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ABSTRACT: The binding of substrates to recombinant reverse transcriptase from human immunodeficiency
virus (HIV) and the natural enzyme from avian myeloblastosis virus (AMYV) has been examined by analyzing
both the ribonuclease H and the RNA-dependent DNA polymerase activities. With 3’-end-labeled globin
mRNA hybridized to (dT),s as the substrate in the ribonuclease H reaction, the enzymes partially dead-
enylated the mRNA in a distributive manner. Under these conditions, there was a rapid initial burst followed
by a prolonged, but much slower, steady-state rate. The biphasic reaction made possible determinations
of kinetic constants as follows: values for K,,, Kp, and k., were, respectively, 27 nM, 11 nM, and 5 X 1073
s”! for the HIV enzyme and 30 nM, 9 nM, and 5 X 1073 s71, respectively, for the avian enzyme. These
constants were used to derive other parameters: The rate of association of the template-primer with reverse
transcriptase was ~2 X 10° M~' s7!, and the rate of dissociation was ~2 X 1073 57!, regardless of the source
of the enzyme. The rate of release of the product was essentially equivalent to the value of k,, indicated
above for each of the enzymes. The polymerase reaction was evaluated under processive conditions of
synthesis; values of K, and k,, of ~6 nM and ~2.5 s7!, respectively, for the human enzyme, and ~10
nM and ~2 571, respectively, for the avian enzyme were observed. The interaction of substrates with HIV
reverse transcriptase was characterized further with the aid of ribonucleoside-vanadyl complexes. These
complexes inhibited the polymerase and ribonuclease H activities of the enzyme competitively with respect
to globin mRNA-(dT),s. Values of K ranging from 1 to 3 mM were obtained. With respect to deoxy-
ribonucleoside triphosphate substrates in the polymerase reaction, mixed inhibition was observed. Deox-
yribonucleoside triphosphates had no effect on kinetic parameters governing the ribonuclease H activity
of the HIV enzyme but apparently facilitated the formation of active enzyme. These data fit a model in
which one template-primer binding site serves both the polymerase and the ribonuclease H catalytic sites.

Reverse transcriptase is a key constituent in the life cycle
of retroviruses. The enzyme catalyzes three reactions all of
which are essential for viral replication: polymerization of a
DNA strand complementary to viral genomic RNA templates;
hydrolysis of the RNA strand of the DNA-RNA hybrid; and
synthesis of the second DNA strand (Varmus & Swanstrom,
1982). The first and last of these activities are usually grouped
together as the polymerase function of reverse transcriptase;
the second activity is known as the associated ribonuclease H
(RNase H). The polymerization and hydrolytic functions are
interdependent. For example, first or (-) strand synthesis is
primed by a specific tRNA (Verma et al.,, 1972; Taylor &
Illmensee, 1975; Staskus et al., 1976) which is later removed
by RNase H (Omer & Faras, 1982), while second or (+)
strand DNA synthesis commences only after the RNase H
activity has exposed (=) strand DNA for use as a template and
generated the correct RNA primer (Champoux et al., 1984;
Finston & Champoux, 1984; Resnick et al., 1984; Smith et
al., 1984a,b). The polymerase has been the object of several
mechanistic studies (Majumdar et al., 1988, 1989; Huber et
al., 1989; Bebenek et al., 1989; Kedar et al., 1990; Mendelman
et al., 1990; Reardon & Miller, 1990) and the target of nu-
merous drug development projects aimed at finding a remedy
for acquired immune deficiency disease (AIDS) (Mitsuya &
Broder, 1987; Yarchoan et al., 1989; Take et al., 1989; White
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et al., 1989; Goldman et al., 1990; Nakane & Ono, 1990; Ono
et al., 1990). In contrast, many aspects of RNase H catalysis
remain to be explored and exploited.

An RNase H cleaves phosphodiester bonds in the RNA
moiety of a DNA-RNA hybrid. RNase H activities associated
with reverse transcriptases are endonucleases (Krug & Berger,
1989; Oyama et al., 1989); the products are oligoribo-
nucleotides of varying sizes (Gerard, 1981; Starnes & Cheng,
1989), with 5’-phosphoryl and 3’-hydroxyl termini (Baltimore
& Smoler, 1972; Keller & Crouch, 1972; Berkower et al.,
1973). The enzymatic reaction is believed to be processive
(Leis et al., 1973; Gerard, 1981; Hansen et al., 1988) because
the rate of hydrolysis of labeled DNA:RNA hybrids was
virtually unaffected by the subsequent addition of a large
quantity of unlabeled hybrid. Although these data clearly
indicate that multiple cleavage events occurred on a given
substrate before the enzyme dissociated and initiated hydrolysis
on a new molecule, the data do not provide firm evidence that
the enzyme proceeds vectorially in either direction. However,
directionality can be imposed on the system by using con-
comitant polymerization of deoxyribonucleoside triphosphates
(dNTPs) to generate the DNA moiety of the hybrid substrate
(Varmus & Swanstrom, 1982; Oyama et al., 1989; Schatz et
al., 1990). Indeed, models in which there is a tight coupling
between polymerization and hydrolysis of RNA have been
proposed (Levin et al., 1988; Oyama et al., 1989; Schatz et
al., 1990).

The presence of the RNase H and polymerase activities on
the same polypeptide, as in Moloney murine leukemia virus
(MMLYV) (Grandgenett et al., 1972; Gerard & Grandgenett,
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1975), or in the same heterodimer, as in avian myeloblastosis
virus (AMV) (Moelling et al., 1971) or human immunode-
ficiency virus (HTV) (Hansen et al., 1987), raised questions
about the relationship between the two functions. Alignment
of protein sequences from several reverse transcriptases with
other DNA polymerases and with the ribonuclease H from
Escherichia coli favored assigning the polymerase catalytic
site of HIV reverse transcriptase to the amino-terminal two-
thirds of the molecule and the RNase H catalytic site to the
carboxyl-terminal region of the larger subunit (Johnson et al.,
1986; Doolittle et al., 1989; Poch et al., 1989). Other reverse
transcriptases appeared to be organized similarly on the basis
of experiments involving linker insertion mutagenesis (Tanese
& Goff, 1988; Hizi et al., 1989a,b; Prasad & Goff, 1989),
point mutagenesis (Larder et al., 1987; Repaske et al., 1989;
Schatz et al., 1989; Basu et al., 1990), deletion mutagenesis
(Kotewicz et al., 1988; Levin et al., 1988; Prasad & Goff,
1989), and partial proteolytic cleavage (Lai & Verma, 1978;
Hansen et al., 1988). However, attempts to define the region
to which the template-primer binds by analyzing mutants
(Kotewicz et al., 1988; Levin et al., 1988; Tanese & Goff,
1988; Hizi et al., 1989a,b; Repaske et al., 1989; Schatz et al.,
1989; Basu et al., 1990; Mendelman et al., 1990), or evaluating
chimeric reverse transcriptases (Hizi et al., 1989b), failed to
distinguish between the two activities.

