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Abstract
HIV-1 reverse transcriptase (RT) has been an attractive target for the development of antiretroviral
agents. Although this enzyme is bi-functional, having both DNA polymerase and ribonuclease H
(RNH) activities, there is no clinically approved inhibitor of the RNH activity. Here, we
characterize the structural basis and molecular interaction of an allosteric site inhibitor, BHMP07,
with the wild type (WT) RNH fragment. Solution NMR experiments for inhibitor titration on WT
RNH showed relatively wide chemical shift perturbations, suggesting a long-range conformational
effect on the inhibitor interaction. Comparisons of the inhibitor-induced NMR chemical-shift
changes of RNH with those of RNH dimer, in the presence and absence of Mg2+, were performed
to determine and verify the interaction site. The NMR results, with assistance of molecular
docking, indicate that BHMP07 preferentially binds to a site that is located between the RNH
active site and the region encompassing helices B and D (the “substrate-handle region”). The
interaction site is consistent with the previous proposed site, identified using a chimeric RNH
(p15-EC) [Gong, el (2011) Chem. Biol. Drug Des. 77, 39-47], but with slight differences that
reflect the characteristics of the amino acid sequences in p15-EC compared to the WT RNH.
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SUPPORTING INFORMATION Supporting Information is available: Eight figures, including (1) the amino acid sequence of WT
RT RNH used in this study, (2) Mg2+ effects on both monomer and dimer RNH, (3) overlays of 1H-15N HSQC spectra of RNH
monomer at different BHMP07 concentrations and the titration curves in absence of 20 mM Mg+, (4) overlays of 1H-15N HSQC
spectra of RNH monomer at different BHMP07 concentrations and the titration curves in presence of 20 mM Mg+, (5) histograms for
the 1H chemical shift perturbations induced by BHMP07, Mg2+, or both, on the RNH monomer, (6) histograms for the 15N chemical
shift perturbations induced by BHMP07, Mg2+, or both, on the RNH monomer, (7) diagram of the RNH residues predicted to
surround BHMP07 in each of the three distinct docking sites, (8) per-residue interactions with BHMP07, as predicted for the
minimum energy BHMP07 pose at Site II, and (9) a table of individual KD values for the interaction of RNH monomer with
BHMP07.
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INTRODUCTION
HIV-1 reverse transcriptase (RT) is a multifunctional enzyme with both DNA polymerase
and ribonuclease H (RNH) activities. Approximately half of the current, clinically approved
drugs for the treatment of HIV-1 infection target RT, specifically, the DNA polymerase
activity of the enzyme (3-8). Like the DNA polymerase activity, RNH function is essential
for viral replication and, thus, plays a crucial role in HIV-1 pathogenesis (9-12). Although
effort has been devoted to developing RT-RNH inhibitors (13-21), currently, no clinically
approved anti-AIDS drugs based on RNH inhibition are available. In part, this significant
absence may be due to the fact that the structural basis of the RNH-inhibitor interaction is
not well understood.

Recently, crystal structures of RNH active-site inhibitors in complex with RT or an RNH
fragment (22-24) as well as an NMR study of an RNH inhibitor interaction at the active site
(25) were published. In contrast to these studies, which were focused on inhibitors chelating
with Mg2+ ions at the active site, we recently characterized several acylhydrazone inhibitors
that exhibit moderate antiviral activity; one of these, BHMP07, was found to bind the RNH
domain at a novel allosteric site (1). This conclusion was based on chemical shift changes of
backbone amide NMR signals, in the presence of BHMP07 at various concentrations,
demonstrating that BHMP07 primarily recognizes the RNH substrate-handle region
encompassing helices B and D (26) (i.e. residues 503 to 527 in RT). This observation was
supported by a recent molecular docking study of hydrazone/hydrazine compounds on RT
(27).

The RNH fragment used in our previous NMR study was a chimeric protein, created by
replacing a small loop segment of HIV-1 RT-RNH with a 24 residue α-helical substrate-
binding loop derived from Escherichia coli RNase H. Although this construct, termed p15-
EC, has been widely used to screen RNH inhibitors and characterize protein-inhibitor
interactions (2, 28, 29), it is unclear whether inhibitor binding sites obtained for the p15-EC
construct are directly applicable to wild-type (WT) RT RNH. Addressing this issue is of
critical importance because little structural information is available about the interaction
mechanism of RNH inhibitors with WT RNH.

In this article, we describe the interaction between BHMP07 and the WT RNH fragment,
evaluated using NMR spectroscopy. With this method, monitoring of backbone chemical
shift perturbations (Δδ) can provide atomic resolution information for weakly interacting
protein-ligand complexes, over the course of a titration series, allowing for localization of
the ligand binding site. In general, magnitudes of chemical shift changes qualitatively
correlate with the distance from the ligand. To gain insight into the allosteric inhibitor
interaction with WT RNH, we monitored the impact of increasing concentrations of
BHMP07 on both the monomeric WT RNH and a kinetically-trapped dimer form. First, we
determined that the dimer interface encompasses the substrate-handle region and does not
influence Mg2+ interaction at the active site. Thus, if BHMP07 binds at (or close to) the
substrate-handle region, it will not be able to bind the dimer form of RNH. Our data indicate
that this is the case: BHMP07 interacted with monomeric WT RNH but not with the dimeric
form. Next, we demonstrated that Mg2+ prevents binding to both the monomeric and
dimeric forms. Based on these results, we conclude that BHMP07 interacts with the
monomeric RNH in a way that involves residues near both the substrate-handle region and
the active site. Thus, while involvement of the substrate-handle region is consistent with our
previous study of p15-EC, overlap of the BHMP07 interaction site with areas affected by
Mg2+ binding is more pronounced in the WT RNH compared to p15-EC (1). This shift of
the binding site is not surprising, as it is concomitant with a smaller number of hydrophobic
amino acid side chains in the substrate-handle region of WT RNH compared to the chimeric
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construct. Finally, computational docking of BHMP07 to an RNH domain structure revealed
three potential binding sites, one of which is located between the substrate-handle region
and the active site and is consistent with the NMR data.

