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ABSTRACT: DNA strand transfer reactions occur twice during retroviral reverse transcription catalyzed by
HIV-1 reverse transcriptase. The 4-chlorophenylhydrazone of mesoxalic acid (CPHM) was found to be
an inhibitor of DNA strand transfer reactions catalyzed by HIV-1 reverse transcriptase. Using a model
strand transfer assay system described previously [Davis, W. R., et al. (1998)Biochemistry 37, 14213-
14221], the mechanism of CPHM inhibition of DNA strand transfer has been characterized. CPHM was
found to target the RNase H activity of HIV-1 reverse transcriptase. DNA polymerase activity was not
significantly affected by CPHM; however, it did inhibit the polymerase-independent RNase H activity
with an IC50 of 2.2µM. In the absence of DNA synthesis, CPHM appears to interfere with the translocation,
or repositioning, of RT on the RNA‚DNA template duplex, a step required for efficient RNA hydrolysis
by RNase H. Enzyme inhibition by CPHM was found to be highly specific for HIV-1 reverse transcriptase;
little or no inhibition of DNA strand transfer or DNA polymerase activity was observed with MLV or
AMV reverse transcriptase, T7 DNA polymerase, or DNA polymerase I. Examination of additional
4-chlorophenylhydrazones showed that the dicarboxylic acid moiety of CPHM is essential for activity,
suggesting its important role for enzyme binding. Consistent with the role of the dicarboxylic acid in
inhibitor function, Mg2+ was found to chelate directly to CPHM with aKd of 2.4 mM. Together, these
studies suggest that the inhibitor may function by binding to enzyme-bound divalent metal cofactors.

The enzyme HIV-1 reverse transcriptase (RT)1 catalyzes
a complex series of reactions during the process of reverse
transcription. To accomplish this process, RT utilizes two
catalytic active sites located on the same protein. HIV-1 RT,
a heterodimeric protein consisting of 66 and 51 kDa subunits,
displays three catalytic activities: RNA-dependent DNA
polymerization, wherein DNA is synthesized using an RNA
template; DNA-dependent DNA polymerization, where DNA
serves as a template; and an RNase H activity, which
catalyzes the selective hydrolysis of RNA from DNA‚RNA
heteroduplexes (1, 2). The RNase H activity of RT has been
classified as having two kinetically distinguishable activities
termed polymerase-dependent (3, 4) and polymerase-
independent (5). Polymerase-dependent RNase H activity
cleaves RNA from RNA‚DNA heteroduplexes concomitant
with DNA polymerization, while the term polymerase-
independent activity describes RNase H hydrolysis in the
absence of DNA polymerization. The polymerase-dependent

RNase H cleavages are concomitant with DNA elongation,
with 18-19 nucleotide base pairs between the primer
terminus and cleavage site. This pattern represents the
distance between the polymerase and RNase H active sites
of HIV-1 RT (4, 6-8). During this mode of enzyme action,
the template‚primer complex is positioned such that its 3′-
terminus is situated in the DNA polymerase active site and
the DNA‚RNA template‚primer complex spans the poly-
merase and RNase H domains. Alternatively, during poly-
merase-independent RNase H activity, the template‚primer
complex can bind with alternate positioning where the 3′-
terminus of the primer is no longer restrained to the
polymerase active site, giving rise to alternate RNase H
cleavage sites not occurring during DNA polymerizaton.

Both in vitro model and viral systems show that the RNase
H functions of HIV-1 RT are essential for catalyzing DNA
strand transfer events during reverse transcription (5, 9-13).
DNA strand transfer is a process by which a newly
synthesized DNA is physically translocated from one RNA
or DNA “donor” template to a second RNA or DNA
“acceptor” template. Two strand transfer events are obliga-
tory for the production of double-stranded proviral DNA
during the reverse transcription process (14). However, due
to the homologous nature of the diploid RNA genome, strand
transfer can occur at internal regions of the genome as well,
leading to recombinant proviral products (15).

Kinetic studies using in vitro model systems have begun
to characterize intermediates of the DNA strand transfer
process. Still, further mechanistic characterization is hindered
due to the complexity of the strand transfer reaction. One
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model for DNA strand transfer proposes that after RT pauses,
either by reaching the end of its template or due to
polymerase stalling, the enzyme dissociates from the complex
and in conjunction with RNase H-catalyzed hydrolysis
initiates nascent DNA transfer onto an acceptor template (16).
An alternative model proposes that RT helps facilitate strand
transfer via higher-order nucleic acid-protein intermediates
(5, 17). Other studies strongly suggest that other viral proteins
are involved in the process of strand transfer. HIV-1
nucleocapsid protein (NC) is present at high concentrations
in the virion particle and has been shown to accelerate DNA
strand transfer in vitro (12, 18-22), suggesting that strand
transfer occurs in a complex of proteins, including NC (19,
20, 23-28).

Because of the key role of RT in retroviral replication, it
has been a primary target for the identification and develop-
ment of inhibitors that are suitable for the therapeutic
treatment of HIV-1 infections. These RT inhibitors generally
fall into two classes (29). Nucleoside analogues are repre-
sented by compounds such as 3′-azido-3′-deoxythymidine
(AZT), 2′,3′-dideoxyinosine (ddI), 2′,3′-dideoxycytidine (ddC),
(-)-2′-deoxy-3′-thiacytidine (3TC), 2′,3′-didehydro-2′,3′-
dideoxythymidine (d4T), and (-)-2′,3′-dideoxy-5-fluoro-3′-
thiacytidine (FTC) (30). While these inhibitors bind com-
petitively with dNTPs at the polymerase active site, their
antiviral activities stem from their ability to act as DNA
synthesis chain terminators. A second class of inhibitors,
termed nonnucleoside RT inhibitors, includes tetrahydroimi-
dazobenzodiazepinone (TIBO), hydroxyethoxymethylphen-
lthiothymine (HEPT), dipyridodiazepinone (nevirapine), and
bis(heteroaryl)piperazine (BHAP) (31). TIBO and nevirapine
have been shown to bind RT in a hydrophobic region of the
p66 subunit of RT close to the polymerase active site (8,
32, 33). Pre-steady-state burst studies of RT-catalyzed DNA
polymerization in the presence of TIBO demonstrated that
it blocked the chemistry step of nucleotide incorporation
without interfering with nucleotide binding (34). While
nevirapine has been shown to bind at a site distant from the
RNase H active site (8), there is evidence showing that it
can affect the RNase H activity of HIV-1 RT (35). This
suggests that nevirapine has multiple effects on HIV-1 RT
(35, 36). Both classes of RT inhibitors are limited by their
cellular toxicity and the emergence of drug resistant virus
(37).

