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RNase H plays an essential role in the replication of human immunodeficiency virus type 1 (HIV-1). Therefore, it is a promising
target for drug development. However, the identification of HIV-1 RNase H inhibitors (RHIs) has been hampered by the open
morphology of its active site, the limited number of available RNase H crystal structures in complex with inhibitors, and the fact
that, due to the high concentrations of Mg2� needed for protein stability, HIV-1 RNase H is not suitable for nuclear magnetic
resonance (NMR) inhibitor studies. We recently showed that the RNase H domains of HIV-1 and prototype foamy virus (PFV)
reverse transcriptases (RTs) exhibit a high degree of structural similarity. Thus, we examined whether PFV RNase H can serve as
an HIV-1 RNase H model for inhibitor interaction studies. Five HIV-1 RHIs inhibited PFV RNase H activity at low-micromolar
concentrations similar to those of HIV-1 RNase H, suggesting pocket similarity of the RNase H domains. NMR titration experi-
ments with the PFV RNase H domain and the RHI RDS1643 (6-[1-(4-fluorophenyl)methyl-1H-pyrrol-2-yl)]-2,4-dioxo-5-hex-
enoic acid ethyl ester) were performed to determine its binding site. Based on these results and previous data, in silico docking
analysis showed a putative RDS1643 binding region that reaches into the PFV RNase H active site. Structural overlays were per-
formed with HIV-1 and PFV RNase H to propose the RDS1643 binding site in HIV-1 RNase H. Our results suggest that this ap-
proach can be used to establish PFV RNase H as a model system for HIV-1 RNase H in order to identify putative inhibitor bind-
ing sites in HIV-1 RNase H.

In foamy viruses (FVs), the mature reverse transcriptase (RT)
harbors the protease (PR) at its N terminus, leading to a multi-

functional enzyme that carries out the functions of PR and RT,
including the activities of RT-associated RNA-dependent DNA
polymerase (RDDP) and RNase H (1–3). In contrast to the human
immunodeficiency virus type 1 (HIV-1) RT heterodimer (p66/
p51), prototype FV (PFV) PR-RT has been shown to be mono-
meric and able to catalyze all RT-related functions (3), while PR
activation requires dimer formation of the PR domain via the
binding of PR-RT to a specific element on the viral RNA, called the
protease-activating RNA motif (PARM) (4, 5). Hence, for the ret-
rotranscription functions, PFV PR-RT differs from alpharetrovi-
ral and lentiviral RTs (including HIV-1 RT), which are dimeric,
and it is similar to the gammaretroviral RTs that are monomeric
(6). In addition, the PFV RNase H domain possesses a basic pro-
trusion, including a basic loop and the so-called C-helix, which is
important for activity and substrate binding and is absent in the
HIV-1 RNase H domain (7, 8). In HIV-1 RT, the basic protrusion
is absent; instead, a loop derived from the connection domain of
the p66 subunit fulfills a similar function (7, 8). Therefore, in
contrast to FV, the free HIV-1 RNase H domain, which lacks the
loop, is not enzymatically active (7–11).

In the search for effective drugs to treat HIV-1-infected pa-
tients, many HIV-1 RT inhibitors have been identified in the last
25 years (12). They are generally divided into nucleoside analogue
RT inhibitors (NRTI), nonnucleoside analogue RT inhibitors
(NNRTI), and RNase H inhibitors (RHI) (12–15); however, no
RNase H inhibitor is yet in clinical use.

HIV-1 RNase H is an attractive new target for drug discovery,
since its enzyme activity is essential for viral replication. During
the last 10 years, several classes of HIV-1 RHIs have been identified
(12–15). The design of potent RHIs has proven difficult due to the
open morphology of the RNase H active site (16) and the limited

number of available RNase H crystal structures in complex with
inhibitors (17–21). In addition, given the fact that under nuclear
magnetic resonance (NMR) conditions, the free HIV-1 RNase H
domain is stable only in the presence of 20 to 80 mM MgCl2, it is
difficult to perform binding studies with inhibitors that interact
with magnesium ions (22–24). Furthermore, since the free HIV-1
RNase H domain is not active, a chimeric HIV-1 RNase H domain
harboring the substrate binding loop from Escherichia coli RNase
H is often used for inhibitor testing (20, 24–26).

