
Vinylogous Ureas as a Novel Class of
Inhibitors of Reverse Transcriptase-Associated
Ribonuclease H Activity
Michaela Wendeler†, Hsiu-Fang Lee‡, Alun Bermingham§, Jennifer T. Miller†, Oleg Chertov¶,
Marion K. Bona¶,**, Noel S. Baichoo†, Maryam Ehteshami�, John Beutler§, Barry R. O’Keefe§,
Matthias Götte�, Mamuka Kvaratskhelia‡, and Stuart Le Grice†,*
†HIV Drug Resistance Program, National Cancer Institute, Frederick, Maryland, ‡College of Pharmacy, Center for Retrovirus
Research and Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio, §Molecular Targets Development
Program, National Cancer Institute, Frederick, Maryland, ¶Protein Chemistry Laboratory, Advanced Technology Program,
SAIC-Frederick, Frederick, Maryland, �Department of Microbiology and Immunology, McGill University, Montreal, Canada,
and **Basic Research Program, SAIC-Frederick, Frederick, Maryland

A lthough an absolute requirement for reverse
transcriptase (RT)-associated ribonuclease H
(RNase H) activity for human immunodeficiency

virus (HIV) replication was documented almost two de-
cades ago (1, 2), development of potent and selective
RNase H inhibitors has been surprisingly slow compared
with the nucleoside and non-nucleoside DNA poly-
merase inhibitors currently in clinical use. Recently,
however, N-hydroxyimides (3, 4), diketo acids (5, 6),
and dihydroxytropolones (7) have shown promise by
specifically inhibiting RNase H activity of HIV-1 and
HIV-2 RT, and in some instances acting synergistically
with clinically approved RT inhibitors. The preliminary
crystal structure of an N-hydroxyimide bound to the
RNase H domain of HIV-1 RT (4) suggests that it seques-
ters the divalent metal cofactor, laying the foundation
for rational design of improved inhibitors. Increasing the
diversity of RNase H inhibitors and structures of their
complexes with RT would significantly accelerate these
efforts.

We report here the identification and characteriza-
tion of the vinylogous ureas 2-amino-5,6,7,8-tetra-
hydro-4H-cyclohepta[b]thiophene-3-carboxamide
(NSC727447) and N-[3-(aminocarbonyl)-4,5-dimethyl-2-
thienyl]-2-furancarboxamide (NSC727448) as novel
HIV-1 and HIV-2 RNase H inhibitors. NSC727447 failed
to inhibit both DNA polymerase and pyrophosphorolysis
activities at a concentration of 50 �M, indicating prefer-
ential inhibition of RNase H function. NSC727447 and
NSC727448 are structurally unrelated to the dihy-
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ABSTRACT High-throughput screening of National Cancer Institute libraries of
synthetic and natural compounds identified the vinylogous ureas 2-amino-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (NSC727447) and N-[3-
(aminocarbonyl)-4,5-dimethyl-2-thienyl]-2-furancarboxamide (NSC727448) as in-
hibitors of the ribonuclease H (RNase H) activity of HIV-1 and HIV-2 reverse
transcriptase (RT). A Yonetani�Theorell analysis demonstrated that NSC727447,
and the active-site hydroxytropolone RNase H inhibitor �-thujaplicinol were mutu-
ally exclusive in their interaction with the RNase H domain. Mass spectrometric
protein footprinting of the NSC727447 binding site indicated that residues Cys280
and Lys281 in helix I of the thumb subdomain of p51 were affected by ligand bind-
ing. Although DNA polymerase and pyrophosphorolysis activities of HIV-1 RT were
less sensitive to inhibition by NSC727447, protein footprinting indicated that
NSC727447 occupied the equivalent region of the p66 thumb. Site-directed mu-
tagenesis using reconstituted p66/p51 heterodimers substituted with natural or
non-natural amino acids indicates that altering the p66 RNase H primer grip signifi-
cantly affects inhibitor sensitivity. NSC727447 thus represents a novel class of
RNase H antagonists with a mechanism of action differing from active site, diva-
lent metal-chelating inhibitors that have been reported.
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droxytropolone �-thujaplicinol (NSC18806) that we pre-
viously identified by high-throughput screening of librar-
ies of synthetic and natural products (7). A Yonetani�
Theorell analysis indicated that NSC727447 and
NSC18806 were mutually exclusive RNase H inhibitors.

In order to examine the NSC727447 binding site, we
performed mass spectrometric protein footprinting
based on biotin modification of exposed lysine resi-
dues in the free protein and the protein�inhibitor com-
plex (8−10). Cys280 and Lys281, located in helix I of the
thumb subdomain, were protected from modification
by inhibitor binding. Proximity between the p51 thumb
subdomain and the p66 RNase H domain implies that
inhibitor binding adjacent to the catalytic center affects
either divalent metal coordination or positioning of the
nucleic acid substrate in the active site. Although DNA
polymerase activity was less sensitive to inhibition, pro-
tein footprinting indicated that the analogous region of
the p66 was affected by NSC727447 binding.