In this paper, we report binding constants and kinetic
constants that describe the inteaction of the template-primer
with HIV reverse transcriptase and, in more limited studies,
the enzyme from AMV. We have also studied the effect of
ribonucleoside-vanadyl complexes as inhibitors in both the
polymerase and the RNase H reactions. Regardless of whether
the RNase H activity or the RNA-dependent DNA polym-
erase activity was under scrutiny, the constants that charac-
terize the binding of DNA-RNA hybrids or the inhibition with
vanadyl complexes were essentially the same. Our results
suggest that the two physically separable catalytic functions
share a common template-primer binding site.

MATERIALS AND METHODS

Materials. The sources of enzymes and nucleic acids were
as follows: HIV reverse transcriptase, a generous gift from
Dr. Samuel Wilson, National Cancer Institute; AMYV reverse
transcriptase, Molecular Genetic Resources (Tampa, FL); E.
coli RNase H, poly(A) polymerase, T4 polynucleotide kinase,
T4 RNA ligase, and rabbit globin mRNA containing ~25%
ribosomal RNA on a molar basis, BRL (Life Technologies,
Inc.); (dT),s, Boehringer Mannheim; nucleosides and nu-
cleoside triphosphates, Sigma; [a-32P]ATP (3000 Ci/mmol)
and [a-*2P]dCTP (800 Ci/mmol), Amersham; and [5’-3?P]-
cytidine 3’,5’-bisphosphate (3000 Ci/mmol), New England
Nuclear. Drop dialysis was carried out with 13-mm type VM
filters with a pore size of 0.05 um (Millipore), whereas 2.4-cm
GF/C glass fiber filters (Whatman) were used for collecting
trichloroacetic acid precipitable radioactivity in several types
of samples. Columns containing Sephadex G-50 (Pharmacia)
for removal of unincorporated nucleoside triphosphates or pCp
from macromolecules by spin chromatography were purchased
from 5 Prime — 3 Prime, Inc. (West Chester, PA).

Preparation of 3"-End-Labeled Globin mRNA. Globin
mRNA with an average of one to two [*?P]adenylate residues
at the 3’ end was prepared in a volume of 100 gL of a buffer
composed of 50 mM Tris-HCl at pH 8.0, 10 mM MgCl,, 2.5
mM MnCl,, 250 mM NaCl, 1 mM EDTA, and 1 mM di-
thiothreitol, by incubating 0.25 uM globin mRNA with 1 uM
[a-32P]ATP (300 xCi) and 10 units of E. coli poly(A) po-
lymerase at 37 °C for 15 min. Reactions were stopped by the
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addition of 5 uL of 10% sodium dodecyl sulfate (SDS) and
5 uL of proteinase K at 2 mg/mL and incubating the reactions
at 37 °C for an additional 15 min. The labeled mRNA was
purified by adding 100 uL of water and extracting the sample
twice with an equal volume of phenol/chloroform/isoamyl
alcohol (25/24/1) and once with an equal volume of chloro-
form and drop-dialyzing the aqueous phase against water to
remove buffer, unincorporated ATP, and other contaminants
(Wallace, 1987a,b).

Globin mRNA was also end-labeled with pCp. The reaction
was carried out for 2 h at 16 °C by mixing 50 uM ATP, 625
nM globin mRNA, and 825 nM cytidine [5'-32P]bisphosphate
with 0.4 ug/mL T4 RNA ligase (~10 uM) in 100 uL of
buffer composed of 50 mM HEPES-KOH at pH 8.3, 10 mM
MgCl,, 5 mM dithiothreitol, and 0.1 mM EDTA. The re-
action was terminated by inactivating the enzyme at 65 °C
for 2 min. Unincorporated pCp and buffer were removed by
G-50 Sephadex spin column chromatography. Yields of la-
beled mRNA were >95%.

Polymerase Assays. The polymerase activity of reverse
transcriptases was measured with the stated concentrations
of enzyme, globin mRNA, and [3?P]dNTPs in the presence
of 2 uM (dT),;s at 37 °C either in buffer for the HIV enzyme
(50 mM Tris-HCI at pH 8.0, 5 mM MgCl,, 75 mM KC], 0.1
mM EDTA, and 2.5 mM dithiothreitol) or in buffer for the
AMYV enzyme (50 mM Tris-HCl at pH 8.3, 10 mM MgCl,,
50 mM NaCl, 0.1 mM EDTA, and 1 mM dithiothreitol).
Aliquots were withdrawn at 1-min intervals and spotted onto
glass fiber filters. Samples on filters were assayed for ra-
dioactivity either with a BioScan/QC 2000 counter or by
measuring Cerenkov radiation in a Packard scintillation
counter; they were subsequently washed with 5% trichloro-
acetic acid containing 20 mM sodium pyrophosphate and
assayed again for radioactivity (Berger, 1987). Initial rates
of incorporation of labeled precursors into DNA were deter-
mined from linear curves; the rates were proportional to the
enzyme concentration. Data points represent the average of
at least two independent determinations of the rate of the
reaction. In all cases, stocks of deoxyribonucleoside tri-
phosphates were prepared by adding an equimolar amount of
MgCl, in order to compensate for binding of Mg?* by dNTPs.

Ribonuclease H Assays. Measurements of the RNase H
activity of reverse transcriptases were carried out at the same
temperature and in the same buffers specified above for the
polymerase assays essentially as described by Berger et al.
(1983). E. coli RNase H was assayed similarly in a buffer
composed of 50 mM Tris-HCI at pH 8.0, 10 mM MgCl,, 50
mM KCI, 0. mM EDTA, and 1 mM dithiothreitol. Briefly,
reactions were initiated by adding prewarmed end-labeled
globin mRNA at the stated concentration in the appropriate
buffer to a prewarmed solution containing the stated con-
centration of enzyme mixed with 2 uM (dT),s primer, also
in buffer. Labeled globin mRNA solutions with (6-10) X 10°
dpm (5-10 uCi/pmol) were brought to the stated concentra-
tion by the addition of unlabeled globin mRNA. Initial rates
were determined by withdrawing four to eight aliquots during
the indicated interval and determining acid-precipitable ra-
dioactivity remaining as described above for polymerization
assays. Rates were linear and proportional to the enzyme
concentration. Data points represent the average of at least
two independent measurements of the rate of the reaction.