While the RNase H activity of HIV-1 RT is mandatory
for viral replication, surprisingly few inhibitors of RNase H
function have been identified. Several modes of RNase H
inhibition can be conceived: (1) disruption or blocking of
RNA-DNA binding to the enzyme active site, (2) attenu-
ation of RNase H catalytic activity, and (3) interfering with
important interactions between the polymerase and RNase
H domains (38). Known inhibitors of HIV-1 RT RNase H
include cysteine-modifying reagents (39), naphthalenesulfon-
ic acid analogues (40), the natural marine product illima-
quinone (41-43), and the metal chelator,N-(4-tert-butyl-
benzoyl)-2-hydroxy-1-naphthaldehyde hydrazone (BBNH)
(44). However, the potency of these compounds is variable,
and they generally inhibit both the DNA polymerase and
RNase H activities of HIV-1 RT.

We have reported the identification of novel inhibitors of
DNA strand transfer reactions catalyzed by HIV-1 reverse
transcriptase (45) and the mechanistic characterization of one

of these inhibitors, actinomycin D (46-48). This report
focuses on the kinetic and mechanistic characterization of a
second inhibitor of DNA strand transfer, the 4-chlorophen-
ylhydrazone of mesoxalic acid (CPHM). We have demon-
strated that this compound inhibits DNA strand transfer
reactions by specifically targeting the DNA polymerase-
independent RNase H activity of HIV-1. Furthermore, CPHM
was found to be specific for HIV-1 reverse transcriptase,
showing no inhibition in assays in which DNA polymerase
and RNaseH activities of other reverse transcriptases and
DNA polymerases are examined. The dicarboxylic acid
moiety of CPHM is implicated in binding the divalent metal
cofactor, and it is shown that this inhibitor directly chelates
Mg2+ under the conditions used in enzyme activity assays.
Together, these studies identify possible new mechanistic
approaches for inhibiting HIV-1 RT function.

MATERIALS AND METHODS

Materials.HIV-1 RT was purified as described previously
(46). The sequences of oligonucleotides used in the strand
transfer, RNase hydrolysis, and extension assays are shown
in Figure 1. The methods for synthesis and purification of
oligonucleotides have been described previously (46).

All buffers were prepared from the highest-quality RNase-
free reagents. CPHM was obtained from Parke-Davis phar-
maceuticals. T4 polynucleotide kinase was obtained from
New England BioLabs.Escherichia coliRNase HI, AMV
reverse transcriptase, and M-MLV reverse transcriptase were
obtained from Gibco/Life Technologies. All other reagents
were of the highest quality commercially available.

The 1H NMR and mass spectroscopy analysis of all
synthetic compounds were consistent with the structures
shown in Scheme 1. UV-visible spectroscopy was per-
formed using a Shimadzu UV-2501 PC spectrophotometer.

Synthesis of 4-Chlorophenylhydrazone of PyruVic Acid
(Scheme 1).Pyruvic acid sodium salt (0.22 g, 2 mmol) was
added to a solution of 5 mL of dH2O and 0.5 mL of glacial
acetic acid with stirring until a clear solution formed.
4-Chlorophenylhydrazine hydrochloride (0.36 g, 2 mmol)
was then added, and the solution was stirred for 10 min.
The reaction mixture was then extracted with 3× 15 mL of
ethyl acetate, and the combined organic layers were washed
with 10 mL of brine. The organic layer was dried over
anhydrous magnesium sulfate, and another 0.5 mL of glacial
acetic acid was added. The compound was heated to reflux,
cooled to room temperature, and filtered. The residual glacial
acetic acid was removed by repeated addition and rotary
evaporation of ethyl acetate. The solid was resuspended in
dichloromethane and filtered to yield 0.34 g (81% yield) of
the pyruvic acid 4-chlorophenylhydrazone: mp 195-196°C
dec; TLC (EtOAc/HOAc)Rf ) 0.70.

Synthesis of 4-Chlorophenylhydrazone of Acetone (Scheme
1). 4-Chlorophenylhydrazine hydrochloride (0.36 g, 2 mmol)
was dissolved in a solution of 5 mL of 100% ethanol (ketone
and aldehyde free), 4.5 mL (∼80 mmol) of acetone, and 0.5
mL of glacial acetic acid. The mixture was stirred for 15
min at room temperature, and the solvents were removed
by rotary evaporation. The residue was diluted with 100%
ethanol/acetone (1/1) and concentrated repeatedly to remove
acetic acid. Residual solvents were removed in vacuo. The
resulting residue was resuspended with acetone, and the solid
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was filtered off, yielding 0.29 g (81% yield) of acetone
4-chlorophenylhydrazone: mp 123-125°C dec; TLC (EtOH/
Et3N) Rf ) 0.87.

DNA Strand Transfer and HIV-1 RT RNase H Assays.
DNA strand transfer reactions and HIV-1 RT RNase H
assays were performed with slight modifications as previ-
ously described (46). Briefly, a reaction mixture containing
reaction buffer [63 mM Tris-HCl (pH 7.6), 60 mM KCl, and
1 mM EDTA (pH 8)], 20 nM 22-base DNA primer‚40-base
RNA template duplex (32P-5′-end labeled on either the DNA
or RNA), 400 nM DNA acceptor template, 20 nM HIV-1
RT, and varying amounts of CPHM in DMSO were
preincubated at 37°C for 5 min. Reactions were initiated
with 10 mM MgCl2/0.1 mM dNTPs, and samples were
withdrawn and the reactions quenched into 50 mM EDTA/
denaturing load buffer. Samples were resolved on 20%
denaturing polyacrylamide gels, and products were visualized

and quantitated with a Molecular Dynamics PhosphorImager
and quantitated with Imagequant 1.1 software. The effect of
CPHM on steady-state RNase H was tested as in the RNase
H assay described above except that the template‚primer
complex was held at a 10-fold excess of RT in the reaction.
Inhibition of CPHM onE. coli RNase H was performed as
described above except that MgCl2 alone was used to initiate
reactions.