Therefore, we wanted to investigate whether HIV-1 RHIs are
also able to inhibit PFV RNase H. In fact, structural alignments of
the two RNase H domains reveal that with the exception of the
basic protrusion, the overall three-dimensional structures of
HIV-1 and PFV RNase H are highly homologous (8, 12, 27). If
PFV RNase H were inhibited in a similar fashion, it could serve as
an HIV-1 RNase H model for inhibitor interaction studies. More-
over, we have shown that FV RNase H is soluble and stable at 6
mM MgCl2 (7, 8). This makes the RNase H suitable for inhibitor
binding studies by NMR spectroscopy, especially since several
RHIs are Mg2� ion binding compounds, i.e., diketo acids (28).

Received 13 January 2014 Returned for modification 20 February 2014
Accepted 29 April 2014

Published ahead of print 5 May 2014

Address correspondence to Birgitta M. Wöhrl, birgitta.woehrl@uni-bayreuth.de, or
Enzo Tramontano, tramon@unica.it.

A.C. and A.S. contributed equally to this work.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00056-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00056-14

4086 aac.asm.org Antimicrobial Agents and Chemotherapy p. 4086 – 4093 July 2014 Volume 58 Number 7

http://dx.doi.org/10.1128/AAC.00056-14
http://dx.doi.org/10.1128/AAC.00056-14
http://dx.doi.org/10.1128/AAC.00056-14
http://aac.asm.org


We first chose five different HIV-1 RHIs that inhibit HIV-1 RT
by binding at different RT pockets (Fig. 1) and the NNRTI efa-
virenz as a control to test their effects on FV PR-RT in enzyme
activity assays. Due to its relatively high solubility in water, the
inhibitor RDS1643 that impaired FV RNase H activity appeared to
be suitable for NMR spectroscopy. NMR titration experiments
identified its putative binding site in the PFV RNase H domain.
Sequence and structure alignments with HIV-1 RNase H and
docking experiments were used to reveal the corresponding bind-
ing site in HIV-1 RNase H. Our data suggest that PFV RNase H
can be used as a model for HIV-1 RNase H inhibitor binding.

MATERIALS AND METHODS
Protein purifications. The purification of PFV PR-RT and 15N-labeled
PFV RNase H was performed as described previously (3, 7).

RNase H polymerase-independent cleavage assay. The PFV RT-as-
sociated RNase H activity was measured in a 100-�l reaction volume
containing 50 mM Tris HCl (pH 8.1), 6 mM MgCl2, 1 mM dithiothreitol
(DTT), 80 mM KCl, 0.25 �M hybrid RNA/DNA (5=-GTTTTCTTTTCC
CCCCTGAC-3=-fluorescein, 5=-CAAAAGAAAAGGGGGGACUG-3=-
dabcyl), and 2 nM PFV RT. The reaction mixture was incubated for 1 h at
37°C, the reaction was stopped by adding EDTA, and the products were
measured with a Victor3 (PerkinElmer) plate reader at 490/528 nm.

DNA polymerase assay. The PFV RT-associated RDDP activity was
measured in a 50-�l volume containing 60 mM Tris-HCl (pH 8.1), 8 mM
MgCl2, 60 mM KCl, 13 mM DTT, 100 �M dTTP, 5 nM PFV RT, and 2.5
�M poly(A)-oligo(dT) (EnzChek Invitrogen). The reaction mixture was
incubated for 30 min at 37°C. The enzymatic reaction was stopped by
adding EDTA. The reaction products were detected by the addition of
PicoGreen and measured with a Victor3 (PerkinElmer) plate reader at
502/523 nm.

Compounds. RDS1643 was kindly provided by Simona Di Santo,
University of Rome La Sapienza, Italy; 2-amino-4,5,6,7-tetrahydrobenzo-
[b]thiophene-3-carboxamide (VU6) and 2,7-dihydroxy-4-isopropyl-cy-
clohepta-2,4,6-triene (�-thujaplicinol) were kindly provided by Stuart Le
Grice, National Cancer Institute (NCI), USA; (Z)-3-(2-(4-(3,4-dihy-
droxyphenyl)thiazol-2-yl)hydrazono)indolin-2-one (NSC657589) was
obtained from the NCI repository; and 3-hydroxy-4-propionyl-3,4-dihy-
droquinolin-2(1H)-one (DHQ) was kindly provided by Philippe Cotelle,
University of Lille, France. Efavirenz was obtained from Elias Maccioni,
University of Caligari, Italy.