It should be pointed out that assays performed with
mRNA[3?P]pA contain labeled rRNA as a contaminant.
These nonpolyadenylated, but labeled molecules cannot bind
(dT),s and are, therefore, not substrates for hydrolysis cata-
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lyzed by RNase H (Krug & Berger, 1987). Thus, at com-
pletion of the reaction, ~25% of the acid-precipitable radio-
activity persists, reflecting ~25% rRNA in the preparations.
All rate calculations were corrected accordingly. These con-
siderations do not pertain to mRNA[32P]pCp because RNA
ligase, the enzyme responsible for forming the adduct, exhibits
a marked preference for labeling terminal poly(A) (England
et al., 1980).

Preparation of Ribonucleoside—Vanadyl Complexes. Va-
nadyl complexes were synthesized as 200 mM stock solutions
with the excepiion of those formed from guanosine and its
derivatives; because of limited solubility, guanosine derivatives
were prepared at 50 mM. In most cases, formation of a
complex could be inferred from a change in color from
gray-black to olive green, as the pH approached neutrality.
When phosphorylated compounds were used as the starting
materials, the final color was closer to blue-green. In all cases,
the complexes were obtained by mixing equimolar amounts
of vanadyl sulfate and the nucleosides or nucleoside derivatives
and heating and titrating the solution as described for the
preparation of vanadyl complexes with ribonucleosides (Berger
& Birkenmeier, 1979). The standard equimolar mixture of
all four ribonucleoside-vanadyl complexes was synthesized by
mixing the four ribonucleosides with vanadyl sulfate before
initiating complex formation. Where indicated, mixtures of
vanadyl complexes were obtained by synthesizing individual
complexes and subsequently combining them.

Curve Fitting. Binding data were fitted to rectangular
hyperbolic saturation curves by nonlinear least-squares tech-
niques with the aid of the computer program originally written
by Yamaoka et al. (1981). Scatchard analyses were carried
out by obtaining best-fit lines.

Wherever possible, kinetic data were analyzed by iterative
nonlinear least-squares fitting of initial velocity against sub-
strate concentration. In a few cases, data were not sufficient
to permit hyperbolic fitting, but the qualitative results were,
nevertheless, clear. With three exceptions in Figure 3, all of
the curves in the kinetic analysis were drawn according to the
parameters provided by the nonlinear least-squares approach.

RESULTS

Scheme for Analysis of the Kinetics of RNase H Activity.
Previous studies of the RNase H activity of reverse tran-
scriptases were undertaken with large substrates, usually ra-
dioactive poly(A) hybridized to oligo(dT) or related hetero-
duplexes, which must be cleaved many times to produce the
acid-soluble fragments used as a measure of catalysis (Leis
et al., 1973; Gerard, 1981; Grandgenett et al., 1985; Hansen
et al., 1988). To dissect this complex reaction, we devised a
simpler assay. Globin mRNA was 3’-end-labeled by the ad-
dition of one to two [*2P]adenylate residues and hybridized
to (dT),s; upon incubation with RNase H, the poly(A) tail
of the mRNA, after only one scission, is released as a radio-
active, acid-soluble fragment. Thus, the loss of acid-precip-
itable material serves as an assay, as before, but because each
substrate molecule has only an end-label, the enzyme must
dissociate from the products of the first round of catalysis and
reassociate with new labeled substrates before a second rec-
ognizable series of catalytic events can occur. In short, only
one cleavage per poly(A) tail is counted even if more were to
occur. The reaction is shown in Scheme I where E is the free
enzyme, S the RNA:DNA hybrid substrate composed of
globin mRNA[*P]pA-+(dT),s, ES the enzyme—substrate com-
plex, EP the enzyme-product complex in which a partially
deadenylated mRNA is still bound to DNA, and P the dis-
sociated RNA:DNA products. Two steps are diagrammed as
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FIGURE 1: Time course of hydrolysis of 3’-end-labeled globin mRNA
hybridized to (dT),5 by HIV reverse transcriptase. Duplicate 20-uL.
incubation mixtures containing 1.6 ug/mL HIV reverse transcriptase
(a preparation containing a 4/1 mixture of p66/p51 subunits) and
10 nM globin mRNA (600000 dpm) were incubated for the stated
time as described under Materials and Methods. All components were
at 37 °C before initiation of the reaction. Aliquots of 1 uL were
withdrawn for assay of acid-insoluble radioactivity. Each point
represents the results from duplicate samples. The slower, steady-state
rate has been extrapolated to the ordinate to indicate the amount of
substrate consumed in the burst.

irreversible: the step described by k, is a hydrolytic reaction
which is thermodynamically unfavorable in the reverse di-
rection, and that governed by k; is made irreversible by
studying initial rates. It should be clear that the enzyme is
behaving distributively with this substrate. If the RNase H
were to cleave the poly(A) tail more than once, the additional
cuts would not cause an increase in acid-soluble radioactivity
and would, therefore, remain undetected. However, such
limited processivity is of minor consequence because the
poly(A) tails of globin mRNA are short (~20 residues), and,
as we will show below, the rate-limiting step is the dissociation
of the enzyme from the products. Thus, several cleavages per
RNA molecule will have no effect on the reaction rate in this
particular assay.

Scheme
k, k ky
E+S—’<k_ES—'EP—'E+P (1)
-1

It is also necessary to consider the fate of the released,
labeled oligo(A) fragment. The remnant of the poly(A) tail
is measured as acid-soluble regardless of whether or not it
remains bound to the primer. Because there is excess oligo(dT)
in the reaction, rates of hydrolysis are unaffected.

Time Course of the Hydrolysis of Hybridized Globin
mRNA by HIV Reverse Transcriptase. The kinetics of
deadenylation of 3’-end-labeled mRNA hybridized to oligo-
thymidylate are shown in Figure 1. The reaction was biphasic;
a phase in which products were formed very rapidly was
followed by a much slower steady-state rate. Since RNA is
hydrolyzed during the rapid phase, i.e., the burst, k, and k,
must be much larger than k;. Under these conditions, the
steady-state rate is governed by k; which, in turn, is equivalent
to ke, The data suggest that the regeneration of free enzyme
is rate-limiting. Figure 1 also displays the intersection on the
ordinate of the curve representing the steady-state rate, after
extrapolation to zero time. Because each active site turns over
only once during the burst at saturating substrate concen-
tration, the intercept on the ordinate, in units of cleaved
substrate molecules, is equal to the number of active sites in
the enzyme preparation. With one active site for RNase H
per native reverse transcriptase molecule, the intercept is a
direct measure of the number of active enzyme molecules in
the preparation. This value is particularly instructive when
recombinant enzymes are examined.
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FIGURE 2: Analysis of the burst: The time course of hydrolysis of
the stated concentration of 3’-end-labeled globin mRNA-(dT),s by
the RNase H activity of 1.6 ug/mL HIV reverse transcriptase (@)
or 160 units/mL AMYV reverse transcriptase (W) was determined in
duplicate 10-uL volumes as described in Figure 1 in order to ascertain
the size of the burst. Burst size was also measured with globin
mRNA[*?P]pCp in the presence of 100 uM each dNTP and 0.45
ug/mL HIV reverse transcriptase (O) using a preparation consisting
solely of p66 subunits. In both cases, enzymatic rates of hydrolysis
were determined by withdrawing 1.5-uL aliquots. The curves are
theoretical extrapolations based on the values of Kp and the active-site
concentrations obtained with the Scatchard method of analysis.

