non-
competitive inhibition pattern with respect
to both primer-template and nucleotide
substrates. However, the steady-state kinet-
ic formalism does not provide an under-



standing of the mechanism of inhibition,
and the kinetic analysis is complicated fur-
ther by the slow release of primer template
from RT in the steady state (16). Moreover,
as shown below, inhibition leads to a
change in the identity of the rate-limiting
step. We now describe our analysis of three
nonnucleoside inhibitors by means of pre—
steady-state methods (16—18). Analysis of
inhibition by pre-steady-state methods pro-
vides mechanistic conclusions defining ele-
mentary steps in the reaction pathway that
can be related to structure directly. Our
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Fig. 1. Structures of HIV-1
RT specific nonnucleoside
inhibitors.
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Fig. 2. Single nucleotide incorporation in the pres-
ence of O-TIBO. (A) RT (50 nM), (5'-32P)-labeled
25'45-bp duplex DNA (100 nM), and O-TIBO were
first incubated for a minimum of 20 minutes in
buffer solution (50 mM tris-Cl, 50 mM NaCl, pH
7.5). This E-DNA solution was then rapidly mixed
with 20 uM dATP in buffer containing 10 mM
MgCl,. The reactions were quenched with 0.5 M
EDTA, pH 8.0 at the indicated times. The O-TIBO
concentrations were 0 (O), 1.0 (@), 2.0 (), 4.0 (W),
10.0(2), and 20.0 (A) wM. The concentrations are
the final concentrations after 1:1 mixing in the
instrument, except for O-TIBO. The O-TIBO con-
centrations are those of the inhibitor in the initial
E-DNA solution where equilibrium is established.
The individual time courses were fit to a burst
equation, y = A1 — exp(—kt) + m-t). (B) The
amplitudes of the burst phases (@) were plotted
against O-TIBO concentration and fit to a hyper-
bolic function (solid line) to yield a K, value of 3.0 =
0.2 uM.

Table 1. Kinetic and equilibrium parameters for nonnucleoside inhibitors. The
dissociation constants, binding rates, and dissociation rates are listed for each
of the nonnucleoside inhibitors. Plus (+) or minus (=) refers to prior

data revealed an interaction between the
nucleotide site and the nonnucleoside in-
hibitor site, which results in inhibition of
the chemical reaction.

We first examined the inhibition of
HIV-1 RT by the nonnucleoside inhibi-
tors to test the effects of the inhibitors on
the kinetics of ANTP (deoxynucleoside
5'-triphosphate) binding and incorpora-
tion (19). Elongation of the 25+45-bp du-
plex DNA (25-bp primer annealed to 45-
bp template) to 26+45-bp product was ex-
amined by rapid mixing of the enzyme-
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DNA (E‘DNA) complex with the next
correct nucleotide for incorporation, and
analysis of the products of the polymeriza-
tion reaction on a sequencing gel (20). In
this experiment, a single nucleotide was
incorporated rapidly in a “burst” of poly-
merization and was followed by slow
steady-state release of the primer-template
from the enzyme (16, 17, 21).

In our initial experiments, the addition
of 10 to 50 uM O-TIBO at the start of the
reaction provided little inhibition of the
pre-steady-state burst of polymerization.
However, incubation of the inhibitor with
the E'DNA complex before the addition of
dATP (deoxyadenosine 5'-triphosphate) to
start the reaction, led to a reduction in the
amplitude of the burst of polymerization
(Fig. 2A). The burst rates remained inde-
pendent of inhibitor concentration (22 * 3
s~1), while the amplitude of the burst phase
reduced monotonically with increasing
concentration of O-TIBO (Fig. 2B).

The above results suggest that the dis-
sociation of the inhibitor from the en-
zyme-DNA-inhibitor (E:-DNA-I) complex
is slow relative to the rate of the polymer-
ization reaction. Accordingly, the ampli-
tude of the burst phase represents the
amount of uninhibited E:‘DNA available
for fast nucleotide incorporation in the
first turnover. A fit of the data to a hy-
perbola provides a K value of 3.0 uM for
formation of the E-DNA-O-TIBO com-
plex (22). The K values for CI-TIBO and
Nevirapine were determined to be 0.2 pM
and 19 nM, respectively (Table 1).