Although vinylogous ureas display moderate selectiv-
ity for the retroviral enzymes, cellular toxicity prevented
selection of drug-resistant virus to locate the inactivating
lesion. We therefore exploited structural data suggest-
ing that the RNase H primer grip, located in the vicinity
of the catalytic center, promotes catalysis by determin-
ing the trajectory of the RNA strand accessing the RNase
H active site (11). Within this motif, modifying Tyr501 af-
fects the activity of the purified enzyme in vitro (12)
and virus replication kinetics in vivo (13). Tyr501 of
HIV-1 RT was replaced with the aromatic residues phe-
nylalanine or tryptophan. In addition, we incorporated
the unnatural amino acids azido-phenylalanine (Az-Phe)
and benzoyl-phenylalanine (Bp-Phe) by amber codon
suppression with orthogonal tRNA:aminoacyl-tRNA syn-
thetase pairs (14). A Tyr501Phe substitution reduced
NSC727447 sensitivity 3-fold, while replacement with
tryptophan and Az-Phe reduced this �11- and 14-fold,
respectively. A Tyr501Bp-Phe substitution exhibited the
strongest effect, reducing potency from an IC50 of
6.6 �M to one of 196 �M. Conversely, replacing primer
grip residue Thr473 with cysteine resulted in increased
sensitivity to NSC727447.

Collectively, our data suggests that regions within
the RNase H domain distinct from the catalytic center
can be targeted by small-molecule antagonists. Struc-
tural alterations in the RNase H domain conferring resis-
tance to NSC727447 furthermore highlight the advan-
tages of unnatural amino acid mutagenesis in probing

protein structure and function. The vinylogous ureas
occupy a binding pocket outside the RNase H catalytic
center and represent a novel and important class of allo-
steric RNase H antagonists to complement active-site-
directed, metal-chelating inhibitors such as dihy-
droxytropolones, N-hydroxyimides, and diketo acids.

RESULTS AND DISCUSSION
Inhibition of HIV RNase H Activity by Vinylogous

Ureas. NCI libraries of synthetic and natural compounds,
totaling �230,000, were screened robotically for HIV-1
RNase H inhibition as described (7, 15, 16). Primary hits
were evaluated against the HIV-2 enzyme, while
Escherichia coli and human RNases H were used as a
counterscreen. This strategy identified the vinylogous
ureas 2-amino-5,6,7,8-tetrahydro-4H-cyclohepta
[b]thiophene-3-carboxamide (NSC727447) and
N-[3-(aminocarbonyl)-4,5-dimethyl-2-thienyl]-2-furan-
carboxamide (NSC727448) as moderately potent RNase
H inhibitors. The structures of both inhibitors and the
sensitivity of retroviral, bacterial, and human RNases H
are presented (Figure 1). Sensitivity of HIV-2 RT demon-
strates that NSC727447 and NSC727448 do not oc-
cupy the non-nucleoside binding site of the DNA poly-
merase domain and allosterically affect RNase H activity
as has been shown for other inhibitors (17).

Vinylogous Ureas and Hydroxytropolones are
Mutually Exclusive RNase H Inhibitors. To compare the
properties of the vinylogous urea NSC727447 and
�-thujaplicinol (NSC18806), a hydroxytropolone previ-
ously identified as a potent and selective HIV RNase H
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Figure 1. Inhibition of retroviral, bacterial, and human
RNases H by vinylogous ureas NSC727447 and
NSC727448. IC50 values are the average of triplicate analy-
ses and were determined under initial-rate conditions from
the slope of the time-dependent increase in fluorescence.
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inhibitor (7), a Yonetani�Theorell analysis was per-
formed (18) to detect the degree of synergy or exclusiv-
ity. If the two compounds bind in a mutually exclusive
fashion, their effects upon enzyme velocity are additive,
yielding a series of parallel lines when the data is plot-
ted as the reciprocal of velocity vs concentration of the ti-
trated inhibitor in the presence of a number of fixed con-
centrations of the second inhibitor. If, in contrast, two
compounds bind independently of one another to the
enzyme, a Yonetani�Theorell analysis produces a se-
ries of converging lines, as previously demonstrated
with �-thujaplicinol and the non-nucleoside calanolide
A (7). The data (Figure 2) shows a set of parallel lines, il-
lustrating that the interaction term � approaches infin-
ity, suggesting that NSC727447 and NSC18806 are mu-
tually exclusive inhibitors.