In vivo, the HIV enzyme is composed of two subunits, p66
and p51 (di Marzo Veronese et at., 1986). The p51 subunit
is derived from p66 by removal of a 15-kDa fragment con-
taining the catalytic domain for RNase H (Farmerie et al.,
1987; Lowe et al., 1988; Mous et al., 1988; Miiller et al., 1989).
Thus, the heterodimer retains one RNase H catalytic site. In
vivo, proteolysis of p66 is highly specific, whereas in vitro, the
recombinant p51 subunit may not be identical to the native
p51 subunit because an E. coli protease substitutes for the
enzyme encoded in the HIV genome (Miiller et al., 1989).
Furthermore, preparations of recombinant reverse transcriptase
used in this study invariably contained homodimers of p66.
Because the recombinant homodimer has been shown to be
indistinguishable from the native heterodimer in kinetic studies
of the polymerase activity (Majumdar et al., 1989; Kedar et
al., 1990), the assumption has been made that, regardless of
the subunit structure of the enzyme, there is only one func-
tional RNase H domain. This idea, supported by recent
crystallographic data (Davies et al., 1991), appears to be borne
out by the data presented below.

In Figure 1, the globin mRNA concentration was not sat-
urating, and the burst size was less than the amount of active
enzyme. Nevertheless, the burst is most readily visualized
under conditions of limiting substrate, circumstances which
maximize the percent change in labeled mRNA remaining
rather than the total consumed during the burst. The size of
the burst was evaluated as a function of the substrate con-
centration in the presence of a fixed amount of reverse tran-
scriptase by extrapolating steady-state rates to zero time (see
Figure 1). The experiment was performed with both the HIV
reverse transcriptase and the enzyme from AMV (Figure 2).
It is apparent that the size of the burst increases with in-
creasing amounts of substrate until a limit imposed by the
number of active sites in the preparation is achieved. The size
of the burst, evidently, does not exceed the amount of enzyme.
These relationships are made clearer by analyzing the same
data using the Scatchard method. The amount of DNA-RNA
hybrid bound to the enzyme is set equal to the size of the burst,
and the free substrate concentration is calculated by sub-
tracting the amount bound from the total. Then, by plotting
bound/free on the ordinate against bound on the abscissa, one
obtains a straight line with a slope equal to —1/Kp and an
intercept on the abscissa, n, equal to the concentration of active
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sites in the assay. From these values, one can infer that the
amount of AMV RNase H activity is ~75% (n = 5.5 £ 0.2
nM) of that predicted from the number of units used (160
units/mL), the molecular weight, and the highest specific
activity reported by the manufacturer, among many prepa-
rations; Kp is 9 £ 1 nM.

The analysis of the HIV enzyme was undertaken in greater
detail, i.e., in the presence and absence of ANTPs for polym-
erization. Because RNase H activity and polymerase activity
in vivo are interdependent and chronologically overlapping,
the effect of concomitant polymerization on the burst was
examined. However, in order to obtain meaningful data, globin
mRNA was 3’-end-labeled with pCp, rather than with ATP,
to prevent poly(A) tails released as acid-soluble fragments from
priming synthesis of DNA either on mRNA or on oligo(dT)
templates. The 3’-terminal phosphate on RNA blocked the
extension of the poly(A) tails and thereby prevented fragments
which were initially acid-soluble from regaining acid-precip-
itability (Berger et al., 1983; Krug & Berger, 1989). That
mRNA [3?P]pCp is identical to mRNA[*?P]pA with respect
to hydrolysis of RNA by RNase H has already been demon-
strated (Krug & Berger, 1989).

Regardless of whether or not concomitant polymerization
in the presence of all four deoxyribonucleoside triphosphates
occurred, the hydrolysis of RNA by the RNase H of the HIV
enzyme displayed an initial burst (Figure 2), with the same
value of Kp (14 £ 3 nM in the presence of ANTPs compared
to 11 £ 3 nM in their absence). However, the number of
active sites in the preparation was dramatically changed; when
dNTPs were present, the number of active sites (n = 2.9 +
0.2 nM) was nearly equal to the value of the dimer concen-
tration calculated from the molecular weight and the known
amount of enzyme (0.45 ug/mL). In the absence of dNTPs
(n=1.5=%0.1 nM for 1.6 ug/mL enzyme), only one-sixth
of the preparation seemed to be functional. These results
suggest that dNTPs do not affect the binding of substrate to
functional enzyme but do affect the ability of the enzyme to
assume an active conformation for catalysis, perhaps by pro-
moting dimerization. In this connection, it is interesting that
high concentrations of ammonium phosphate are believed to
stabilize the polymerase activity of HIV reverse transcriptase
by facilitating formation of p66 dimers (Rowley et al., 1990)
and that dNTPs may be responsible for the observation that
p66 homodimers (which readily dissociate) and p66-p51
heterodimers (which appear to be stable) (Restle et al., 1990)
are indistinguishable in the polymerization reaction. The
results are also compatible with the view that one RNase H
site per dimer is functional regardless of the subunit compo-
sition of the enzyme.

Steady-State Kinetics of RNA Hydrolysis and DNA Po-
lymerization. Steady-state reactions were evaluated by
measuring initial rates at a fixed concentration of enzyme in
the presence of varying globin mRNA-oligo(dT) concentra-
tions. Kinetic constants were obtained with the aid of dou-
ble-reciprocal plots (1/v against 1/S) in which the intercept
on the ordinate is a measure of 1/V,, and the intercept on
the abscissa is ~1/K,,. Representative examples of some as-
pects of these data are presented in Figure 3A,B (curves
generated in the absence of inhibitors), and the constants
derived from these examples are displayed in Table I.