DNA‚DNA template‚primer extension experiments were
performed as described for the strand transfer experiments
except that a DNA‚DNA template‚primer complex consisting
of the32P-5′-labeled 40-base primary DNA product‚43-base
acceptor template was used instead of the 22-base DNA
primer‚40-base RNA template system.

Effect of CPHM on Pre-Steady-State Kinetics of dTTP
Incorporation and RNA Hydrolysis.A reaction mixture
containing reaction buffer [63 mM Tris-HCl (pH 7.6) and
60 mM KCl], 20 nM doubly labeled32P-5′-labeled 40-base
RNA template‚32P-5′-labeled 22-base DNA primer (36, 49),
30 nM HIV-1 RT, and either 0 or 75µM CPHM in DMSO
was incubated on ice for 5 min. The mixture was then loaded
into a Kin-Tek model RQF-3 quench-flow apparatus which
had been pre-equilibrated to 37°C. Reactions were initiated
with 10 mM MgCl2 and 0.1 mM dTTP at the indicated time
points and then quenched with 0.5 M EDTA. All concentra-
tions that are listed are final concentrations unless otherwise
specified. The zero point represents a prequenched reaction.
Samples were diluted into denaturing load buffer and
resolved by denaturing PAGE (20% acylamide/8 M urea/
TBE). Bands were visualized using a Molecular Dynamics
Phosphorimager and quantitated with Imagequant version 1.1
software. Pre-steady-state burst rates and amplitudes were
determined as described previously (49).

Specificity Studies of the Inhibition of ReVerse Tran-
scriptase and DNA Polymerase ActiVities. The ability of

FIGURE 1: DNA strand transfer assay system. (A) A template‚primer system consisting of a 22-base primer annealed to a 40-base primary
RNA template was used in the presence of a 43-base DNA acceptor that is homologous to the 20 bases at the 5′-end of the primary RNA
template, and containing an additional 23 bases. The DNA primer was radioactively labeled at its 5′-end, annealed to the template RNA,
and preincubated in the presence of HIV-1 RT and other necessary components as described in Materials and Methods. Reactions were
initiated with dNTPs and MgCl2, aliquots withdrawn, reactions quenched in EDTA, and mixtures analyzed with denaturing PAGE. DNA
strand transfer is indicated by the production of a 63-base DNA product. (B) Sequences of DNA and RNA substrates used in DNA strand
transfer reactions. The arrow shows the direction of DNA synthesis during strand transfer.

Scheme 1
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CPHM to inhibit DNA strand transfer of other reverse
transcriptases was performed using reactions similar to those
described above. A reaction mixture containing reaction
buffer, 20 nM32P-5′-labeled 22-base DNA primer‚40-base
RNA template, 400 nM DNA acceptor template, 10 units of
reverse transcriptase (AMV or M-MLV), and various amounts
of inhibitor CPHM (0-100µM) was incubated at 37°C for
5 min. Reactions were initiated by the addition of dNTP (0.1
mM each) and 10 mM MgCl2 (final concentration). Reaction
samples were withdrawn at different times and reactions
quenched into 10 mM EDTA/denaturing load buffer. Samples
were resolved by denaturing PAGE (20% acrylamide/8 M
urea/TBE). Product bands were visualized using a Phospho-
rimager and quantitated using Imagequant version 1.1
software.

A similar reaction was used to examine DNA polymerase
extension activity inhibition of DNA polymerase I Klenow
fragment and T4 DNA polymerase. Instead of a DNA‚RNA
primer‚template complex as for DNA strand transfer, the
reaction mixture contained a template primer composed of
32P-5′-labeled 20-base DNA primer‚33-base DNA template
(primer sequence, 5′-ATTTGAACTACATCATGGTT-3′;
template sequence, 5′-GATGATCTAGCACAACCATGAT-
GTAGTTCAAAT-3′). Reactions were initiated by the ad-
dition of enzyme, and initial rates of DNA extension were
determined by quantification of total DNA extension over
time (0-9 min) using PAGE and autoradiography as
described above. Initial rates of DNA polymerization were
plotted as a function of inhibitor concentration to determine
the inhibitory effect of CPHM.

Chelation of Mg2+ by the Inhibitor CPHM.Metal titration
studies were performed in reaction buffer (pH 7.6) with
CPHM at a concentration of 20µM in a volume of 200µL.
Scans were corrected for buffer baseline absorbance and
dilution during the titration. Scans were performed between
250 and 450 nm for successive 1µL additions of MgCl2
(0-70 mM final concentration). The absorbance at 350 nm
was used for quantitation of the fraction of chelated CPHM.
Data were fit to the equation [I‚Mg2+] ) [I T][Mg2+]/([Mg2+]
+ Kd), where [IT] is the total concentration of CPHM in the
titration mixture.

RESULTS

Effect of CPHM on DNA Strand Transfer.A model DNA
strand transfer assay system (Figure 1) was used to study
CPHM inhibition of HIV-1 RT-catalyzed DNA strand
transfer. A DNA acceptor template was used in these
experiments. While in vivo the minus strand DNA strand
transfer reaction uses RNA as an acceptor template, the
second, plus strand DNA transfer occurs onto a DNA
template. Examination of strand transfer reactions using
either DNA or RNA acceptor templates shows little or no
kinetic difference (unpublished observation). For practical
purposes, DNA was chosen to serve as the acceptor template
in these experiments.

Figure 2A shows a PAGE gel autoradiogram of three
representative reaction time courses at 0, 2.5, and 25.0µM
CPHM. The concentration dependence of DNA strand
transfer inhibition by CPHM is depicted in Figure 2B. DNA
strand transfer is slow compared to DNA polymerization (5,
46) and occurs over the course of several minutes. Under

the conditions that were used, DNA polymerization is rapid
and essentially complete by the first time point (1 min). The
primary DNA product is the nascent DNA that has been
extended from the DNA primer to the end of the RNA
template before it is transferred to the DNA acceptor
template. CPHM inhibits the production of the DNA strand
transfer product in a concentration-dependent fashion, dis-
playing an IC50 of 2.2 µM.