NSC727447 Affects neither Pyrophosphorolysis nor
DNA Polymerase Activity. In order to examine the
specificity of RNase H inhibition by NSC727447, RNA-
dependent DNA polymerase activity was evaluated un-
der conditions requiring prior removal of a chain-
terminating nucleotide from the primer by pyrophospho-
rolysis. To achieve this, the DNA primer 3= terminus of
an RNA/DNA hybrid was blocked by incorporating the
nucleoside RT inhibitor azidothymidine monophosphate
(AZT-MP). Following purification of the blocked hybrid,

DNA synthesis was examined in the presence
of both a pyrophosphate donor and deoxynu-
cleoside triphosphates (experimental system,
Figure 3, panel a; results, Figure 3, panel b).

In the absence of a pyrophosphate donor, a
33-nt product verifies primer extension and in-
corporation of AZT-MP as the P � 12 product, af-
ter which synthesis terminates. However, a
45-nt primer extension product is evident when
the blocked substrate is provided a pyrophos-
phate donor and dNTPs. Under the same condi-
tions, NSC727447 at a concentration of 50 �M
failed to inhibit DNA synthesis. Although not
shown here, a similar result was obtained with
NSC727448. DNA polymerase activity was also
determined in the absence of pyrophosphoroly-
sis and proved likewise insensitive to inhibi-
tion at a concentration of 50 �M (data not
shown). Under equivalent conditions, we deter-
mined an IC50 of �10 nM for efavirenz, a non-
nucleoside RT inhibitor currently used in combi-
nation antiretroviral therapy (data not shown).

Footprinting of NSC727447 on the p51 RT Subunit
by Mass Spectrometry. Recently, we applied mass
spectrometry to identify ligand binding sites on both
HIV-1 RT (8) and integrase (9, 10). For RT, this involved
(a) modification of surface-exposed lysines by
N-hydroxysuccinimidyl-biotin (NHS-biotin) in the ab-
sence or presence of ligand, (b) electrophoretic separa-
tion of the p66 and p51 subunits, (c) in-gel proteolysis,
and (d) resolution of peptide mixtures by mass spec-
trometry to differentiate lysines susceptible to modifica-
tion in the protein�ligand complex from those shielded
upon complex formation (Figure 4).

The MALDI-TOF mass spectrum for tryptic fragments
of the p51 subunit was examined (Figure 5). In the un-
modified protein (Figure 5, panel c), peaks p3 (1389.8
Da) and p4 (1395.8 Da) represent peptides comprising
residues 263�275 of the thumb subdomain (-L-N-W-A-
S-Q-I-Y-P-G-I-K-) and 144�154 of its fingers/palm junc-
tion (-Y-Q-Y-N-V-L-P-Q-G-W-K-), respectively. NHS-biotin
treatment resulted in new modified peaks including p1
and p2 (Figure 5, panel a). In the RT/NSC727447 com-
plex, p1 was fully shielded from modification while p2
remained susceptible to biotinylation (Figure 5, panel b).
The mass of p2 (1342.7 Da) corresponded to the fin-
gers subdomain peptide comprising amino acids
66�72 (-K-D-G-T-K-W-R-), within which Lys66 and Lys70
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Figure 2. Yonetani�Theorell plot for inhibition of HIV-1 RNase H ac-
tivity in the presence of �-thujaplicinol (NSC18806) and vinylo-
gous urea NSC727447. The inverse of the rate of RNase H cleavage
(expressed as the change in relative fluorescence per minute) is
plotted as a function of NSC727447 concentration at �-thuja-
plicinol concentrations of 0, 0.1, 0.2, and 0.4 �M. Concentrations
of the titrated inhibitor NSC727447 were 0, 0.25, 0.5, 1, 2, 4, 8,
and 16 �M. The assay was performed at fixed concentrations of
substrate and enzyme (250 nM and 4 nM, respectively). The paral-
lel set of lines indicates that the two compounds bind in a mutually
exclusive fashion.
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contained a biotin adduct. Peak p1 (1325.65 Da) corre-
sponded to the tryptic peptide from thumb residues
278�284 (-Q-L-C-K-L-L-R-) plus two biotin molecules.
Given that NHS-ester has been reported to be highly
specific for primary amines and that there is only one ly-
sine in p1, we subjected the peptide to postsource de-
cay analysis to identify the sites of modification. The
fragmentation pattern (Figure 5, panel d) confirmed the
sequence of the peptide and revealed that Cys280 and
Lys281 contained a biotin adduct. Equivalent results
were confirmed by ESI-TOF MS/MS analysis (data not

shown). Such a result was
surprising, since to our
knowledge there is no prece-
dent indicating reactivity of
cysteine to NHS-biotin. It
has, however, been reported
that for the reaction of NHS-
esters of agarose deriva-
tives, sulfhydryl groups can
compete with free amino
groups (19). To study this in
more detail, a peptide com-
prising residues Val275�

Arg284 was examined. Fol-
lowing NHS-biotin treatment

and trypsin digestion, a species of mass 1325.65 Da
was identified, corresponding to the tryptic product -Q-
L-C-K-L-L-R- containing a biotin adduct on cysteine and
lysine (Supplementary Figure 1). These results were fully
consistent with the modification pattern of full length
RT and confirmed that under our reaction conditions cys-
teine was reactive to NHS-biotin.