The value of K, for the two reverse transcriptases in this
study was essentially the same. For the HIV enzyme, the value
was 27 nM in the presence or absence of triphosphates, and
that for the AMV enzyme was 30 nM in the absence of po-
lymerization. In each instance, values of K, were greater than
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Table I: Kinetic Properties of Reverse Transcriptases and E. coli
Ribonuclease H

ribonuclease H

kinetic
parameter HIV AMYV E. coli
Kn (nM) 27 (26-33)° 30 (22-40) 250 (250-290)
Kp (nM) 11 £3 9% ¢ ND?
ey (51 SX 102 [(5-8) x 107%] S5x10°% 6x10?
k, (M sy 2 x 10° [(2-3) X 10%) 2x10° ND
k. (sH 2x 103 [(2-5)x 10 2x10° ND
ky (s 5x 103 [(5-8) x 10%] 5x10° ND
RNA-dependent DNA
polymerase
kinetic parameter HIV AMY
K, for RNA.DNA? (nM) 6 (2-11) 10
K., for ANTP¢ (uM) 24 ND
keat (57 2 (1-2.5) 2

“Values in parentheses delineate the span of the experimental re-
sults. ®ND, not determined. ¢Standard error. “RNA.DNA refers to
globin mRNA-(dT)s. *The value of K, for ANTP refers to an equi-
molar mixture of all four deoxyribonucleoside triphosphates.

those for Kp (Kp = ~12.5 and 9 nM for the HIV and AMV
enzymes, respectively), reflecting the effect of rate constants
on the Michaelis constants. The hydrolysis of RNA in
DNA:RNA hybrids catalyzed by the E. coli enzyme was also
examined. Here, it is clear that the value of K, is approxi-
mately 10-fold higher than that for either of the aforemen-
tioned reverse transcriptases, namely, ~250 nM (Table I).

The curves also provide a means for measuring turnover
numbers. Since the concentration of enzymatically active
reverse transcriptase can be determined from the size of the
burst in the RNase H reaction, values of the turnover numbers
(Vmas/ [E]) can be obtained. The results indicate a value of
5% 1073 s7! for either the HIY or the AMV enzyme (Figure
3A,B and Table I). The existence of the burst also makes
possible a determination of k;; because k,, the regeneration
of free enzyme, is rate-limiting under the conditions described
in Scheme I, k5 is equal to V,,/[E] for both the HIV- and
AMYV-associated RNase H activities.

The situation is more complex for the reaction catalyzed
by E. coli RNase H. In this instance, there is no burst (data
not shown), and steady-state rates appear throughout. Without
a burst, the amount of enzyme in the preparation must be
estimated from the number of units in the assay and the
specific activity. Since the latter is not routinely provided by
the supplier, our best estimate of k,, is 6 X 107257}, a value
approximately 20-fold greater than that calculated for either
reverse transcriptase associated RNase H activity (Table I).

The data in Figures 2 and 3 contain all of the information
necessary for calculations of k, and k_; in the RNase H re-
action (Scheme I). The expression for the maximum velocity
of the reaction is shown in eq 2 and that for K, in eq 3. Given

k]
max — m (2)
_kylky + k)

™ ky(ky + k) 3

the existence of the burst, the rate-limiting step is known to
be k3. Whereas k3 must be much smaller than the other rate
constants in the forward direction, the relative magnitude of
k_; is not immediately apparent. However, after careful
consideration of the nearly identical nature of the substrates
and products, k_; should be roughly equivalent to k, since the
two rate constants describe highly similar reactions. Then,
with k, > k_) and k; > k;, the expressions simplify to V.
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FIGURE 3: Inhibition of the polymerase and RNase H activities of
reverse transcriptase by ribonucleoside—vanadyl complexes. RNase
H reactions (panels A and B) were performed as described under
Materials and Methods in 10 ul. with globin mRNA at the stated
concentrations, and either 53 units/mL AMYV reverse transcriptase
(A) or 1.6 ug/mL HIV reverse transcriptase (preparation described
in Figure 1B). The standard mixture of vanadyl complexes was
included as follows: (®) none; (O) 0.5 mM; (W) 1 mM; (O) 1.5 mM;
(A) 2.0 mM. Deoxyribonucleoside triphosphates were omitted.
Reactions were assayed by acid precipitation of 1.5-uL aliquots. Points
are derived from initial rates determined at least in duplicate.
RNA-dependent DNA polymerase activities (panels C and D) were
determined similarly in the presence of 16 uM dCTP and 64 uM each
of dATP, dGTP, and TTP, together with the stated concentration
of unlabeled globin mRNA and 1.3 ug/mL HIV reverse transcriptase
(p66 subunits) (C) or with the stated concentration of dNTPs, 100
nM unlabeled globin mRNA, and a 3 ug/mL aliquot of a different
preparation of the HIV enzyme (p66 subunits) (D). In both polym-
erase reactions, the initial rates of incorporation of 5 uCi of [a-
32P]dCTP into DNA were ascertained in the presence or absence of
vanadyl complexes as noted for the RNase H reactions.
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FIGURE 4: Proposed structures for uridine-vanadyl complexes. The structures shown are based on theoretical models of uridine complexed
with the oxovanadium ion carried out by Lindquist et al. (1973) and nuclear magnetic resonance and electron paramagnetic resonance structural
studies of adenosine 5'-triphosphate complexed with the oxovanadium ion carried out by Sakurai et al. (1982).

= k,[E] as indicated above, and K, = k;/k;. Since K, and
k, have already been determined, k, is 2.0 X 10° M~ s7! for
both the HIV and AMYV RNase H activities. Furthermore,
from Kp and k|, the values for k_, are 2 X 1073 57! for both
the HIV and AMYV enzymes. As predicted, these values are
similar to those for k.

The steady-state kinetics of polymerization have also been
examined. The value of K, for the DNA-RNA hybrid is 6
nM for the HIV enzyme (Table I and Figure 3C) and ~10
nM for the AMYV enzyme (Table I). Although K is not a
binding constant in the polymerization reaction, it is interesting
that K, for the RNase H reaction and K, for the polymerase
reaction are similar regardless of which of the reverse tran-
scriptases is evaluated.