NMR analyses. Standard nuclear magnetic resonance (NMR) hetero-
nuclear single quantum coherence (HSQC) experiments were recorded
using 50 to 80 �M 15N-labeled PFV RNase H in 5 mM sodium phosphate

(pH 7.0), 100 mM NaCl, 6 mM MgCl2, 0.5 mM DTT, 10% (vol/vol) D2O,
and 6% deuterated dimethyl sulfoxide (DMSO) at 25°C on Bruker Avance
700 and 800 MHz spectrometers partially equipped with a cryogenically
cooled probe. In-house protocols were used to process the NMR data, and
the program NMRView was utilized for analysis (B.A. Johnson; Merck,
Whitehouse Station, NJ, USA). The inhibitors were dissolved in 100%
deuterated DMSO to a final concentration of 100 mM and added at the
concentrations indicated in Results and Discussion. The control HSQC
spectra of PFV RNase H at various concentrations of deuterated DMSO
were recorded for each titration step. The final DMSO concentrations for
RDS1643 did not exceed 11%.

Changes in the chemical shifts were expressed by calculating the
weighted geometric average (equation 1, c15N � 0.1, of chemical shifts of
1H and 15N spins). A chemical shift change with a weighted geometric
average of �0.02 ppm was considered significant.

�norm � ���1H
2 � �c15N � ��15N�2 (1)

Inhibitor docking. Docking experiments were performed using the
program AutoDock Vina (29). Nonpolar hydrogen atoms were removed
from both protein and ligand and saved in a PDBQT format. A grid box
was set with 20 � 36 � 28 points in x, y, z direction and �8.5, �18.0, 7.0
grid center for PFV RNase H (Protein Data Bank identification no. [PDB
ID] 2LSN). The grid box included the active-site residues and the adjacent
residues exhibiting significant chemical shift changes These parameters
were saved in a configuration text file (config.txt), followed by autodock-
ing. The results generated were visualized in PyMOL. Among the inhibi-
tor binding orientations obtained, the orientation that fit best to the NMR
data was chosen.

RESULTS AND DISCUSSION
Inhibition of PFV PR-RT enzyme activities. For the analysis of FV
PR-RT inhibition, we chose the diketo acid derivative 6-[1-(4-fluo-
rophenyl)methyl-1H-pyrrol-2-yl)]-2,4-dioxo-5-hexenoic acid ethyl
ester (RDS1643) (28), 3-hydroxy-4-propionyl-3,4-dihydroquinolin-
2(1H)-one (DHQ) (30), and the natural product 2,7-dihydroxy-
4-isopropyl-cyclohepta-2,4,6-triene (�-thujaplicinol) (31), which
were reported to inhibit HIV-1 RNase H by binding the two diva-
lent Mg2� ions in the catalytic site. We also chose the vinylogous
urea derivative 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-
3-carboxamide (VU6), which was reported to inhibit HIV-1
RNase H by interacting with a pocket located at the junction
between the p51 subunit thumb subdomain and the p66 RNase
H domain, possibly affecting the conformation of the adjacent
p66 RNase H domain (32), and the hydrazonoindolin-2-one de-

FIG 1 Chemical structures of HIV-1 RHIs and the NNRTI efavirenz.
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rivative, (Z)-3-(2-(4-(3,4-dihydroxyphenyl)thiazol-2-yl)hydra-
zono)indolin-2-one (NSC657589), which was shown to inhibit
both HIV-1 RT-associated RDDP and RNase H activities, possibly
by binding to a site located in a region between the polymerase
catalytic aspartate triad (Asp110, Asp185, Asp186) and the
NNRTI pocket, hence contiguous to the NNRTI pocket but dif-
ferent from it (33). Figure 1 shows the chemical structures of the
inhibitors used in this study. When these HIV-1 RHIs were tested