Of those residues readily accessible to biotinylation
in free RT, only Cys280 and Lys281 in the thumb subdo-
main were selectively protected upon binding of
NSC727447 (region highlighted in Figure 6, together

with RNase H primer
grip residues
Gln500 and Tyr501
and the active site
carboxylates,
Asp443, Glu478
and Asp498). Crys-
tallography of HIV-1
RT containing du-
plex DNA (20, 21)
or an RNA/DNA hy-
brid (11) indicates
that the p51 subunit
contacts the p66
RNase H domain.
Subunit-selective
mutagenesis experi-
ments (22) have
demonstrated that
modifying residue
Trp266 of p51
�-helix H affects
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Figure 3. RNA-dependent DNA polymerase activity of HIV-1 RT is not inhibited by NSC727447. a) Substrate was
an end-labeled 21 nt DNA oligomer, annealed to a 45 nt RNA template (45R/21D RNA/DNA). In the first step, the
DNA oligomer was extended to a 33 nt AZT-monophosphate-terminated primer. The resultant RNA/DNA hybrid
(45R/33D) was purified, after which DNA synthesis was examined in the presence of a pyrophosphate donor and
NSC727447. b) Lane 1, 21nt/33nt marker mix; lane 2, 45R/33D �RT, �PPi; lane 3, 45R/33D �RT, �PPI,
�dNTPs; lane 4, 45R/33D �PPi, �RT, �dNTPs; lane 5, 45R/33D �RT, �PPI, �dNTPs, lanes 6�9, 45R/33D
�RT, �PPI, �dNTPs, �NSC727447 at final concentrations of 50.0, 25.0, 12.5, and 6.25 �M, respectively.
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Figure 4. Mass spectrometric protein footprinting strategy. Biotinylation reactions of free heterodimeric HIV-1 RT and of
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by NHS-biotin. RT subunits p66 and p51 are then separated by SDS-PAGE and subsequently subjected to proteolysis by
trypsin. Comparative analysis of the generated peptide fragments by MALDI-TOF MS identifies lysine residues shielded
from biotinylation in the RT/inhibitor complex.
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RNase H activity, and C-terminal truncations of the p51
RT subunit are linked with defects in RNase H activity
(23). Such lines of evidence support the notion that li-

gand binding to the p51 thumb can directly affect activ-
ity of the p66 RNase H domain, possibly by altering po-
sitioning of the scissile bond of an RNA/DNA hybrid at
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Figure 5. MALDI-TOF analysis of RT
tryptic peptides. a�c) Representa-
tive segments of the mass spectra.
a) Free RT was treated with NHS-
biotin. b) The RT�inhibitor complex
was treated with NHS-biotin. c) Un-
modified RT. The indicated peaks
correspond to the following pep-
tides: p1 � aa 278�284 containing
the modified residues Cys280 and
Lys281; p2 � aa 66�72 containing
modified lysines Lys66 and Lys70;
p3 � aa 264�275; p4 � aa
144�154. Comparison of the modifi-
cation patterns of free RT (a) with the
RT�inhibitor complex (b) reveals
that p1 was specifically shielded in
the preformed complex. Unmodified
peptide fragments p3 and p4 (a, b,
and c) serve as internal controls.
d) Postsource decay data for p1. The
fragmentation pattern of the par-
ent ion (1326.5 Da) confirms the fol-
lowing sequence for the modified
peptide: QL(C�biot.)(K�biot.)LLR.
The “b” and “y” ions are derived
from fragmentation of the peptide
bonds and provide amino acid se-
quence information read from the
peptide N-terminus toward
C-terminus and the peptide
C-terminus toward its N-terminus, re-
spectively. During fragmentation of
tryptic peptides the loss of ammonia
from “b” and “y” ions is frequently
observed. The respective peaks in
our spectrum are accordingly la-
beled. We also detected the “a4 �
NH3” ion, which resulted from the
combined loss of the CO and NH3