Inhibition of HIV Reverse Transcriptase with Ribo-
nucleoside-Vanadyl Complexes. Ribonucleoside-vanadyl
complexes are transition-state analogues of the cyclic 2,3’
monophosphates that are generated by many ribonucleases
during catalysis (Lienhard et al., 1971). Since ribonuclease
H activities of all types digest DNA:RNA hybrids into oli-
goribonucleotides containing 5’-phosphates and 3’-hydroxyl
groups (Baltimore & Smoler, 1972; Keller & Crouch, 1972;
Berkower et al., 1973), it is highly unlikely that vanadyl
complexes are related to any of the intermediates involved in
catalysis. Nevertheless, concentrations of these complexes
above 2 mM have been shown to inhibit the polymerization
reaction of AMYV reverse transcriptase (Puskas et al., 1982).
It was of interest, therefore, to investigate the effect of these
materials on RNase H activities of several types. Figure 4
shows two possible structures: a complex in which one oxo-
vanadium ion interacts with one ribonucleoside (Lindquist et
al., 1973) and a variation in which one oxovanadium ion is
complexed to two ribonucleosides (Sakurai et al., 1982). In
both cases, the end result is a small molecule relative to the
DNA-RNA hybrid substrate of reverse transcriptase, but of
a size comparable to deoxyribonucleoside triphosphate pre-
cursors, or their monophosphate intermediates which are in-
corporated into DNA.

The inhibition of the RNase H of HIV and AMYV reverse
transcriptase by the standard equimolar mixture of all four
ribonucleoside-vanadyl complexes is illustrated in Figure 3A,B.
In each case, the double-reciprocal plots of 1/v against 1/
[DNA-RNA]J hybrid substrate intersect on or very near the
ordinate, indicating an effect on K, but virtually none on ¥,
Thus, vanadyl complexes inhibit RNase H activity by com-
peting with the DNA-RNA hybrid substrate with a K value
of 2-3 mM for each enzyme.

Vanadyl complexes were subsequently tested as inhibitors
of the polymerase activity of HIV reverse transcriptase and
were found to be competitive with the DNA-RNA hybrid
substrate during the synthesis of globin cDNA (Figure 3C).
Furthermore, the value of X, (1-3 mM) was the same re-
gardless of whether the reaction was the polymerization of
DNA or the hydrolysis of RNA. However, when vanadyl
complexes were tested with the deoxyribonucleoside tri-
phosphates as the variable substrate in the polymerase reaction,
there was mixed inhibition; both K, and V,,,, were affected.
The results suggest that vanadyl complexes do not interfere
with the binding of the dNTP substrate to reverse transcrip-
tase. Rather, they interact with a site on the enzyme normally
occupied by the DNA:RNA hybrid during either hydrolysis
of RNA or synthesis of (-) strand DNA. These data are,
therefore, consistent with a single binding site for the temp-
late-primer.

Inhibition of AMV Reverse Transcriptase with Derivatives
of Ribonucleoside—Vanadyl Complexes. The interaction of
vanadyl complexes with reverse transcriptase was characterized
further by investigating several modified complexes as well
as related compounds, all of which were tested at 5 mM with
globin mRNA-oligo(dT) and AMY reverse transcriptase. In
these studies, the vanadyl complexes of guanosine, inosine,
uridine, 5-iodouridine, and 3-deazauridine inhibited the RNase
H function of the enzyme almost as well as the standard
equimolar mixture of all four ribonucleoside~vanadyl com-
plexes whereas vanadyl complexes made with adenosine, cy-
tidine, a mixture of four ribonucleoside 5'-phosphates, or ATP
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Table II: Inhibitors of the AMV Ribonuclease H Activity

activity?

substance (%)

vanadyl complexes of
a mixture of the four ribonucleosides? 4
guanosine 20
uridine 30
S-iodouridine 30
3-deazauridine 20
inosine 20
a mixture of the four ribonucleoside 5’-monophosphates 100
adenosine 100
cytidine 100
adenosine 5'-triphosphate 100
neutralized vanadyl sulfate 100
a mixture of the four ribonucleosides 100
a mixture of the four nucleoside 2’,3’-monophosphates 100
a mixture of the four nucleoside cyclic 2/,3’-phosphates 100

9Hydroysis of 15 nM 3’-end-labeled globin mRNA«(dT);s in the
presence or absence of 5 mM putative inhibitor was carried out for §
min with 3.3 nM reverse transcriptase. Inhibition is reported as per-
cent enzyme activity remaining. In the absence of additives, the en-
zyme activity is defined as 100%. ®Referred to as the standard mix-
ture.

did not inhibit (Table II). Furthermore, neutralized vanadyl
sulfate, ribonucleosides, ribonucleoside 2’- and 3’-mono-
phosphates (mixed isomers), and ribonucleoside cyclic 2/,3'-
phosphates also did not inhibit the RNase H activity (Table
IT). These results indicate that the substituents at both the
5’ and 3’ positions of the ribonucleoside moiety are important.
It is particularly interesting that the standard mixture of four
vanadyl complexes was a better inhibitor than vanadyl com-
plexes synthesized from only one ribonucleoside at a concen-
tration equal to the sum of the concentrations of the four
different complexes (Table II, the complexes made either with
U or with G compared with the standard mixture). Complexes
prepared from a mixture of nucleosides are more potent in-
hibitors than a reconstituted mixture of the individual com-
plexes (data not shown). These results are in agreement with
the model in which two ribonucleosides complex with one
oxovanadium ion (Sakurai et al., 1982) (Figure 4) and suggest
that the best inhibitors contain two different ribonucleosides
within the same complex.

DiscusSION

The RNase H activities of HIV and AMV reverse tran-
scriptases have been characterized and compared with the
RNase H from E. coli with the use of a 3’-end-labeled
mRNA-oligo(dT) hybrid, which generates a recognizable
product after a single hydrolytic cleavage. With this substrate,
the reaction is distributive: dissociation of the enzyme from
product and reassociation with fresh substrate accompany
virtually every catalytic event. Under these conditions, the
reactions catalyzed by reverse transcriptases consisted of a
burst followed by a much slower steady-state rate. These
kinetics, which have been elegantly described by Laidler and
Bunting (1973), allowed us to dissect the RNase H reaction.
In contrast, when the same substrate was used to evaluate the
reaction catalyzed by E. coli RNase H, a burst was not ob-
served, and the K, value, 250 nM, was much higher than that
measured for reverse transcriptases (~30 nM). The E. coli
enzyme was also characterized by Hogrefe et al. (1990) using
substrates composed of four DNA:RNA base pairs flanked
on both strands with short DNA:DNA hybrids. Again,
products could be discerned after one cleavage per molecule,
no burst was noted, and a K, value of 4 uM was obtained.
The combined results from the two laboratories highlight the
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differences between the viral enzymes and the simpler, cellular
RNase H activities exemplified by the E. coli enzyme.
Furthermore, viral RNase H activities, unlike the cellular
enzymes, are highly sensitive to the length and/or structure
of the DNA-RNA substrate, exhibiting no activity on short
heteroduplexes that can be cleaved by E. coli RNase H (Leis
et al., 1973). As shown below, the polymerase and RNase H
functions of dimeric reverse transcriptases are not independent
with respect to the handling of the DNA-RNA hybrid. Thus,
concepts obtained from the study of cellular RNase H activities
should be applied cautiously to reverse transcriptases.