on PFV PR-RT in biochemical assays using the methods previ-
ously described for HIV-1 RT-associated RNase H and polymer-
ase functions (34–36) and the reaction conditions previously op-
timized for PFV PR-RT (3), we observed that all selected RHIs
inhibited the PFV PR-RT (Table 1 and Fig. 2). In particular, the
metal binding catalytic site binder RHIs, RDS1643, DHQ, and
�-thujaplicinol, inhibited the PFV PR-RT RNase H activity, with
50% inhibitory concentrations (IC50s) comparable to the ones
obtained for HIV-1 RT, with the exception of DHQ, which was
2.5-fold-less potent on PFV PR-RT than on HIV-1 RT. Unexpect-
edly, while RDS1643 and DHQ have been reported to be selective
for the HIV-1 RNase H function (Table 1), they also inhibited the
PFV PR-RT-associated RDDP activity with the same potency
shown for the RNase H function (Fig. 2). In contrast, �-thujapli-
cinol was inactive on the associated RDDP activities of both en-
zymes (Table 1 and Fig. 2). On one hand, these results may indi-
cate that RDS1643 and DHQ also bind the Mg2� ions in the PFV
PR-RT DNA polymerase (DP) site, while �-thujaplicinol is not
able to act on the DP site; however, in all the retroviral RTs crys-
tallized so far, the geometrical characteristics of the two sites are
quite different, and this hypothesis is not very likely to be accurate.
It is more plausible that the binding of RDS1643 and DHQ at the
PFV RNase H active site may reduce the PFV PR-RT flexibility

TABLE 1 PFV PR-RT inhibition by HIV-1 RT RHIs

Compound

Mean � SD IC50 (�M) fora:

PFV PR-RT HIV-1 RT

RNase H RDDP RNase H RDDP

RDS1643 7.6 � 2.0 5.2 � 0.5 8.0 � 1.5 	100
DHQ 41.0 � 8.0 41.0 � 12.0 16.0 � 4.0 	100
�-Thujaplicinol 0.3 � 0.1 	100 0.22 � 0.03 	100
VU6 6.5 � 0.4 15.2 � 1.8 18.7 � 4.8 	100
NSC657589 1.7 � 0.3 2.0 � 0.5 4.4 � 1.3 7.4 � 1.7
Efavirenz 	20 	20 	20 0.015 � 0.005
a Compound concentration required to inhibit RT-associated RNase H activity by 50%
and compound concentration required to reduce RT-associated RDDP activity by 50%,
respectively. The results were calculated from �3 independent experiments.

FIG 2 Dose-dependent PFV PR-RT inhibition by HIV-1 RHIs. PFV PR-RT-associated RNase H (filled circles) and RDDP (open circles) activities were assayed
at 37°C as described for 1 h (RNase H) and 30 min (RDDP), in the absence and in the presence of different concentrations of RDS1643 (A), VU6 (B),
�-thujaplicinol (C), and NSC657589 (D). The results represent the average and standard deviation values of three independent experiments.
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and, with a long-range effect, it may also affect its RDDP activity.
Moreover, RDS1643 probably contacts the nucleic acid in the
RNase H active site and thus might hamper polymerization activ-
ity due to a change of primer position in the polymerase active site.
Possibly, given the structure of �-thujaplicinol, its binding to the
PFV RNase H site does not involve the amino acid residues inter-
acting with RDS1643 and DHQ, so that a long-range effect cannot
take place.

Next, we assayed the vinylogous urea derivative VU6, showing
that it inhibited the PFV PR-RT-associated RNase H function 2.9-
fold-more potently than did HIV-1 RT. Interestingly, VU6 was
also able to inhibit PFV PR-RT-associated RDDP activity, while it
was inactive on the HIV-1 RT RDDP (Table 1). Of note, the inhi-
bition of PFV RDDP and RNase H activities occurs at comparable
compound concentrations (Table 1), suggesting a unique inhibi-
tor binding site exerting an effect on both activities. Since vinylo-
gous urea derivatives have been proposed to bind to a pocket
located at the junction between the p51 subunit thumb sub-
domain and the p66 RNase H domain of HIV-1 RT and, in par-
ticular, to interact with an 
-helix adjacent to the RNase H do-
main in the p51 subunit (32, 37), we speculate that even though
HIV-1 RT is a heterodimer and PFV PR-RT is a monomer, this
pocket is present in both proteins. Therefore, VU6 inhibition of
both PFV PR-RT RNase H and RDDP functions reinforces the
hypothesis that the binding of RHIs to PFV PR-RT may decrease
its flexibility, leading to a complete loss of its catalytic activities.