groups from the “b4” ion. In addition
to the conventional fragmentation
pattern, PSD analyses commonly
yield other internal fragmentation re-
actions. We did not attempt to
identify these additional ion peaks
because the assigned “b” and “y”
ions provided unequivocal identifica-
tion of the peptide sequence and
modified residues. The spectrum in
the range of 0�1300 m/z has been
magnified to better visualize the
fragmented ions.
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the active site. However, our data does not indicate
whether the p51 peptide identified here by mass spec-
trometry is the primary ligand binding site or whether
binding at one site induces a local conformational
change affecting neighboring residues. In order to deter-
mine whether Cys280 of the p51 RT subunit was di-
rectly involved in NSC727447 binding, we examined
NSC727447 sensitivity of an HIV-1 RT variant from which
Cys38 and Cys280 had been removed from both the
p66 and p51 subunits (Supplementary Figure 4). This
mutant enzyme retained sensitivity to NSC727447, ex-
cluding its direct binding to Cys280.

Footprinting the NSC727447 Binding Site on the
p66 Subunit. When mass spectrometric protein foot-
printing was applied to the p66 RT subunit, an equiva-
lent peptide of mass 1325.65 Da (i.e., peak p1) was de-
tected and protected from biotinylation in the presence
of NSC727447 (Supplementary Figure 3). Since (a) the
C-terminal tryptic fragment of p51 was not identified
during our analysis of the p66 subunit and (b) the p51
and p66 subunits were electrophoretically separated
prior to proteolytic digestion, we believe it unlikely that
such a result reflects contamination of p66. Footprinting
was also performed in a 20-fold excess of inhibitor to ac-
count for possible differences in affinity for p66 and
p51. Our data therefore suggests that a second and
equivalent NSC727447 binding site is located within
the p66 thumb. Since the overall geometry of the p51
and p66 thumb subdomains is similar, such a result
might not be entirely unexpected. Alternatively, we can-
not rule out an allosteric effect induced by NSC727447
binding in the vicinity of the RNase H domain, which re-
sults in protection of Cys280 and Lys281 of p66 from
chemical modification. However, insensitivity of DNA

polymerase activity to NSC727447 (Figure 3), together
with decreased sensitivity to inhibition upon introduc-
ing mutations into the RNase H domain (see below) sug-
gests the p66 binding site does not contribute signifi-
cantly to the inhibitory mechanism of NSC727447.

Altering Tyr501 of the RNase H Primer Grip Confers
NSC727447 Resistance. Tyr501 of the RNase H primer
grip of p66 RT has been implicated in controlling nucleic
acid geometry to position the scissile phosphodiester
bond at the RNase H catalytic center (11). Mutagenesis
of Tyr501 interferes with RNase H activity in vitro (12), as
well as virus replication (13) and AZT sensitivity (24) in
vivo. Given the intimate interaction between the p51
thumb subdomain and p66 RNase H domain, we next
examined whether introducing novel functionality or
steric bulk into the RNase H primer grip affected
NSC727447 activity. In addition to introducing the natu-
ral amino acids phenylalanine and tryptophan, we ex-
ploited genetically engineered E. coli containing or-
thogonal tRNA/aminoacyl tRNA synthetase pairs
(25−28) to site-specifically introduce the non-natural
phenylalanine analogs Az-Phe and Bp-Phe via nonsense
suppression. Reconstituted p66/p51 heterodimers (29)
were purified and examined for inhibitor sensitivity.

NSC727447 inhibited wild type RT with an IC50 of
6.6 �M (Figure 7). Replacing Tyr501 with phenylalanine
increased the IC50 approximately 3-fold (20.0 �M), indi-
cating that removing the hydroxyl function was rela-
tively benign. However, Tyr501Trp and Tyr501Az-Phe
mutations induced an �11-fold and 14-fold decrease
in inhibitor potency (70.6 and 89.6 �M, respectively).

p66 thumb

p66

p51

p51 thumb

Tyr501Tyr501
Gln500Gln500

Cys280

Lys281 Asp478

Asp443

Glu498

Cys280
Lys281

Figure 6. Structure of HIV-1 RT depicting, in magenta, residues of
the p66 and p51 thumb subdomains whose biotinylation is af-
fected by NSC727447 binding. p66 subdomains have been color-
coded blue (fingers), red (palm), green (thumb), yellow (connec-
tion), and gold (RNase H), For simplicity, only the p51 thumb is
color-coded in green. Catalytic carboxylates of the RNase H do-
main are in cyan and Gln500 and Tyr501 of the RNase H primer
grip in white. This figure was generated based on PDB entry
1RTD using Discovery Studio 2.0 software (Accelrys).