Nonnucleoside RT inhibitors bind near
the proposed polymerization active site (11,
12, 23), which contains a triad of aspartic
acid residues, namely positions 185, 186,
and 110 (24). It is likely that Mg?* is
ligated to one or more of these residues
during catalysis (25, 26). To look for possi-
ble interactions between the metal ion
binding sites and the nonnucleoside inhib-
itor site, we examined the effect of Mg?* on
the binding of the inhibitors to RT. The K
for inhibitor was measured by pre-steady-
state methods as described (Fig. 2) after
incubation of the E‘DNA in the presence or
absence of Mg?*. The K, values were 3.0

incubation of HIV-1 RT, DNA, and inhibitor in the presence or absence of
Mg?2*. The values for Ky are and the maximum rate were obtained at con-
centrations of inhibitor sufficient to achieve >99 percent saturation of binding.

O-TIBO CI-TIBO Nevirapine
Parameter
- + - + - +

Ky (kM) 3.0+ 0.2 10.8 = 1.1 0.21 £ 0.05 1.2+04 0.019 = 0.004 0.025 = 0.01
Ko (104 M~1 577) 11 +£1 50*0.8 6.0 = 0.5 20+ 07 9.9+ 0.5 2.6 = 0.1
Koge (877) 0.36 = 0.04 0.54 = 0.09 0.013 = 0.003 0.02 + 0.01 0.0019 * 0.0004 0.0007 + 0.0003
Kaaatry (1M) 0.16 = 0.04 0.22 + 0.08 0.13 = 0.02 0.13 = 0.03 <0.1 <0.1
max rate (s™") 0.14 = 0.01 0.15 = 0.01 0.0088 + 0.0003 0.0087 + 0.0004 0.0087 + 0.0009 0.0112 + 0.0004
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Fig. 3. The apparent binding rate of O-TIBO. RT
(95 nM) was first incubated with [5’-32P]-labeled
DNA duplex (84 nM). This solution was rapidly
mixed with an equal volume of O-TIBO at a con-
centration of either 10 (O,®) or 20 (I, M) w.M for the
indicated times, and then mixed with dATP (50
M) for 200 ms. The reaction was quenched with
100 pl of 0.5 M EDTA (pH 8.0). The reported
concentrations of RT, DNA, and O-TIBO are the
concentrations after 1:1 mixing; the reported con-
centration of dATP is the final concentration after
mixing 1:2 with the E:‘DNA and O-TIBO solutions.
The open symbols reflect the reactions in which
10 mM Mg?* had been first incubated with the

Normalized product

0 2 4 6 8 10 12
Time (seconds)

enzyme-DNA and O-TIBO. The closed symbols refer to data where Mg?* was present only with the
nucleotide, added to initiate the reaction. In either case, the final Mg?* concentration was 10 mM. The
decrease in product formation with increasing incubation time reflects the binding of O-TIBO to the E:DNA
complex. In reactions where Mg?* was present only with the nucleotide solution, the single exponential
decays gave apparent binding rates of 1.5 = 0.3 and 3.2 = 0.4 s~ for 10 and 20 pM O-TIBO,
respectively. In the reactions where Mg?*+ was present in all the reactant syringes, the apparent binding
rates were 0.7 + 0.1 and 1.0 = 0.1 s~ for 10 and 20 pM O-TIBO, respectively.

wM in the absence and 10.8 uM in the
presence of 10 mM Mg?*, respectively. We
observed similar results for the effect of
Mg?" on the equilibrium dissociation con-
stants for CI-TIBO and Nevirapine (Table
1). The fact that the E-DNA complex ap-
pears to have different affinities for the
nonnucleoside inhibitors in the absence
and presence of Mg?* implies that there
was an interaction between the Mg?* bind-
ing site and the inhibitor binding site.
Inhibitor binding rates. Our analysis re-
quires that the dissociation of inhibitor
from the E-DNA-I complex is slow relative
to the rate of polymerization. To test this
assumption, the binding rates of the three
nonnucleoside inhibitors were determined