Subsequently, we tested the hydrazonoindolin-2-one deriva-
tive NSC657589, which has been reported to inhibit both HIV-1
RT-associated functions (33). Our data reveal that it inhibited
both PFV PR-RT RNase H and RDDP functions. The IC50s ob-
served for PFV PR-RT inhibition by NSC657589 were 2- to 3-fold
lower than those observed for HIV-1 RT inhibition. NSC657589
has been proposed to inhibit HIV-1 RT by binding a site close to
but distinct from the NNRTI binding pocket (33). Therefore, our
results suggest that either this pocket is present also in PFV PR-RT
or that the NSC657589 activity on HIV-1 RT is due to the binding
to a different site, possibly close to the RNase H binding pocket.

In addition, we wanted to test the NNRTI efavirenz on
PFV PR-RT functions, since it is known that the NNRTI
binding pocket is present in HIV-1 RT only and not in the
highly homologous HIV-2 RT (38). In HIV-1 RT, two ty-
rosines, Y181 and Y188, close to the (underlined) active-site
motif Y183MDD (VIY181QYMDDLY188V), as well as the substitu-
tion K103N, are involved in efavirenz resistance (38). Sequence
comparisons show that in PFV RT, only the tyrosine correspond-
ing to Y188 is present (NVQVYVDDIY317L); however, due to the
low sequence identity (ca. 26%), it is difficult to judge whether the
lysine corresponding to K103 is also present in PFV RT. Our re-
sults showed that efavirenz was not able to inhibit either PFV
PR-RT function (Table 1), confirming that the NNRTI binding
pocket is not present in PFV PR-RT and that the hydrazonoindo-
lin-2-one derivative NSC657589 binds to a different site from that
of the NNRTI binding pocket.

NMR titration experiments with the free PFV RNase H do-
main. To learn more about RNase H inhibitor binding, we tested
the binding of several of the inhibitors, namely, RDS1643,
NSC657589, and VU6, to the free PFV RNase H domain in NMR
titration experiments. An NMR spectrum correlating the reso-
nance frequencies of chemical shifts of amide protons directly
bonded to 15N-labeled nitrogen atoms (2D [1H-15N] heteronu-

clear single quantum correlation [HSQC]) allows the individual
detection of peptide backbone signals. Each signal in the spectrum
represents a single amino acid of the peptide chain and can be
assigned to an individual residue. Changes in the chemical envi-
ronment of a magnetically active atom, e.g., binding of an inhib-
itor or ligand, led to changes in the chemical shifts of the signal.
Thus, HSQC spectra can be used to investigate inhibitor binding.

We previously solved the structure of PFV RNase H by NMR
spectroscopy (PDB ID 2LSN) (7, 8). Thus, NMR assignment and
structural information can be used for inhibitor titration experi-
ments. However, measurements using the RNase H inhibitors and
PFV RNase H were partially hampered by the low solubility of the
inhibitors in aqueous solutions and the high inhibitor concentra-
tions needed in NMR spectroscopy, since concentrations of 15N-
labeled enzyme of around 50 to 100 �M are necessary to obtain
analyzable signals. In fact, the addition of NSC657589 and VU6 to
15N-labeled PFV RNase H resulted in partial precipitation of the
inhibitors. Final concentrations of about 2 mM NSC657589 (ca.
32-fold excess) or 12 mM VU6 (ca. 194-fold excess) were added to
15N-labeled PFV RNase H. However, due to the partial precipita-
tion of inhibitors and possibly enzymes even at lower inhibitor
concentrations during the measurements, the spectra could not be
evaluated (data not shown).

In contrast, the addition of the inhibitor RDS1643 (49-fold
excess) gave rise to relevant chemical shift changes of certain res-
idues in the HSQC spectrum (Fig. 3; see also Fig. S1 in the supple-
mental material). A chemical shift change of �0.02 ppm was con-
sidered relevant (Fig. 3A). Significant chemical shift changes upon
the addition of inhibitors were observed with residues T598, A614,
G617, T641, I647, A648, T668, Y672, A674, W703, K722, H732,
and T733. The overlays of the HSQC spectra of residues T641 and
W703 recorded at various inhibitor concentrations are illustrated
in Fig. 3B. The data confirm that RDS1643 binds to the RNase H
domain and suggest that the effects on polymerization are indi-
rect. However, we cannot exclude a second binding site in the
polymerase domain.