Structure aa IC50

Tyr 6.6 ± 0.57 µM

Phe 20.0 ± 3.1 µM

Trp 70.6 ± 10.4 µM

Az-Phe 89.6 ± 1.7 µM

Bp-Phe 196.7 ± 21.8 µM

Figure 7. Sensitivity of HIV-1 RT Tyr501 variants to
NSC727447 inhibition. Each IC50 value reported is the av-
erage of three independent experiments.
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Steric bulk introduced by replacing Tyr501 with trypto-
phan or rigidity introduced by the azido group of Az-Phe
may subtly alter inhibitor orientation or restrict its ac-
cess to the binding site. Although we cannot differenti-
ate between these possibilities, the consequences of in-
creasing steric bulk in the RNase H primer grip were
further augmented by p66501BpF/p51 RT, which was al-
most 30-fold resistant to NSC727447 (196.7 �M). A
similar trend was noted with NSC727448, which inhib-
ited wild-type RT with an IC50 of �5.5 �M and Bp-Phe-
substituted enzyme with an IC50 of �220 �M (data not
shown). Together with the biotinylation data (Figure 6),
we suggest that substituting Bp-Phe for Tyr501 of the
RNase H primer grip establishes a “gate” at the door of
the inhibitor binding cleft. Moreover, the effect of RNase
H primer grip mutations on inhibitor sensitivity sup-
ports our contention that their major effect is associ-
ated with the p51 thumb subdomain.

NSC727447 Destabilizes Nucleic Acid Binding to
RNase H Primer Grip Mutants. Modifying RNase H
primer grip residue Thr473 reduces affinity for nucleic
acid in vitro (12) and also impairs virus replication kinet-
ics (13). We therefore examined the affinity of a
Thr473Cys HIV-1 RT mutant for nucleic acid in the pres-
ence of NSC727447. Substrate for these experiments
was a 14 nt RNA�8 nt DNA chimera hybridized to a 22
nt DNA, which mimics removal of the tRNA primer during
reverse transcription (30). In order to avoid substrate
degradation, gel-mobility shift experiments were per-
formed in a Glu478Gln RNase H� background muta-
tion (1). Under the conditions employed here, the affin-
ity of both wild-type RT and the Glu478Gln mutant for
our substrate was unaffected in the presence of 50 �M
NSC727447 (Supplementary Figure 2, panels a and b).
Although replacing primer grip residue Thr473 with cys-
teine did not affect nucleic acid binding in the absence
of inhibitor, dissociation of the nucleoprotein complex
was evident at NSC727447 concentrations as low as

1.6 �M and virtually complete at 50 �M (Supplemen-
tary Figure 2, panel c). Thr473Cys RT was also 50-fold
more sensitive toward inhibition by vinylogous ureas
than the wild-type enzyme (Supplementary Figure 5).
Tyr501 and Thr473 contact the primer backbone at po-
sition �13 and �14, respectively, that is, 3 bp from the
scissile bond. The effect of two RNase H primer grip mu-
tations on inhibitor sensitivity support our contention
that vinylogous ureas affect RNase H activity by interact-
ing with the p51 thumb.

In summary, targeting regions of RT in the vicinity of
the RNase H domain represents a novel and attractive
means of allosterically inhibiting activity, in a manner
formally analogous to non-nucleoside inhibition of DNA
polymerase function (31). Jochmans et al. (32) have des-
ignated indolopyridone-1 (INDOPY-1) a nucleotide-
competing RT inhibitor (NcRTI) in that it competes at
the active site with the incoming dNTP. In addition,
Sluis-Cremer et al., have shown that N3-substituted
TSAO-T derivatives disrupt dimerization (33). Together
with our report of an RNase H inhibitor targeting a site
outside the catalytic center, these studies illustrate that
additional inhibitor binding “pockets” on HIV-1 and
HIV-2 RT remain to be exploited. This is of particular im-
portance for the RNase H domain of RT, for which so far
no potent and selective antagonists are known. The vi-
nylogous ureas reported here represent a novel class of
RNase H inhibitors distinct from previously reported
active-site directed, metal-chelating antagonists such
as dihydroxytropolones, N-hydroxyimides, and diketo
acids. Remarkably, while uncovering an inhibitor bind-
ing site in the p51 subunit was unexpected, recent data
suggests that acyl hydrazones likewise inhibit RNase H
function through an interaction with the p51 thumb and
also possess a second binding site in the p66 thumb
that is unrelated to RNase H inhibition (M. Parniak, Uni-
versity of Pittsburgh, personal communication).