After polymerization out to the end of a template, RT has
the ability to incorporate an extra non-template-directed
nucleotide at the end of the primary DNA product (5, 50,
51). This is called blunt-end nucleotide addition, and is a
common feature of DNA strand transfer reactions (51). Blunt-
end addition resulting in a misincorporation in the DNA
strand transfer product at the strand transfer junction has been
observed in model systems and during MLV replication (51,
52). At the IC50 for strand transfer inhibition, CPHM inhibits
blunt-end nucleotide addition, and inhibition is complete at
concentrations of>25.0 µM. Thus, there appears to be a
kinetic correlation between the inhibition of DNA strand
transfer and blunt-end nucleotide addition reactions.

At higher CPHM concentrations, some pausing was
detected during the first DNA‚RNA extension as seen in
Figure 2A. However, these pauses are relieved as the time
course progresses and are not observed at CPHM concentra-
tions around the IC50 for strand transfer inhibition. This
observation indicates that the DNA pausing caused by CPHM
is not a kinetically competent mechanism for explaining the
inhibition of DNA strand transfer. Although this pausing was
observed during RNA‚DNA extension before strand transfer,
it was not clear whether CPHM could inhibit DNA‚DNA
extension after strand transfer. An experiment was performed
to determine whether CPHM inhibits RT-catalyzed DNA‚
DNA extension of the DNA strand transfer intermediate
(Figure 1) and whether that contributes to overall strand
transfer inhibition. For this assay, a DNA‚DNA template‚
primer system consisting of the primary DNA product
annealed to the DNA acceptor template was utilized. Little
pausing was observed at the IC50 for strand transfer inhibition
(data not shown), underscoring the conclusion that pausing
during DNA synthesis by RT does not contribute signifi-
cantly to the observed inhibition of strand transfer product
formation.

HIV-1 nucleocapsid protein has been shown previously
to be able to enhance DNA strand transfer reactions catalyzed
by HIV-1 RT (12, 20-23, 26, 46). Previous observations
with another DNA strand transfer inhibitor, actinomycin D,
indicated that HIV-1 nucleocapsid protein (NC) can shift the
IC50 of actinomycin D inhibition of DNA strand transfer (46,
48). NC was tested in the same manner to determine if it
would have an effect on CPHM inhibition similar to that of
strand transfer. NC was added to a final concentration of 1
µM to the reaction mixtures, which has previously been
found to be the optimum concentration for enhancing DNA
strand transfer. The IC50 for inhibition in the presence of
NC is 2.0( 0.2 µM (data not shown), the same value as in
the absence of NC. NC has no effect on CPHM inhibition
of DNA strand transfer.

To begin to evaluate the mechanism of binding of CPHM
to RT, two analogues, 4-chlorophenyhydrazone of pyruvic
acid (CPHP) and 4-chlorophenylhydrazone of acetone (CPHA)
(Scheme 1), were synthesized in an attempt to determine
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the importance of the dicarboxylic acid moiety of CPHM.
These compounds were synthesized as described in Materials
and Methods and tested as described in Figure 2. No
inhibition of strand transfer or DNA polymerase pausing was
detected with either CPHP or CPHA at concentrations of
e200 ande30 µM, respectively (data not shown).

Effect of CPHM on HIV-1 RT RNase H ActiVity. For strand
transfer to occur, the primary extended DNA product must
be available to anneal to the DNA acceptor template to form
the strand transfer intermediate (Figure 1). It is not known
whether this intermediate step occurs in the absence of
proteins or in a higher-order complex with RT and/or other
HIV proteins. At least a portion of the primary extended

DNA product at some point must be single-stranded. For
this to occur, the RNase H activity of HIV-1 RT must
hydrolyze portions of the 5′-end of the RNA to make the
primary extended DNA product competent for transfer. It
has been observed previously that this RNase H activity is
the rate-limiting step of DNA strand transfer in vitro (5).
CPHM was tested to determine its capability for inhibiting
RT RNase H that would in turn contribute to strand transfer
inhibition. The RT RNase H assay (Figure 3) was completed
under strand transfer conditions as described in Materials
and Methods except that the RNA template strand was
radiolabeled. Figure 3 depicts three representative reaction
time courses at 0, 2.5, and 25.0µM CPHM and graphs

FIGURE 2: Effect of CPHM on DNA strand transfer. Reactions were performed as described in Materials and Methods with increasing
amounts of CPHM at final concentrations of 0, 0.25, 0.5, 1.0, 2.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 25.0, 50.0, and 75.0µM with stoichiometric
concentrations of RT and the template‚primer complex (20 nM) and 400 nM DNA acceptor. CPHM was added after the addition of all
other components during the preincubation. After initiation with 10 mM MgCl2/0.1 mM dNTPs, samples were withdrawn at 0, 1, 5, 10, 15,
and 20 min and analyzed by PAGE. (A) Gel analysis of DNA strand transfer products in the presence of CPHM. Representative autoradiogram
of three reaction time courses (0, 2.5, and 25µM CPHM). The amount of DNA strand transfer product was quantitated by phosphorimager
analysis, and initial rates were determined. (B) The concentration dependence of DNA strand transfer inhibition by CPHM is shown. DNA
strand transfer activity (nanomolar per minute) is plotted as a function of the total concentration of CPHM. The data were fit to the equation
% activity ) Amax/[1 + ([CPHM]/IC50)n]. The IC50 for CPHM inhibition of DNA strand transfer was calculated to be 2.2( 0.2 µM.
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showing the accumulation pattern of the three most promi-
nent RNA hydrolysis products. Upon addition of CPHM,
the accumulation pattern of RNA cleavage products changes.
In the absence of CPHM, the RNA template is cleaved down
to a 19- and 16-mer RNA product by 1 min and is then
cleaved to 16- and 15-base RNA products which subse-
quently give rise to smaller RNA cleavage products. With
increasing amounts of CPHM, the lifetimes of the longer
RNA products are increased as represented graphically in
Figure 3, indicating that the RNase H activity hydrolyzes
these RNA intermediates more slowly. It is especially evident
that the 19-base RNA intermediate accumulates as seen most
clearly at 25.0 µM CPHM (Figure 3). Also, at high
concentrations, larger RNA products (28- and 33-base RNAs)
become apparent, suggesting two possible mechanisms of
RNase H inhibition depending on the concentration of
inhibitor used. However, the 28- and 33-base RNA products
do turn over to smaller products as the reaction course
proceeds. Closer examination of the cleavage locations
indicates that these larger RNA products correlate with
polymerase pausing (Figure 2 and below). To obtain an

inhibition IC50 for RNA hydrolysis in the presence of CPHM,
the rate of 15-base product appearance was plotted as a
function of CPHM concentration. This inhibition is consistent
with DNA strand transfer inhibition, with an IC50 of 4.5µM.
This IC50 should be regarded as an upper limit since only
one hydrolysis product was monitored. Importantly, the time
scale of the change in the RNA hydrolysis pattern correlates
with the time scale of strand transfer inhibition. This is in
contrast to the small amount of polymerase pause intermedi-
ates that do subsequently turn over to full-length primary
DNA extension products early in the strand transfer reaction
time course. At 75.0µM, CPHM inhibits the rate of 15-mer
appearance by∼91%, consistent with the extent of inhibition
for strand transfer as observed in Figure 2.