The residues exhibiting significant chemical shift changes
upon the addition of inhibitors are highlighted in the three-di-
mensional structure of PFV RNase H (Fig. 4A). Among the resi-
dues leading to significant chemical shift changes, T598, A614,
G617, A648, T668, and A674 are not surface exposed, while resi-
dues, T641, I647, Y672, and W703 are spatially close together and
oriented toward the protein surface (Fig. 4B).

Residues T598, I647, A648, and T668 are adjacent to the active-
site residues D599, E646, and D669, respectively (Fig. 4A). W703
is in the alpha-helix D, which follows the basic loop that has been
shown to be involved in nucleic acid substrate binding (8). T641 is
located at the beginning of the alpha-helix A, which also harbors
the active-site residue E646.

These data indicate that the inhibitor binding pocket is located
next to the active site and might be formed by the surface-exposed
residues T641, I647, Y672, and W703. The residues K722, H732,
and T733 located at the beginning of the alpha-helix E and the
adjacent N-terminal loop are also surface exposed. However, they
exhibited only small chemical shift changes (�0.03 ppm), which
might be due to minor direct or indirect conformational changes
induced by the binding of the inhibitor.

Most of the other residues shown in Fig. 4A are located in the
interior of the protein (Fig. 4B) and therefore do not come into
consideration for direct inhibitor contact. Rather, the binding of
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the inhibitor can lead to indirect changes in the local structure of
the protein by changing side-chain orientations.

To show how the nucleic acid substrate is bound in relation to
the putative inhibitor binding pocket, we modeled the RNA/DNA
substrate of the human RNase H-RNA-DNA complex (PDB ID
2QK9) onto the PFV RNase H (8). For clarity, only the nucleic
acid without the human RNase H is presented (Fig. 4C). It has
been shown by UV/visible light (Vis) spectroscopy and isothermal
titration calorimetry that RDS1643 and other diketo acids (DKAs)
bind Mg2� or Mn2� (26, 28) and thus can interact with the metal
ions in the active site of the RNase H. This is consistent with our
observation of chemical shift changes in the NMR titration exper-
iment close or next to the active-site residues. Overall, these data
suggest that RDS1643 can bind Mg2� in the RNase H active site
and that it can make additional interactions with residues next to
it to stabilize its binding.

To further verify this mode of interaction, we performed dock-
ing calculations with RDS1643 and PFV RNase H using the pro-
gram AutoDock Vina (29). Based on our NMR data, we limited the
potential binding site to the active site and the area that includes
residues T641, I647, Y672, and W703. Figure 4D depicts a possible
binding mode of the inhibitor that is in good agreement with our
results. The keto groups of RDS1643 reach into the RNase H active

site and thus may be able to bind the metal ions, while the hydropho-
bic part of the molecule is close to Y672 and W703.

Structure comparisons. To elucidate the binding of RDS1643
to HIV-1 RNase H, we performed a secondary structural align-
ment of HIV-1 RNase H and PFV RNase H (Fig. 5A). In HIV-1
RNase H, residues T473, L479, Y501, and V518 correspond to
T641, I647, Y672, and W703 in the inhibitor binding pocket of
PFV RNase H. The structural overlay of PFV RNase H with HIV-1
RNase H presented in Fig. 5B implies that in HIV-1 RNase H, the
binding of the inhibitor might take place in a similar way. Never-
theless, RDS1643 binding to the RNase H might have different
effects on the RDDP activities of the two enzymes, owing to struc-
tural differences, i.e., being a heterodimer versus a monomer.
Therefore, specific studies on HIV-1 RT are needed to elucidate
the RDS1643 mode of RNase H inhibition.