METHODS
Materials. All chemicals were from Sigma unless otherwise

stated. The bacterial expression vector pRSET was obtained
from Invitrogen and vector pPR-IBA-2 from IBA. Strep-Tactin su-
perflow Sepharose and desthiobiotin were from IBA. dNTPs were
purchased from Roche. The Dual Media Set for protein expres-
sion by autoinduction was obtained from Zymo Research. Syn-
thetic oligonucleotides were from IDT and oligonucleotides for
the fluorescence-based RNase H assay from TriLink Biotechnolo-
gies. Sulfo-NHS-biotin was obtained from Pierce. The synthetic

peptide NH2-VRQLCKLLR-CO2H was from GenScript Corporation.
Plasmids for incorporating p-benzoyl-L-phenylalanine (Bp-Phe)
and p-azido-L-phenylalanine (Az-Phe) (14) were provided by Dr.
Peter G. Schultz, Scripps Research Institute, La Jolla, CA. Bp-Phe
was purchased from Bachem and Az-Phe from Chem-Impex. Vi-
nylogous ureas NSC727447 and NSC727448 were obtained
from ChemNavigator.

Expression and Purification of HIV-1 RT Variants. The coding re-
gion of RT p66 was cloned into the vector pRSET to introduce a
C-terminal (His)6 affinity tag and that of p51 RT into the bacte-
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rial expression vector pPR-IBA2, introducing an N-terminal Strep-
tag. For incorporation of non-natural amino acids, the Tyr501
codon was mutated to TAG, generating plasmid pRSET-p66His-
501Stop, which was cotransformed with either pSup-BpaRS-
6TRN or pSup-pAzPheRS-6TRN into bacterial strain BL21(DE3)
(Novagen/EMD Biosciences). Transformants were selected on LB
agar containing 80 �g mL�1 ampicillin and 50 �g mL�1 chlor-
amphenicol. A single colony was used to inoculate 250 mL of Ex-
pansion Broth containing 50 �g mL�1 ampicillin, 50 �g mL�1

chloramphenicol, and 1 mM of the unnatural amino acid and
grown with shaking at 230 rpm. Overexpression Broth (750 mL)
containing 50 �g mL�1 ampicillin and 50 �g mL�1 chloram-
phenicol was then added, and the culture was grown in baffled
flasks for 18 h at 37 °C.

Mutations Tyr501Trp and Tyr501Phe of p66 were introduced
using the QuikChange site-directed mutagenesis kit. For the ex-
pression of wild-type p51 and p66 mutants, BL21(DE3) cells
were transformed with the respective plasmids. Protein expres-
sion was performed according to the autoinduction protocol de-
scribed above, except that media contained only 50 �g mL�1

ampicillin and chloramphenicol was withheld. Enzyme purifica-
tion was as previously described (34).

FRET-Based RNase H Assay. RNaseH assays were performed
as described (16) using an 18-nucleotide 3=-fluorescein-labeled
RNA annealed to a complementary 18-nucleotide 5=-dabcyl-
conjugated DNA. The increase in fluorescence as a result of
RNase H hydrolysis was monitored with a Spectramax Gemini
EM fluorescence spectrometer. Data were analyzed using the in-
strument manufacturer’s SoftMax pro software. To determine
IC50 values, the slope of the curve representing the time-
dependent increase in fluorescence was determined at 10 min,
when initial rate conditions are met and substrate depletion is
not significant (16). The slope values were plotted against the
logarithm of the inhibitor concentrations, and IC50 values were
determined using SigmaPlot software. The two previously char-
acterized RNase H inhibitors �-thujaplicinol and manicol were
used as positive controls, yielding IC50 values in agreement with
previously published data (250 � 23 nM for thujaplicinol and
0.6 � 0.09 �M for manicol). For experiments comparing the in-
hibitory potency of NS727447 toward different RNases H
(Figure 1), enzyme amounts were adjusted so that reactions
without inhibitor resulted in comparable hydrolysis: HIV-1 RNase
H (specific activity toward FRET substrate 	 5.9 
 10�3 �mol
mg�1 min�1), 7.5 nM; HIV-2 RNase H (specific activity 	 2.02

 10�3 �mol mg�1 min�1), 22 nM; human RNase H (specific ac-
tivity 	 37.5 
 10�3 �mol mg�1 min�1), 1.6 nM; E.coli RNase
H (specific activity 	 320 
 10�3 �mol mg�1 min�1), 0.9 nM.
Substrate concentration for these assays was 0.16 �M.

Yonetani�Theorell Analysis. To determine whether the bind-
ing site for vinylogous ureas overlaps with that of the RNase H in-
hibitor �-thujaplicinol (7), RNase H activity was measured in
the presence of varying concentrations of NSC727447
(0.25�16 �M) at fixed concentrations of �-thujaplicinol
(0.1�0.4 �M) (18). The assay was conducted at fixed concen-
trations of RNA/DNA substrate (250 nM) and enzyme (4 nM). Hy-
drolysis was initiated by adding RNA/DNA hybrid and moni-
tored for 60 min. Data analysis was performed with SigmaPlot
(SPSS Inc.). The following equation was used for data an analy-
sis:

1/�ij � 1/�0{1 � [I] ⁄ Ki � [J]/Kj � [I][J]/(�KiKj)}

where �ij 	 enzyme velocity in the presence of both compounds
at concentrations [I] and [J] and � is the interaction term that de-
fines the degree to which binding of one compound perturbs
binding of the other.