We propose that the DNA-RNA hybrid binds to reverse
transcriptase in a single site regardless of whether the enzyme
is catalyzing the polymerization of DNA or the hydrolytic
cleavage of RNA. This conclusion is based on two observa-
tions: (i) the agreement of several of our rate constants and
Kp and K, values for DNA-RNA hybrids with those of certain
other laboratories, all of which studied the polymerase reaction
(see below); and (ii) the similarity of the quantitative and
qualitative effects of vanadyl complexes on both reactions.
Other types of data agree with this interpretation: (i) Although
the RNase H and polymerase catalytic sites of the HIV en-
zyme are separable by linker insertion mutagenesis, the com-
bined results of the Goff and Hughes groups (Hizi et al.,,
1989a,b; Prasad & Goff, 1989) suggest that the majority of
mutations alter both activities, presumably by influencing the
binding of substrates to a common site. (ii) Isolated carboxyl
termini bearing the RNase H catalytic site are probably not
active. The presence of the p51 subunit of the HIV enzyme
was essential for demonstrating the RNase H activity of the
isolated pl5 subunit (Hostomsky et al., 1991), and a p24
chymotryptic fragment of AMYV reverse transcriptase was
enriched for RNase H activity but was not rigorously free of
intact or nearly intact subunits (Lai & Verma, 1978). Here,
the implication is that the larger fragments bind the DNA.-
RNA hybrids and interact with smaller polypeptides con-
taining only the RNase H catalytic site. (iii) Studies of
DNA-RNA hybrids interacting with HIV reverse transcriptase
using tryptophan fluorescence as a probe also revealed one class
of energetically equivalent binding sites within the p51/p66
heterodimer (Painter et al., 1990).

Any evaluation of the kinetics of the uninhibited reactions
catalyzed by reverse transcriptase requires a detailed com-
parison of our results with those of others. Such an analysis
depends on the conclusions of the Wilson group (Majumdar
et al., 1988) which showed that the template-primer binds to
the enzyme first while template~products dissociate last; in
the polymerase reaction only, the binding of dNTPs and the
release of pyrophosphate intervene. Thus, the first and last
steps should be described by the same constants if the same
sites are used by the RNase H and polymerase functions. We
cite three examples.

ko, in Polymerase and RNase H Reactions Exhibiting a
Burst. In our first example, we compare the value of &, in
the RNase H reaction (called k; in Scheme I) to k., in the
polymerase reaction (Reardon & Miller, 1990), with both
studied under distributive conditions. In both reactions, a burst
was observed. Since there is no evidence to support a modified
enzyme intermediate, the burst is best interpreted in terms of
a mechanism in which dissociation of products to regenerate
free enzyme is rate-limiting. The values of k; ranged from
0.005 s7! for the RNase H reaction to 0.025-0.071 s™! for the
polymerase reaction; the spread in the polymerization rates
reflected the use of different substrates. We suggest that the
similarity of these rate constants favors a model in which a
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single template—product binding site serves both the polymerase
and the RNase H functions.

k_, in the Polymerase and RNase H Reactions. The rate
of dissociation of template-primer from HIV reverse tran-
scriptase (designated k_, or k) provides a second example
for which constants measured in the polymerase reaction can
be compared to those in the RNase H reaction. Huber et al.
(1989), studying the polymerase function, found that en-
zyme-hybrid complexes decayed with a half-life of 2-3 min;
our value of k_; for the RNase H reaction, (2-5) X 1073 57!,
was equivalent to a half-life of 2-6 min. The agreement of
the measurements suggests that both describe dissociation from
the same site on the enzyme.

k, and k_, in the Polymerase and RNase Reactions. In the
third example, k, was scrutinized. The Richardson group
found that k,, (equivalent to k,), in the absence of Mg?*, was
(1-2) x 105 M1 571 for the polymerase, while we obtained a
value of 2 X 10° M~ s71 for the RNase H reaction with a
different substrate in the presence of Mg?*. Once again, the
similarity of the constants appears to support the concept of
a single site in both reactions. In contrast, the results of Wilson
and co-workers differed markedly. They (Majumdar et al.,
1989) calculated k,, and k. by studying the interaction of
HIV reverse transcriptase with a thiophosphate-containing
DNA primer, Sd(C),;. The following values were obtained:
kon 5.8 X 108 M1 s7); kg, 1.6 571, We believe that the dis-
crepancies of several hundredfold stem from oversimplification.
The Wilson group used an expression for an enzymatic reaction
in which a single substrate is converted into a single product
to analyze the much more complex actual case of a processive
reaction with a fixed order of binding substrates and releasing
products; this approach produced an intermingling of terms
derived from both distributive and processive synthesis. Since
the parameters involving processivity dominated their ex-
pression, the resulting &, and k. calculated from it reflected
translocation of the enzyme along the template during pro-
cessive synthesis more closely than binding of substrates to free
enzyme and release of products to regenerate free enzyme.

The Wilson group (Kedar et al., 1990) also measured k,,
and k. using an analysis that recognized the contribution of
the second substrate, namely, TTP or AZTTP; the latter also
served as an inhibitor. They began by writing a simplified
expression for ky to be used in the subsequent calculation of
ko, Several problems mar this approach: (i) The expression
for kyy for oligo(dT) with TTP as the second substrate involved
unproven assumptions about the relative rates of binding and
release of TTP. Furthermore, it could not be solved. (ii) The
same equation could be evaluated with AZTTP as the second
substrate, but the derivation of k. with TTP as the second
substrate did not apply to AZTTP; the substitution of one
substrate for another changed the reaction scheme from
processive to distributive. Nevertheless, kq calculated with
AZTTP as a substrate was assumed to be equivalent to kg
with TTP. (iii) Further difficulties were encountered: (A)
K, for AZTTP as a competitive inhibitor was set equal to Kp,
an assumption challenged by Reardon and Miller (1990) based
on the details of polymerizing TMP into product. However,
the belief that K is equivalent to Kp, is systematically incorrect
when the inhibitor is a competitive substrate. (B) The value
of ke, with AZTTP as a substrate was also uncertain, because
it was not clear that the enzyme was turning over. Thus, the
values substituted into a questionable equation for k.4 were,
themselves, problematic. (iv) K, and Ky, for poly(A)-oligo(dT)
were assumed, rather than shown, to be identical. Thus, both
parameters needed to calculate k,,, namely, ko and Kp, were
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controversial. The value of k,, for oligo(dT) from their
analysis, 2.8 X 108 M1 571, is very nearly equal to that obtained
for Sd(C),3, and the value of k., 39 s7, is also similar to
Wilson’s previous measurements. We suggest that this is a
coincidence based on the inappropriate substitution of pa-
rameters measured during processive synthesis, for the most
part, into equations derived for simple distributive reactions.
In other words, the assumptions on which the analysis was
based were not reevaluated when substrates were switched.
The disagreements between the Wilson group and others serve
to emphasize the extraordinary complexity of reverse tran-
scriptase catalyzed reactions and the difficulties inherent in
dissecting them.