Fig. 4. The dATP concentration dependence of
the nucleotide incorporation rate in the presence
of saturating amounts of CI-TIBO. (A) A solution of
RT (50 nM), [5’-32P]-labeled duplex DNA (53 nM)
and 50 uM CI-TIBO was incubated at 37°C for 15
minutes. The reaction was initiated by mixing
equal volumes of Mg-dATP and E:DNA-CI-TIBO
complex solutions, and was quenched manually
with 0.5 M EDTA, (pH 8.0). The concentrations
reported are those obtained after 1:1 mixing of the
enzyme solution with the nucleotide solution.
Each of the time courses was fit to a first-order
equation (solid lines). The single turnover rates
increased with increasing concentrations of
dATP. The dATP concentrations were 0.05 (4),
0.1 (W), 0.5 (), 5.0 (@), and 50.0 (O) M. (B) The
single incorporation rates (@), as a function of the
dATP concentration, were fit to a hyperbola (solid
line) that corresponds to an apparent K value of
0.13 + 0.02 uM and a maximum rate of incorpo-
ration of 0.0088 *= 0.0003 s~' (0.58 * 0.02
min~"). Identical results were obtained when diva-
lent magnesium was added to the buffer of the
E-DNA solution (O). In both cases the final concen-
tration of Mg?* was 10 mM.
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by means of a rapid quench-flow method
entailing three sequential mixing events
(27). First, a solution containing the
E-DNA complex was rapidly mixed with
the inhibitor and allowed to bind for a
specified time. Second, the next correct
nucleotide for incorporation, dATP, was
added to the E-DNA complex to allow po-
lymerization catalyzed by uninhibited en-
zyme. Third, the polymerization reaction
was stopped by mixing with EDTA after
200 ms, a time sufficient to complete one
enzyme turnover. In this experiment the
amount of product formed in 200 ms pro-
vided a direct measurement of the concen-
tration of uninhibited E‘DNA as a function
of time allowed for inhibitor binding.
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The decrease in product formed was fol-
lowed as a function of the time allowed for
reaction of O-TIBO with E-DNA (Fig. 3).
The data were normalized to the maximum
amount of turnover detected in 200 ms in
the absence of inhibitor (the zero time
point). Two O-TIBO concentrations (10
and 20 pM) were used, and each data set
was fit to a single exponential function. At
long incubation times (>3 s, in the case of
O-TIBO), the E-DNA and E-DNA-O-TIBO
complexes reached equilibrium, and the
end points obtained from these fits agree
with values calculated from the K, (Table
1) at these concentrations of O-TIBO.

The slow binding of O-TIBO to the
E‘DNA complex (Fig. 3) substantiates our
methods for determining both the K, and
the binding rate. Binding and dissociation
rate constants for formation of the E-DNA-I
complex were obtained by analysis of the
concentration dependence of the observed
rate of binding, where k ;. = k_[I] + k¢
Because large errors in the extrapolated in-
tercept did not allow an independent esti-
mate of kg, the binding rate was obtained
by fitting the data to the equation k. =
k. (Il] + K), so that k_ was constrained to
agree with both the K, value and the ob-
served binding rate (Table 1).

From the series of experiments with O-
TIBO in which Mg?* was added only to the
nucleotide solution, ko, was 1.2 X 10° M~!
s~ ! and k_¢ was 0.36 s~ 1. Prior incubation of
the metal ion with the enzyme-DNA solu-
tion decreased the rate of inhibitor binding
(k,, = 5.0 X 10* M7 s71) but did not
significantly affect its dissociation rate (kg
= 0.54 s71). The association and dissocia-
tion rates of CI-TIBO and Nevirapine were
determined in a similar manner and the
values are recorded in Table 1. Because the
inhibitors bind faster than the DNA dissoci-
ates from RT (0.2 s71), the inhibitors are
capable of binding to the EEDNA complex.

At concentrations of inhibitor sufficient
to eliminate the fast burst of polymeriza-
tion, there was only slight inhibition of the
slow, linear phase of polymerization (Fig.
2A). Measurements in the steady state
showed that the rate was only decreased
from a value of 0.26 s™! in the absence of
inhibitor to a value of 0.11 s™! at 20 pM
O-TIBO. Thus, even at saturating concen-
trations of inhibitor, a slow but significant
reaction continued. This continued polym-
erization reaction suggests that the E-DNA-I
complex is capable of binding dNTP and
catalyzing polymerization at a finite, but
slower rate. Analysis of the effect of increas-
ing inhibitor concentration on this slow po-
lymerization established that the observed
reaction was due to catalysis by the fully
inhibited enzyme and not due to the slow
release of inhibitor with subsequent catalysis
of the uninhibited enzyme.