RNA-Dependent DNA Polymerase Activity. A 33 nt AZT-
monophosphate-terminated primer was generated by extend-
ing a 21 nt end-labeled DNA oligomer (5=-GAC AGG GAT GGA AAG
GAT CAC-3=) hybridized to a 45 nt RNA template (5=-AUU CCC
GUU UAC GCC UCU CCU GGU GAU CCU UUC CAU CCC UGU CCC-
3=) in a reaction that used 300 nM primer/template, 2 mM dATP,
dCTP, and dGTP, 2.5 mM AZTTP, and 75 nM RT in 50 mM Tris,
pH 8.0, 80 mM NaCl, 8 mM MgCl2, and 5 mM DTT for 60 min at
37 °C, followed by phenol/chloroform extraction and dNTP re-
moval via Sephadex G 50 chromatography. AZT-terminated
primer was next extended for 20 min at 37 °C in the above buffer
using 25 nM primer/template, 2 mM dNTPs, 1 mM NaPPi (pH
7.5), 21 nM RT, and a full complement of dNTPs, in the pres-
ence of 50, 25, 12.5, and 6.25 �M NSC727447. Reaction prod-
ucts were resolved by high-voltage gel electrophoresis.

Mass Spectrometric Protein Footprinting. NHS-biotin reacts
with accessible primary amines, resulting in the covalent addi-
tion of a biotin molecule (adding a mass of 226.3 Da) and re-
lease of N-hydroxysuccinimide. Due to better solubility, we used
Sulfo-NHS-biotin (Pierce). In the course of this study, we found
that this reagent labels not only lysines and the protein
N-terminus but, to a lesser extent, also accessible cysteine resi-
dues. In a 30 �L reaction volume, 7 �M RT and 1 �L of DMSO
or inhibitor solution was incubated in the absence or presence
of 600 �M sulfo-NHS-biotin in 50 mM HEPES, pH 8.0, for 30 min
at room temperature. We have demonstrated previously that un-
der these conditions, structural integrity of RT is preserved (8).
Reactions for free RT and RT in complex with the inhibitor were
carried out in parallel, using an inhibitor concentration 20 times
above the IC50. The reactions were quenched by adding excess
lysine in its free amino acid form. Protein was denatured by add-
ing 2 �L of 20% SDS and 0.2 �L of 1 M DTT and incubating at
70 °C for 20 min. Free cysteine residues were then alkylated with
2 �L of 1 M iodoacetamide and incubated for 45 min at room
temperature. The reaction was stopped with 100 mM DTT, and
samples were concentrated in a SpeedVac and subjected to
SDS-PAGE on 4�12% Bis-Tris gels. RT was visualized with Coo-
massie blue stain, and the p51 and p66 subunits were excised.
Gel slices were destained with 50% acetonitrile/50% 50 mM
NH4HCO3, followed by two washes with 50 mM NH4HCO3. The
slices were then dehydrated with 100% acetonitrile, dried un-
der vacuum, and subjected to proteolysis using 0.5 �g of tryp-
sin (Roche) in 50 mM NH4HCO3 buffer for 16 h. Peptide spectra
were recorded using a Kratos Axima-CFR mass spectrometer
equipped with curved field reflectron (Kratos Analytical Instru-
ments) and �-cyano-hydroxy-cinnamic acid as matrix. For quan-
titative analysis of biotinylated peptide peaks, at least two adja-
cent unmodified peptide peaks were used as controls. To
confirm that sulfo-NHS-biotin also labels cysteine, we analyzed
the synthetic peptide VRQLCKLLR as described above. After re-
duction and alkylation, the samples were desalted using ZipTip
C18 tips (Millipore), prior to treatment with 0.2 �g of trypsin in
50 mM NH4HCO3.

Electrophoretic Mobility Shift Analyses. The stability of wild-
type and mutant RTs on a model RNA/DNA hybrid in the pres-
ence of NSC727447 was evaluated by electrophoretic mobility
shift analysis. Enzyme (250 nM) and RNA/DNA hybrid (50 nM
(30)) were incubated in a buffer of 50 mM Tris/HCl, pH 7.8, and
50 mM NaCl and in the presence of NSC727447 at concentra-
tions ranging from 0.6�50 �M. Nucleoprotein complexes were
resolved by nondenaturing electrophoresis and visualized by au-
toradiography. RT mutant Thr473Cys was evaluated in the con-
text of the RNase H-inactivating mutation Glu478Gln, the latter
of which does not affect complex stability.
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