The conditions in the RNA hydrolysis experiment in
Figure 3 represent stoichiometric concentrations of RT with
respect to the template‚primer complex. The 19-base RNA
product is formed rapidly in the presence of stoichiometric
amounts of the enzyme and template‚primer complex (Figure
3) and under steady-state conditions where a template‚primer
complex is in 10-fold excess over enzyme (Figure 4). This

FIGURE 3: Effect of CPHM on HIV-1 RT RNase H activity during strand transfer. Reactions were performed as described in the legend
of Figure 2. A representative PAGE autoradiogram of three reaction mixtures containing 0, 2.5, and 25.0µM CPHM and the graphs of the
reaction progress curves for the 19-, 16-, and 15-base RNA cleavage products are shown. The amounts of RNA hydrolysis products were
quantitated by phosphorimager analysis, and the initial rates of the 15-mer RNA hydrolysis product were used to generate an IC50 for
CPHM inhibition of RT RNase H (4.5( 0.3 µM).
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suggests that CPHM does not significantly inhibit the
formation of the 19-base RNA product. However, the
turnover of the 19-base RNA product to the 16-base, 15-
base, and smaller RNA products was inhibited in a concen-
tration-dependent fashion. The magnitude and kinetics of this
inhibition are consistent with inhibition of DNA strand
transfer by CPHM.

The direct examination of the inhibition of polymerase-
independent RNase H activity was examined by preforming
the 40-base DNA‚RNA primary extension product (Figure
1) and examining the rate of RNA hydrolysis in the absence
of added dNTPs and increasing amounts of CPHM. The
pattern of RNA cleavage under these conditions was similar
to that seen during DNA strand transfer reactions (Figure 3)
with an IC50 of 3.0µM (data not shown and ref39), in close
agreement with the IC50 for DNA strand transfer of 2.2µM.
This result supports the hypothesis that CPHM primarily
targets the polymerase-independent RNase H activity during
DNA strand transfer reactions.

E. coli RNase H is very similar in its structure and activity
to the RNase H domain of HIV-1 RT (38). To determine
whether the inhibition of RT RNase H activity is specific
for the RNase H domain, CPHM was tested for its capability
to inhibit E. coli RNase H. The experiment was conducted

as described in Materials and Methods with increasing
amounts of CPHM added to the reaction time courses. CPHM
was found to inhibitE. coli RNase H in a fashion similar to
that with the RT RNase H activity with an IC50 of 2.6( 0.6
µM (data not shown). This IC50 is similar to that found for
HIV-1 RT RNase H inhibition in the absence of dNTP
incorporation (3.0µM; see above).

Importantly, CPHM had a similar affect onE. coli RNA
hydrolysis by changing the accumulation pattern of RNA
hydrolysis products as observed for RT RNase H hydrolysis
in Figures 3 and 4. However, there was no correlation of
cleavage patterns betweenE. coli and HIV-1 RT RNase H.

Effect of CPHM on the Pre-Steady-State Kinetics of dTTP
Incorporation and RNA Hydrolysis.Both DNA strand
transfer and RNA hydrolysis are slow processes that occur
over several minutes, with the rate-limiting step of strand
transfer being the rate of RNA hydrolysis catalyzed by HIV-1
RT. However, the DNA strand transfer and RNase H assays
shown in Figures 2-4 do not address events that occur
during single nucleotide incorporation and early RNA
cleavage, events that occur within the first few seconds of
the reaction. Since the polymerase and RNase H domains
of HIV-1 RT have been shown to be spatially and temporally
coupled to each other with a footprint of 18 or 19 bases

FIGURE 4: Effect of CPHM on HIV-1 RT RNase H activity under steady-state reaction conditions. The reactions were completed as described
in Materials and Methods with increasing amounts of CPHM at final concentrations of 0, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 25.0, 50.0, and 75.0
µM. The concentrations of RT, the template‚primer complex, and the acceptor template are 20 nM, 200 nM, and 4µM, respectively. Time
points were 0, 1, 2.5, 5, 7.5, 10, 15, 20, and 30 min. A representative PAGE autoradiogram of three reaction mixtures containing 0, 5.0,
and 75.0µM CPHM and the graphs of the reaction progress curves for the 19- and 16-base RNA cleavage products are shown.
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between these two active sites (3, 4, 6-8), pre-steady-state
analysis of single- or double-nucleotide incorporation and
concomitant RNA hydrolysis during RNA‚DNA extension
is possible. An important question concerns whether CPHM
inhibits the catalysis of nucleotide incorporation and RNA
hydrolysis by RT or whether it elicits its effect on some other
step during DNA synthesis and RNA hydrolysis, such as
inhibiting DNA‚RNA duplex translocation. The inhibition
of duplex translocation by CPHM could result in both the
observed pausing during DNA synthesis at high concentra-
tions of inhibitor and the change in RNA hydrolysis product
accumulation during RNase H cleavage by RT. To address
these questions, we conducted a double-labeling experiment
where single-nucleotide incorporation and initial RNA hy-

drolysis events could be observed simultaneously and the
products correlated with each other. Extension of the DNA
by two nucleotides and concomitant RNA cleavage were
monitored under single-turnover conditions. In Figure 5A,
a PAGE autoradiogram of the reaction time courses in the
presence of 0 and 75.0µM CPHM is shown. The difference
in lengths of the DNA primer and RNA template with their
respective nucleotide incorporation and RNA hydrolysis
products allows for the simultaneous resolution of DNA and
RNA products. Due to the nature of the RNA template
sequence (see Figure 5B), two dTTPs are incorporated. A
graphical analysis of double-dTTP incorporation and total
RNA hydrolysis is presented in Figure 5B. At the early time
points of the reaction (0-100 ms), little difference is seen