Inhibition by Ribonucleoside—Vanadyl Complexes. Va-
nadyl complexes inhibited both the polymerase and the RNase
H reactions competitively with respect to the template-primer.
In the polymerase reaction, the inhibition was mixed with
respect to dNTPs. These are the expected results when sub-
strates add to an enzyme sequentially in a fixed order and when
the inhibitor competes for a binding site with the first substrate.
The data suggest that the same template-primer binding site
is occupied by the complexes regardless of which reaction is
in progress. This finding is important because it represents
a different approach to the treatment of AIDS; unlike AZT
or DDI which bind to the dNTP site, vanadyl complexes are
targeted to the template-primer binding site. Furthermore,
since vanadyl complexes appear to be complicated mixtures
of two ribonucleosides interacting with one oxovanadium ion,
the possibility exists for identifying the most potent forms and
using them to design drugs.
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Localization of a Polynucleotide Binding Region in the HIV-1 Reverse
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Robert W. Sobol,! Robert J. Suhadolnik,** Amalendra Kumar,’ Byeong Jae Lee,' Dolph L. Hatfield,! and

Samuel H. Wilson!

Department of Biochemistry, Temple University School of Medicine, Philadelphia, Pennsylvania 19140, and Laboratories of

Biochemistry and of Experimental Carcinogenesis, National Cancer Institute, National Institutes of Health, Bethesda,

Maryland 20892
Received June 11, 1991; Revised Manuscript Received August 13, 1991

ABSTRACT: Properties of primer recognition by purified human immunodeficiency virus type 1 (HIV-1)
reverse transcriptase (RT) p66 homodimer have been investigated. Earlier studies had shown that RNA-
directed DNA synthesis catalyzed by HIV-1 RT proceeds by an ordered mechanism in which template—primer
combines with the free enzyme to form the first complex in the reaction scheme, and it was also shown that
primer alone is a competitive inhibitor of template—primer. In this study, enzyme—primer binding has been
further characterized utilizing pd(T)s and pd(T)s as model primers and UV cross-linking to covalently trap
the enzyme—primer complexes. Competition experiments with several authentic primers, including tRNA,L*,
indicate that pd(T), binds to the kinetically significant primer binding site of RT. Salt reversal experiments
suggested that the free energy of pd(T), binding to RT has a large nonelectrostatic component. Binding
of pd(T), to p66-RT is not affected by dNTPs and does not require the presence of template. The site of
UV cross-linking of pd(T),s was localized to the NH,-terminal half of p66 by use of V8 protease hydrolysis
and microsequencing. Our results indicate that a polynucleotide binding site is in close proximity to residues
in the peptide comprising amino acids 195~300. This region could be either a single-stranded template
or single-stranded primer binding site; however, we have documented the specificity of binding with oli-
gonucleotides that act as primer in the in vitro DNA synthesis reaction. Therefore, this d(T), binding site

may be part of a primer-binding groove within the HIV-1 reverse transcriptase.

Human immunodeficiency virus type 1 (HIV-1)! is a re-
trovirus widely considered to be the etiologic agent of acquired
immunodeficiency syndrome (AIDS) (Barre-Sinoussi et al.,
1983; Popovic et al., 1984). As with all retroviruses, an es-
sential feature of HIV-1 replication is reverse transcription
of the plus-strand RNA genome into DNA, a process requiring
the RNA-dependent DNA polymerase, known as reverse
transcriptase (E.C. 2.7.7.7) (Temin & Mizutani, 1970; Bal-
timore, 1970). Retroviral reverse transcriptases initiate DNA
synthesis in vivo from the 3’-hydroxyl of a host cell tRNA
annealed to its complementary region, or primer binding site,
around 650 residues from the 5-end of the viral genome (Panet
et al., 1975). Previous work by Litvak and co-workers (Litvak
& Araya, 1982; Sarih et al., 1988) and Haseltine et al. (1977)
demonstrated specific binding of primer tRNAT™ by avian
myeloblastosis virus (AMV) reverse transcriptase (RT); the
AMYV RT holoenzyme also is able to promote positioning of
tRNAT® at the primer binding site of the retroviral RNA
genome (Litvak & Araya, 1982; Sarih et al., 1988). A re-
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combinant HIV-1 RT expressed in yeast is able to form a
specific complex with bovine tRNAL®, and this was with a
higher binding affinity than for the control species tRNAT™
(Sallafranque-Andreola et al., 1989). Additionally, a recom-
binant HIV-1 RT expressed in Escherichia coli specifically
binds tRNA;L¥%, as demonstrated in Northwestern binding
assays and gel mobility shift assays (Barat et al., 1989).
Kinetic studies of HIV-1 RT have indicated that the reaction
pathway for DNA synthesis is ordered, with template—primer
and free enzyme combining to form the first complex in the
reaction sequence (Majumdar et al., 1988; Huber et al., 1989).
Through the use of substrate analogues for INTP and primer,
further evidence was obtained for the formation of this
template—primer/enzyme complex in the pathway, and it was
found that the free enzyme can bind primer in the absence

! Abbreviations: HIV-1, human immunodeficiency virus type 1; RT,
reverse transcriptase; AMYV, avian myeloblastosis virus; SSB, ssDNA
binding protein from E. coli; DTT, dithiothreitol; SAd(C),g, 28-residue
oligodeoxycytidylate with sulfur substituted at a nonbridge oxygen of
each phosphate atom; d(C),s_p4, mixture of 19-24-residue-long normal
oligodeoxycytidylate; d(T)g and d(T),s, oligomers of deoxythymidylate;
SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis;
NP40, Nonidet P-40; hnRNP, heterogenous nuclear ribonucleoprotein;
dNTP, deoxynucleoside triphosphate; TNP-ATP, 2’,3’-di-O-(2,4,6-tri-
nitrophenyl)adenosine triphosphate; BSA, bovine serum albumin; EDTA,
ethylenediaminetetraacetic acid; MuLV, murine leukemia virus; PVDF,
poly(vinylidene difluoride).
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