Nucleotide binding to E-DNA-I. Single
turnover experiments were performed to ex-
amine the dATP concentration depen-
dence of the rate of the slow polymerization
reaction in the presence of saturating con-
centrations of inhibitor (28). The inhibitor
was added to the preformed E-DNA com-
plex, and this solution was then mixed with
an equal volume of a dATP solution to
initiate the polymerization; the complete
reaction mixture was then sampled at vari-
ous times and quenched. The rates of prod-
uct formation in the presence of >99 per-
cent saturation of CI-TIBO or Nevirapine
were slow enough to be measured by man-
ually quenching the reactions; however, the
“rapid quench” apparatus was needed in
experiments with O-TIBO because of the
faster polymerization rate catalyzed by the
enzyme inhibited by O-TIBO. The concen-
tration of 26-bp product was plotted as a
function of time of polymerization catalyzed
by RT that had been incubated with 50 uM
CI-TIBO before the addition of JATP (Fig.
4A). Equilibrium between the inhibitor and
the E'DNA complex was established in
these solutions before the mixing with nu-
cleotide, and nearly all (99.6 percent) of
the E-DNA sites were bound by the inhib-
itor at the concentrations of RT and Cl-
TIBO that were used. Each time course was
fit to a single exponential to obtain the rate
of reaction at each dATP concentration. A
plot of incorporation rate as a function of
dATP concentration (Fig. 4B) was fit to a
hyperbola, which gave a maximum rate of
dATP incorporation of 0.0088 s~! (0.53
min~!) and an apparent K for dATP bind-
ing of 0.13 pM. This result was surprising,
and it suggested that the binding of dATP
to E'DNA was 40 times tighter when the
inhibitor was present compared to a K of 5
puM for dATP in the absence of inhibitor
(16). We can now understand this result in
terms of the two-step nucleotide binding, as
shown below.

Identical results were obtained when
Mg?* was added to the buffers of both the
E'DNA and nucleotide solutions before
they were mixed to initiate the reaction
(Fig. 4B). This observation was expected
because on this slow time scale the metal
ion equilibrated with the EE-DNA-I complex
even when the ion was added only to the
nucleotide solution. For Nevirapine, there
was no significant reduction in rate when
the nucleotide concentrations were lowered
within the range of concentrations that
could be used relative to the enzyme con-
centration. Because of the limitations of the
minimal protein and DNA concentrations
necessary to perform the experiment, the
apparent K; of dATP in the presence of
saturating Nevirapine is reported as an up-
per limit (Table 1).

If the observed slow reaction was due to

1 2
dATP (rate limiting)
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EDNA > EDNAGATP ——  EDNASATP ~—— E*Dj,1)*PPi <= E+ Diyqy+ PP;
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dATP
EeDNAT =™ E*DNA-I-GATP
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catalysis by the fully inhibited complex
(E-DNAI) then the low K, for dATP was
simply due to the tighter binding of the
nucleotide in the presence of inhibitor. Al-
ternatively, the observed tighter binding
could be explained by a model invoking
dissociation of the inhibitor from the en-
zyme at a slow rate followed by fast dJATP
binding and catalysis from the free EEDNA
complex. According to this model, the rate
of turnover would be limited by the rate of
inhibitor release and the apparent K, for
dATP would be a function of the kinetic
partitioning of free E'DNA between dATP
binding and inhibitor rebinding. The appar-
ent K, for dATP should then be a function
of inhibitor concentration, at concentra-
tions above those required to saturate the
enzyme sites with inhibitor (29). Several
experiments were performed to determine
whether the apparent K for dJATP or the
maximum rate of nucleotide incorporation
changed with inhibitor concentration.
When the E-DNA complex was >99 per-
cent saturated with O-TIBO, the maximum
rate of incorporation and apparent K, were
0.14 s7! and 0.16 pM, respectively (Table
1). At lower concentrations of O-TIBO, the
data were fit to a first-order rate plus an
initial offset, which we attribute to the rapid
burst of reaction catalyzed by the fraction of
E‘DNA complex not bound to inhibitor.
The maximum rates of single turnover and
the apparent K, in the presence of 15 pM
O-TIBO (about 82 percent saturation) and
40 pM O-TIBO (about 93 percent satura-
tion) were both similar to those obtained
when E‘DNA was >99 percent saturated.
The fact that the apparent K, did not
change with varying O-TIBO concentration
implies that the observed slow phase of re-
action is due to catalysis by the E-DNA:I
complex, and not to catalysis by E-DNA
after slow release of inhibitor. Accordingly,
the tight dATP binding must be a function
of the interaction of the nucleotide with the
E-DNA-I complex. This tight binding can be
understood on the basis of the two-step nu-
cleotide binding sequence provided that the
inhibitors act by slowing the rate of the
chemical reaction.