FIGURE 5: Effect of CPHM on pre-steady-state kinetics of dTTP incorporation and RNA hydrolysis. Reactions were performed as described
in Materials and Methods in the presence of final concentrations of CPHM of 0 or 75.0µM (added during preincubation), 30 nM RT, 20
mM template‚primer complex, 10 mM MgCl2, and 0.1 mM dTTP and in the absence of DNA acceptor. The reactions were carried out with
a doubly labeled template‚primer complex to observe simultaneous RNA hydrolysis and dTTP incorporation. Time points were 0, 5, 10,
25, 50, 75, 100, 150, 250, 500, 1000, and 3000 ms. (A) Gel analysis of RNA hydrolysis and dTTP incorporation products. RNA hydrolysis
and dTTP incorporation product amounts were quantitated as described in the legend of Figure 3, and pre-steady-state rates were determined.
(B) Graphical analysis of dTTP incorporation and total RNA hydrolysis. The burst rates for dTTP incorporation are 30.7( 4.2 and 38.2
( 4.7 for 0 and 75.0µM CPHM, respectively.
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in either dTTP incorporation or total RNA hydrolysis. The
pre-steady-state burst rate at 0 and 75.0µM CPHM is 30.7
( 4.2 and 38.2( 4.7 s-1, respectively. No difference in the
extent of total (two nucleotides) dTTP incorporation or total
RNA hydrolysis is observed even at a very high concentra-
tion of CPHM, 75.0µM, which is ∼35-fold above the IC50

for strand transfer and 17-fold above that for RT RNase H
inhibition. However, as seen in the autoradiogram, the pattern
of dTTP incorporation and RNA hydrolysis is somewhat
different in the absence and presence of 75.0µM CPHM.
The apparent extension of the singly extended primer by a
second nucleotide, as well as the turnover of the 36-base
RNA hydrolysis product to the 35- and 34-base RNA
product, displays similar initial rates at 75.0µM. However,
the extent of second-nucleotide incorporation and hydrolysis
is smaller than in the absence of CPHM. This suggests that
CPHM can act to inhibit the translocation of the DNA‚RNA
template‚primer complex at high concentrations of CPHM
without affecting the initial catalytic events of nucleotide
incorporation or RNA hydrolysis.

This experiment also conclusively shows that CPHM has
no effect on the binding of the DNA template‚primer
complex to the enzyme. If CPHM bound enzyme, or
alternatively bound DNA substrate, and prevented its binding
to the enzyme active site, a pronounced reduction in the burst
amplitude would be observed. Under these experimental
conditions, the product burst amplitude corresponds to the
concentration of the enzyme-template‚primer complex
present at the initiation of the reaction. Figure 5B shows that
the burst amplitudes for both the polymerase and RNase H
activities of HIV-1 RT are identical in reaction mixtures
containing 0 or 75µM CPHM. Due to the lack of change in
the burst amplitude, at inhibitor concentrations that are>30-
fold greater than the observed IC50 for strand transfer
inhibition, we conclude that CPHM does not inhibit by
interfering directly with template‚primer binding.

Specificity of Inhibition by CPHM.Inhibition by CPHM
was found to be highly specific for HIV-1 reverse tran-
scriptase. Two other reverse transcriptases were assayed
using the DNA strand transfer assay (Figure 1). Inhibition
of DNA strand transfer of AMV reverse transcriptase by
CPHM had an IC50 of >68 µM, while the same assay with
M-MLV reverse transcriptase showed no detectable inhibi-
tion of strand transfer ate100 µM CPHM. No inhibition
was detectable when the DNA polymerase activities of
Klenow fragment or T4 DNA polymerase were examined
with CPHM concentrations ofe75 µM.

Binding of Mg2+ to CPHM.The UV-visible spectrum of
CPHM is shown in Figure 6. The spectrum of CPHM alone
has an absorbance maximum of 335 nm and a minor shoulder
peak centered at 305 nm. Upon addition of MgCl2, the
maximum absorbance is shifted to higher wavelengths, with
a new maximum at 345 nm. In addition, the metal-chelated
CPHM displays an∼15% increase in its extinction coef-
ficient. When the change in absorbance at 350 nm was
monitored, the constant for dissociation of Mg2+ binding to
CPHM was determined to be 2.8( 0.1 mM (Figure 6). Thus,
under DNA strand transfer reaction conditions (10 mM
Mg2+), ∼80% of the CPHM is chelated to Mg2+.

The pyruvic acid analogue CPHP was also tested for its
ability to bind Mg2+. Titrations with metal concentrations
of e70 mM showed no evidence of metal‚CPHP chelation

as evidenced by the lack of change in the UV-visible
spectrum of CPHP (data not shown).

DISCUSSION

Here we describe the kinetic characterization of a newly
identified inhibitor of HIV-1 RT, 4-chlorophenylhydrazone
of mesoxalic acid (CPHM). In previous reports (45, 46), we
have described a novel approach for inhibiting HIV-1
replication, which is targeting DNA strand transfer with
chemical inhibitors. While many inhibitors that target reverse
transcriptase act by inhibiting the DNA polymerase activity
of the enzyme, inhibitors that target strand transfer could be
useful as potential therapeutic agents as well as useful tools
for understanding the mechanism of DNA strand transfer.

CPHM was identified in an automated screen of a chemical
compound library for compounds that would inhibit the
process of DNA strand transfer (45). Through model in vitro
DNA strand transfer and RNase H assays, we have charac-
terized the mechanism of inhibition of DNA strand transfer
reactions by CPHM. There are several steps during strand
transfer during which CPHM could target which would result

FIGURE 6: Chelation of Mg2+ by the inhibitor CPHM. (A) UV-
visible spectrum of CHPM and its Mg2+ chelate. Spectra are
presented of CPHM alone (O) or in the presence of 9 mM MgCl2
(b). A change inAmax from 335 to 345 nm and a∼15% increase
in the extinction coefficient were observed upon addition of Mg2+.
(B) Titration reactions were performed as described in Materials
and Methods. Titrations were performed by successive addition of
MgCl2 while the absorbance of CPHM was monitored at 350 nm.
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in the observed strand transfer inhibition: the RNA-depend-
ent DNA polymerization step catalyzed by RT, RT RNase
H activity, the intermediate annealing or exchange step, and
the DNA-dependent DNA polymerization step also catalyzed
by RT. Inhibition at any one or more of these steps could
contribute to the overall inhibition of DNA strand transfer.