Despite the utility of PFV RNase H as a model system, we did
not attempt to select for resistant virus, since the replication cycles
between the two viruses and the time point of reverse transcrip-
tion in those cycles differ, i.e., while reverse transcription in HIV-1
takes place immediately after the virus enters the cell, reverse tran-
scription in FVs occurs predominantly in the virus-producing cell
before the virus leaves the infected cell. Thus, FVs harbor DNA in
the virus particle (39–41). These differences might have an impact

FIG 3 Backbone chemical shift changes upon inhibitor binding. (A) Changes of chemical shifts of PFV RNase H after adding 3.9 mM RDS1643 as a function of
the primary sequence. Normalized chemical shift changes of 	0.02 ppm, indicated by a horizontal gray line, were considered significant. Residues that were not
assigned are marked by an x. (B) [1H-15N]HSQC overlays of the T641 (left panel) and W703 (right panel) amide cross peaks at each inhibitor titration step shown
in different colors (black, 0 mM; blue, 1.0 mM; green, 2.0 mM; cyan, 3.0 mM; red, 3.9 mM).
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on the development of resistant viruses and might make results
difficult to compare and interpret.

Conclusions. We tested the effect of five HIV-1 RHIs known to
interact with different HIV-1 RT pockets on PFV RT in vitro: four
selective RHIs (RDS1643, DHQ, �-thujaplicinol, and VU6) and
one HIV-1 RDDP and RNase H dual inhibitor (NSC657589).
Moreover, for comparative purposes, we included in the study the
nonnucleoside inhibitor efavirenz. All RHIs inhibited the PFV
RNase H function at low-micromolar or nanomolar concentra-
tions. These results are comparable to the ones reported for HIV-1
RNase H, indicating similar binding in the two proteins (Table 1).
Among the selective RHIs tested, RDS1643, DHQ, and VU6 in-
hibited the FV RT-associated RDDP activity, suggesting differ-
ences with HIV-1 RT in the structure and flexibility of the protein.

NSC657589 was confirmed in its ability to inhibit both functions
in PFV RT. Efavirenz was inactive on PFV PR-RT, indicating the
lack of the nonnucleoside binding pocket, as reported for other
monomeric RTs, confirming that NSC657589 does not bind to the
nonnucleoside binding pocket.

Since the structure of PFV RNase H has been determined by
NMR spectroscopy (7, 8), NMR analysis was used to characterize
the interactions of RDS1643 with the protein. In the presence of
magnesium ions, NMR titration experiments revealed several
conformational changes of the residues next to the active-site
amino acids, indicating an interaction between the keto groups of
RDS1643 and the magnesium ions in the RNase H active site.
Moreover, chemical shifts of noncatalytic residues in the PFV
RNase H active-site region (T641, I647, Y672, and W703) might

FIG 4 Identification of the putative inhibitor binding site on the structure of PFV RNase H. The normalized chemical shift changes (weighted geometric average
of 1HN and 15N chemical shift changes) are shown in the PFV RNase H. Amino acids showing significant chemical shift changes at an RDS1643 concentration of
3.9 mM are highlighted. Changes of �0.02 ppm are illustrated in pink, changes of 	0.03 ppm are shown in violet, and changes of 	0.04 ppm are shown in red.
The active-site residues are represented in green. (A) Ribbon presentation of PFV RNase H (PDB ID 2LSN). (B) Surface presentation of PFV RNase H
highlighting the surface-exposed residues with significant chemical shift changes. (C) Surface presentation of PFV RNase H with an RNA/DNA hybrid. Based on
the structure of the human RNase H-substrate complex (PDB ID 2QK9), a structural alignment of the PFV and human RNase H was performed to model the
RNA/DNA substrate of the human RNase H onto PFV RNase H (root mean square deviation [RMSD], 2.35 Å) (8). The RNA strand is shown in dark blue and
the DNA strand in light blue. (D) Inhibitor modeling. RDS1643 was modeled onto the structure of the PFV RNase H using the modeling program AutoDock Vina
(29).
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provide a hydrophobic pocket for the aromatic moiety of
RDS1643 and thus improve its binding affinity. Due to the high
structural similarity of PFV and HIV-1 RNase H, docking exper-
iments and structural overlays enabled us to propose an inhibitor
binding site in HIV-1 RNase H. This includes the corresponding
HIV-1 RNase H residues T473, L479, Y501, and V518, some of
which are conserved, since they are located in the RNase H primer
grip area. Our results suggest that PFV RNase H can be used as a
model enzyme to analyze the binding of HIV-1 RHIs, while it
cannot be used to analyze HIV-1 NNRTI binding.
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