Mechanism of inhibition. Previous re-
ports regarding the mechanism of action of
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Scheme 1

these inhibitors have suggested that the
inhibitors act noncompetitively with re-
spect to the incoming nucleotide, which
might result from inhibition of the confor-
mational change required for catalysis, from
inhibition of the chemical reaction per se,
from inhibition of product release, or as a

~ result of a change in the rate-limiting step

during steady-state catalysis. Pre-steady-
state studies of DNA polymerization cata-
lyzed by RT, in the presence of nonnucleo-
side inhibitors, now lead to the conclusion
that these inhibitors act by slowing the rate
of the chemical reaction catalyzed by RT
(Scheme 1). The slow chemical reaction
allows the two-step binding of ANTP to
come to equilibrium leading to tighter bind-
ing of the nucleotide.

Qur results quantify the tight binding of
Nevirapine, O-TIBO, and CI-TIBO, to the
E‘DNA complex. The observed reduction
in burst amplitude when the inhibitor was
first incubated with the E'DNA complex
permitted a direct determination of the
amount of uninhibited E‘DNA available for
fast incorporation. The inhibitor dissocia-
tion constants were measured with the use
of a model dependent on the slow equili-
bration of the inhibitor with the E-DNA
complex, and this model was supported by
direct measurements of the binding rates.
Under the conditions of our assays, the
inhibitor binding rates to the E:-DNA com-
plex were approximately two orders of mag-
nitude slower than the rate of binding of
correct nucleotide. These slow binding
characteristics have also been described for
a pyridinone nonnucleoside inhibitor (23)
and, in previous studies, the slow binding
rate has been attributed to competition of
CL-TIBO with the primer-template for
binding RT, suggesting that efficient bind-
ing of inhibitor requires DNA release (30).
As with many “slow” binding inhibitors,
the second-order rate constant for inhibitor
binding is not what governs the observed
slow binding. Rather, it is the slow dissoci-
ation rate that leads to slow binding kinet-
ics at concentrations of inhibitor sufficient
to saturate the equilibrium binding. More-
over, analysis of inhibitor binding kinetics
(Fig. 3) demonstrates that at high concen-
trations the inhibitors bind at rates faster
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than the slow DNA release from RT (0.2
s~ 1). Therefore, in contrast to previous con-
clusions, DNA release is not required for
inhibitor binding to the enzyme.

The presence of magnesium ions bound
to the E'DNA complex weakens the bind-
ing of the nonnucleoside inhibitors. Al-
though a crystal structure of RT has not
been solved in which a metal ion or ions are
ligated to residues in the proposed polym-
erase active site, we should consider the role
and locations of these ions during catalysis.
Three aspartic acid residues in a highly
conserved region for polymerases (31) have
been proposed to participate in catalytic
activity (32). At least two Mg?* ions may
be assisting with polymerization by ligating
to the carboxyl groups of these aspartic
acids (26). Nevirapine binds near the B
turn containing Asp'® and Asp'® (11).
TIBO competition studies and inference
from cross-resistant RT mutants suggest
that the TIBO derivatives bind to RT in
the same region as Nevirapine.

As a result of incubation of the E-DNA:I
complex with Mg?*, the K, values for O-
TIBO and CI-TIBO were 3.5 and 6 times
higher, respectively. Although we did not
observe a significant effect of Mg?* on the
K, for Nevirapine, it is possible that the
extremely low K, value for Nevirapine
binding made it difficult to measure accu-
rately a significant change in the K, when
the E'DNA complex was incubated with
Mg?™. Alternatively, it is possible that the
TIBO class of inhibitors contain a distinct
functional group that is hindered upon
binding to MgE-DNA relative to free
E'‘DNA. Prior incubation of Mg?* with
E'DNA caused a decrease (two to three
times lower) in the rates of binding of the
three inhibitors (Table 1). It is possible that
carboxyl groups sitting above the binding
pocket ligated to Mg?™ ion or ions impede
the incoming route for the inhibitor to bind
RT, and that once the inhibitor is bound
only the affinity to the enzyme itself dic-
tates the dissociation rate.

Our results provide direct evidence for
communication between the inhibitor site
and the catalytic site. Because Mg?* affects
the K values of the inhibitors, it is plausi-
ble that binding of inhibitor alters the po-
sitions of the carboxyl ligands so as to sig-
nificantly slow the rate of the Mg?*-depen-
dent chemical reaction. On the basis of the
crystal structure of Nevirapine-bound RT
(11), the inhibitor was described as being
“adjacent to but not overlapping the pro-
posed polymerization active site”. We have
shown that when nonnucleoside inhibitor
is bound RT still carries out catalysis, albeit,
at a slow rate (Fig. 4A).