We provide evidence here that CPHM inhibits DNA strand
transfer by targeting the RNase H activity of RT, disrupting
the translocation or repositioning of the enzyme on the RNA‚
DNA duplex, and inhibiting the necessary hydrolysis of RNA
intermediates required for strand transfer. While some
pausing during DNA synthesis was observed in the presence
of high CPHM concentrations, this inhibition could not
sufficiently explain the overall kinetics of DNA strand
transfer inhibition.

CPHM inhibits the initial catalysis of neither nucleotide
incorporation nor RNA hydrolysis (Figure 5), suggesting that
DNA synthesis as well as the chemistry step of RNA
hydrolysis remains functional during DNA strand transfer
in the presence of CPHM. It is most likely that the slowing
of nucleotide incorporation and RNA hydrolysis turnover,
observed at high CPHM, is due to CPHM retarding the
translocation of RT along the RNA‚DNA substrate as
opposed to inhibiting initial catalytic events. However, since
this effect requires high inhibitor concentrations, this inhibi-
tion is a secondary target of CPHM and not the predominant
mechanism.

The ability of CPHM to inhibit the intermediate or
annealing step of strand transfer was also tested. A modified
version of the assay described by Davis et al. (unpublished
data) was used to determine if CPHM could inhibit the
annealing of the primary DNA extension product to the
acceptor template. CPHM had no effect on DNA‚DNA
annealing even at concentrations ofe75.0µM CPHM. This
might explain why nucleocapsid protein had no effect on
the inhibition of strand transfer by CPHM. Recent studies
have shown that actinomycin D inhibits DNA strand transfer
reactions by strongly inhibiting this annealing step and that
NC protein could help to relieve some of this inhibition in
strand transfer (46, 48). These studies also show that
actinomycin D has no effect on the RNase H activity of
HIV-1 RT (46-48). This difference in NC sensitivity and
the observation that CPHM targets the RNase H activity of
HIV-1 RT points to a difference between actinomycin D and
CPHM in their mechanisms of inhibition.

From Figures 3 and 4, it is apparent that CPHM has a
pronounced effect on the RNase H hydrolysis activity of RT.
Although CPHM has little effect on total RT-catalyzed RNA
hydrolysis, it abruptly changes the distribution of the RNA
hydrolysis products produced in the absence of DNA
synthesis. Some accumulation of longer RNA hydrolysis
products (28- and 33-base RNAs) is observed, however, only
at high CPHM concentrations. Also, the 28- and 33-base
RNA products are the result of polymerase-dependent RNA
hydrolysis by RT, which occurs during DNA synthesis, and
correlates well with the first-extension DNA pausing also
seen at high CPHM concentrations (Figures 3, 4, and 7B).
The RNase H inhibition consistent with strand transfer
inhibition only occurs after primary DNA synthesis has
finished.

In our assay, RT has first been bound to the RNA‚DNA
template‚primer complex in the presence of CPHM. After

reaction initiation with nucleotides and Mg2+, RT quickly
extends the nascent DNA from the DNA primer to the end
of the RNA template (Figure 7A). During this first extension,
the polymerase-dependent RNase H activity of RT cleaves
the RNA template periodically and with little specificity.
Once DNA polymerization ends as RT reaches the 5′-end
of the RNA template, the RNase H activity of RT makes an
initial cleavage of the RNA to produce a predominant 19-
base RNA product. At that point, RT must reposition, or
translocate, the RNA‚DNA duplex so as to position the
RNase H domain further toward the 5′-end of the RNA
template to process the 19-base RNA down to smaller RNA
products (16- and 15-base RNAs). This places the 3′-end of
the DNA out of the polymerase active site. A similar
translocation must occur for correct positioning of the DNA‚
RNA duplex for the blunt-end nucleotide (Figure 7A). The
inhibition of the polymerase-independent RNase H and blunt-
end nucleotide addition activities are consistent with the role
of CPHM in interfering with this substrate repositioning.

Whether this repositioning occurs by RT “sliding” on the
RNA‚DNA duplex or by RT disassociating from the duplex
and then rebinding is not known. HIV-1 RT RNase H has
been shown to be slightly processive (53), suggesting that
some sliding of the DNA‚RNA duplex occurs. Either
mechanism must encompass RT binding in a thermodynami-
cally unfavorable binding mode for RT translocation and
subsequent strand transfer to occur. Since the processing of
the 5′-end of the RNA template is very slow and is the rate-
limiting step of strand transfer, it is therefore logical to
conclude that translocation is, in itself, an inefficient process.
The current data suggest that CPHM causes this already
inefficient and slow process of translocation to become even
more inefficient, thereby further slowing the rate-limiting
step of strand transfer.

Identification of an RNase H inhibitor is very significant,
since examples of potent inhibitors of HIV-1 RT RNase H
activity are few (45). The identification of the metal chelator
(BBNH) (44), however, has raised the possibility that the
dicarboxylic acid plays an important role in RNase H/trans-
location disruption by chelating RNase H active site Mg2+.
Consistent with this hypothesis, both CPHP, which lacks one
carboxylic acid, and CPHA, which lack both, display no
inhibition in strand transfer, suggesting that the dicarboxylic
acid must be retained for inhibitor activity.

Keck et al. proposes an activation/attenuation model for
the metal dependence of RNase H activity, suggesting that
only one divalent metal is required for hydrolysis and a
second metal then inhibits the enzyme after the initial
hydrolysis, thus attenuating the enzyme (54).

Several possible orientations of RT binding to RNA‚DNA
heteroduplex substrates, with respect to positioning of the
RNase H and polymerase domains, have been proposed (55-
58). It is possible that CPHM prevents access to one or more
of these binding modes necessary for polymerase-indepen-
dent RNase H hydrolysis to occur. This would restrict RT
from hydrolyzing RNA into smaller products after the initial
cleavage.