The parameters summarized in Table 1
can be understood by considering scheme
1, where the inhibitors act by slowing the
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rate of the chemical reaction in the
E-DNA-I-dATP complex. The apparent
tight binding of dATP to form this com-
plex, with a K, value of about 130 nM, was
unexpected. This value implies that nucle-
otide binding is 40 times tighter than that
of the ground-state K, of 5 WM measured in
a single turnover experiment in the absence
of inhibitor (16). These results can be an-
alyzed in terms of the two-step nucleotide
binding mechanism. In the absence of in-
hibitor, the correct AINTP binds initially in
the ground state, with a K, of approximate-
ly 5 WM. This ground-state binding is fol-
lowed by a rate-limiting conformational
change that is then followed by the chem-
ical reaction. We have recently measured
the equilibrium constant for the two-step
nucleotide binding (33). If the chemical
reaction is prevented, the dissociation con-
stant for the two-step nucleotide binding is
approximately 20 nM, indicating a dimen-
sionless equilibrium constant of 280 for the
conformational change. Because the con-
formational change is rate-limiting in the
absence of inhibitor, the single turnover
experiments provide a measurement of the
K of only the ground-state collision com-
plex (Scheme 1, step 1). However, if the
chemical reaction is rate-limiting in the
presence of inhibitor, the single turnover
experiments examining the dATP concen-
tration dependence of the incorporation
rates provide a measure of the overall K,
including both steps which equilibrate on
the time scale leading up to the rate-limiting
step of the reaction. Thus, the observed K|
of 130 nM seen in the presence of the
nonnucleoside inhibitor should be com-
pared to the overall K, of 20 nM, an indi-
cation that the binding of dATP is six times
weaker. Accordingly, the inhibitors do not
significantly alter the equilibrium constants
for nucleotide binding. Fluorescence titra-
tions to determine directly the K for nucle-
otide binding to the E-DNA complex in the
presence of saturating amounts of inhibitor
(33) gave values of the apparent K similar
to our results, further supporting our model
of slow catalysis by the inhibited enzyme.

Taken together, the observed tight bind-
ing of dATP, along with the lack of any
effect of inhibitor concentration on the rate
of turnover and the apparent K, for dATP,
supports the conclusion that the non-
nucleoside inhibitors slow the rate of the
chemical reaction, but do not significantly
alter the rate or equilibrium constant for
the conformational change. Although the
rate of the conformational change could be
slowed somewhat, it is not rate-limiting in
the presence of inhibitor.

We propose that when these nonnucleo-
side inhibitors bind to the E-DNA complex,
the chemical step for incorporation of cor-
rect nucleotide becomes the rate-limiting
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step of the pathway, rather than the con-
formational change that determines the fast
rate of incorporation for the uninhibited
enzyme. Scheme 1 demonstrates the com-
plete mechanism of RT in the presence of
these nonnucleoside inhibitors. The results
obtained with Mg?* bound to E-DNA be-
fore the addition of the substrate allow us to
consider the communication between the
catalytic active site and the inhibitor bind-
ing pocket. We have shown that there is a
measurable interaction between the non-
nucleoside inhibitors and the catalytically
required Mg?* whereby the affinity of the
inhibitor for the E:-DNA complex is reduced
in the presence of the metal ion. Another
consequence of this interaction can be re-
alized in the slow catalytic rate of EDNA-I.
The likelihood that Mg?* ions ligate to the
carboxyl groups of the conserved aspartic

_acid residues, and the fact that Nevirapine

(and presumably TIBO) binds near these
residues, suggest that the E-DNA-I complex
permits the two-step binding of nucleotide
where the Mg?* ions are not in proper
alignment with the carboxyl groups for ef-
ficient catalysis. Binding of the nucleotide
to the E'DNA:-I complex, although tight, is
not utilized efficiently to promote catalysis.

We have established the mechanism of
inhibition of RT by the three nonnucleo-
side inhibitors. Although the long-term in-
hibition of RT is limited by the high fre-
quency of mutations of the enzyme, this
detailed understanding of the action taken
by RT when presented with these inhibitors
should assist in the search for effective drugs
to attenuate the AIDS virus. In particular,
the interaction between the nucleotide
binding site and the nonnucleoside inhibi-
tor site may provide a means to increase the
effectiveness of drugs used in combination
therapy. A single drug combining the func-
tionalities of a nucleotide analog and a
nonnucleoside inhibitor would bind much
more tightly because of the cooperative in-
teractions between the sites.
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