The actual binding site(s) of CPHM is not known.
However, since CPHM affectedE. coli RNase H in the same
manner as HIV-1 RT RNase H, by inhibiting the turnover
of long RNA hydrolysis products into smaller products, it is
reasonable to hypothesize that CPHM binds in the RNase H
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domain of HIV-1 RT. The structures ofE. coli RNase H
(59-61), the RNase H domain of HIV-1 RT (62), and the
HIV-1 RT (6-8) have been determined. The overall folds
of the RNase H domain of HIV-1 RT and theE. coli RNase
H are quite similar (62). Furthermore, the geometrical
alignments of secondary structure elements in theE. coli
RNase H and the RNase H domains of HIV-1, M-MLV, and
AMV reverse transcriptases reveal significant amino acid and
predicted structural homology (62-64). The similarities in
sequence and structure between these RNase H domains and
theE. coli enzyme suggest that CPHM might act broadly in
inhibiting RNase H activity. However, while CPHM inhibited
E. coli RNase H, no inhibition of either M-MLV or AMV
reverse transcriptases was observed under conditions where
RNase H inhibition would be detected. Interestingly, amino
acid alignments show that the sequence of M-MLV is more
identical to theE. coli RNase H than the HIV-1 RNase H
(62-64), but no inhibition of the M-MLV RT was detected.

Several factors my contribute to this observed specificity
of CPHM for HIV-1 RT. It is possible that CPHM binds
outside the RNase H domain of HIV-1 RT, in a region not
conserved between the retroviral RTs. However, the sensitiv-
ity of the E. coli RNase H toward CPHM and its structural
similarity to the RNase H domain of HIV-1 RT strongly
support a similar binding mechanism. Alternatively, there
may be important structural differences between the retroviral

RNase H domains that give rise to the observed inhibitor
specificity. Significantly, HIV-1 RT is a heterodimer com-
posed of two subunits, both of which are involved in
formation of single RNase H and polymerase active sites.
M-MLV exists as a monomer in the absence of DNA, but is
thought to form a dimer in the presence of a nucleic acid
template‚primer complex (65-67). In principle, this M-MLV
dimer could consist of two functional RNase H domains. It
is possible that one or both of these RNase H active sites
may not bind CPHM. Recently, RSV RT was shown to be
a dimer, but most of its polymerase and RNase H activity
resides in the smallerR-subunit (68). Discerning which
factors are involved in this specificity must await further
enzyme structural and inhibitor structure-activity studies.

It is clear from initial structure-activity studies and metal
binding experiments (Figure 6) that the dicarboxylic acid of
CPHM moiety is essential for inhibitor activity. CPHM
analogues lacking even one of the carboxylic acid groups
(Scheme 1) displayed no inhibition of enzyme activity. This
lack of inhibition correlates directly with the inability of
CPHP (pyruvic acid hydrazone, Scheme 1) to chelate Mg2+.
On the other hand, metal titration experiments indicate that
under the conditions of the DNA strand transfer reactions,
the dicarboxylic acid inhibitor CPHM is nearly completely
chelated to Mg2+ (Figure 6). This strong correlation between
inhibitor activity and metal binding supports the hypothesis

FIGURE 7: Model for the effect of CPHM on the translocation of HIV-1 RT RNase H. A schematic representation of how CPHM affects
the translocation activity of RT RNase H is shown. The prereaction initiation, first DNA extension/polymerase-dependent RNA hydrolysis,
and polymerase-independent/repositioning steps are shown. Before reaction initiation, RT (oval) is bound to the template (RNA, bold
line)‚primer (DNA) complex. The relative positions of the polymerase domain (P) and the RNase H domain (R) with respect to nucleic acid
substrate binding are indicated. RNA cleavages and sizes of RNA hydrolysis products are indicated by arrows. (B) The sequences of the
oligonucleotide substrates used in DNA strand transfer and RNase H activity assays are shown. The boldface sequence represents the RNA
template, and the lightface sequence represents the DNA primer. For clarity, the DNA acceptor template is not shown. Arrows pointing to
the DNA that is extended off of the DNA primer indicate paused DNA products that accumulate at high CPHM concentrations. Arrows
pointing directly to the RNA template on the left side indicate RNA products that also accumulate at high CPHM concentrations. The
highlighted bases represent the 19-base difference that can be seen when correlating RNA hydrolysis and DNA extension in the presence
of CPHM.
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that dicarboxylic acid-Mg2+ chelation is directly involved
in inhibitor function.

It is possible that CPHM could inhibit by first chelating
Mg2+ and then positioning itself with the extra metal in the
active site which then could either (1) attenuate RNase H
activity or (2) block the repositioning of RT on the RNA‚
DNA complex. This could also explain why CPHM exhibits
little inhibition of initial RNase H cleavage, even at high
concentrations, since the first initial RNA cleavages would
occur regardless of the presence of the second metal atom.
Biochemical and structural studies are currently underway
to investigate this issue.

Inhibitors of RNase H activity such as CPHM, in
combination with either strand transfer inhibitors that target
a different step in strand transfer (45, 46) or other inhibitors
of RT or nucleocapsid function, could provide novel means
for treating HIV-1 infection. It is possible that inhibitors such
as CPHM that target the RNase H activity of HIV-1 RT could
also inhibit important RNase H activity required for normal
human cell function. If this is the case, then the usefulness
of CPHM as a possible therapeutic agent might be compro-
mised. In this case, comparative structure-activity and
toxicity experiments would need to be implemented to
increase the specificity of HIV-1 RT inhibition. However,
many current dNTP analogue inhibitors of HIV-1 RT (i.e.,
AZT triphosphate) show some activity against cellular
polymerases, with a corresponding level of toxicity. Still,
these drugs play an important role in anti-HIV regimens.
Furthermore, while CPHM exhibited inhibitory activity
againstE. coli RNase H activity, the specificity of inhibition
by CPHM does not appear to be too broad since very little
or no inhibition of M-MLV or AMV reverse transcriptases
was observed. Future experiments in which the inhibition
of human RNase H will be examined, as well as toxicity
studies using viral culture assays, will help in addressing
this possibility. Meanwhile, CPHM, a reasonably potent and
specific inhibitor of HIV-1 RT RNase H, offers a new
perspective on an old target of HIV-1 therapeutic intervention
as well as valuable insights into a very important process of
HIV-1 replication.
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