MATERIALS and METHODS
Sample preparation

We generated the isolated RNH domain (RT residues 427–560, with an additional N-
terminal-peptide S–E–L) by expressing the domain in E. coli. In brief, the coding sequence
was inserted into pET32a plasmid (EMD Chemicals Inc., San Diego, CA) as a thioredoxin
fusion construct that included a Tobacco Etch Virus (TEV) protease recognition site at its C-
terminus (30). For NMR experiments, the cells were cultured in modified M9 minimal
media containing 15NH4Cl (1 g/L) as the sole nitrogen source in the absence or presence of
[u-13C]-glucose as the sole carbon source (30). The protein was isolated from the cell lysate
using a Hi-Trap SP ion-exchange column (GE Healthcare, Piscataway, NJ) at pH 7.5, using
a 0 – 1 M NaCl gradient, followed by further purification by size exclusion chromatography
on a Superdex 200 26/60 column (GE Healthcare, Piscataway, NJ), using buffer containing
25 mM sodium phosphate buffer (pH 7.0), 0.02% sodium azide, 100 mM NaCl and 1 mM
DTT. The RNH protein was eluted at two positions (Fraction #1 and Fraction #2); both
peaks were pooled and separately subjected to TEV digestion. Subsequently, each digested
fraction was re-suspended in 20× volume of 25 mM Tris buffer at pH 8.5 containing 2 mM
DTT, and subjected to a HiTrap TMQ SP column. Purity of the two protein species were
confirmed by running 15% acrylamide gels in both SDS denatured and non-denaturing
(native) conditions (PhastGel system, GE Healthcare, Piscataway, NJ). The final eluted
protein fractions (~ 2 – 3 mg/mL) were stored separately in aliquots at −80°C. To prevent
confusion due to the extra 3 residues in the N-terminus, in what follows, we report both the
residue numbers reflecting the experimental construct used and, in parentheses, the RT
numbering (see Figure S1).

Multi-angle static light scattering
Multi-angle static light scattering experiments were performed on a HELEOS instrument
(Wyatt Technology) equipped with refractive index detectors (Optilab rEX, Wyatt
Technology) and an analytical Superdex 200 column (1 × 30 cm, GE Healthcare), pre-
equilibrated at room temperature with 25 mM sodium phosphate, 100 mM NaCl, 2 mM
DTT and 0.02% (w/v) sodium azide at pH 7.0. 100 μL of thawed protein Fractions #1 and
#2 (~ 3 mg/mL) were separately injected at a flow rate of 0.5 mL/min and eluted with the
same buffer.

NMR experiments
Thawed aliquots of WT RNH Fraction #1 and Fraction #2 were dialyzed into 25 mM
sodium phosphate containing 100 mM sodium chloride and 2 mM DTT, pH 7.0, and the
proteins were concentrated, typically to ~200 μM, using Amicon Vivaspin concentrators
(Millipore, Billerica, MA). NMR samples were prepared by combining ~380 μL protein
solution with 20 μL D2O (to allow for deuterium locking) and stored in 5-mm NMR tubes
susceptibility-matched to D2O (BMS-005B, Shigemi, Inc., Allison Park, PA).

All NMR experiments were recorded at 20°C on a Bruker Avance 600 spectrometer (Bruker
BioSpin, Billerica, MA) equipped with a 5 mm triple-resonance z-gradient cryogenic probe.
Backbone 1H/15N signals were assigned via essentially the same approach used for the p15-
EC RNH study (1) by recording HNCA, CBCACONH and HNCACB experiments
using 13C /15N-labeled protein at ~500 μM concentration (31). To facilitate backbone
assignment, a separate set of experiments was collected on a sample of 13C/15N-labeled
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protein at ~500 μM concentration in the presence of 40 mM MgCl2. NMR spectra were
processed and analyzed using NMRPipe, NMRview, and CcpNmr Analysis 2.1.5 (32, 33)
(34). After manual assignment of ~75% of the sequence, existing spin systems were frozen
and further sequential links were identified with the aid of predictions generated
independently by the PINE server 1.0 (35) and the Nexus automated assignment protocol
that is included in the CcpNmr Analysis software. A series of 1H-15N HSQC experiments
were recorded at different Mg2+ concentrations (0, 5, 10, 15 and 20 mM) to identify the
Mg2+ interaction sites. Similarly, a series of 1H-15N HSQC experiments were recorded at
different concentrations of BHMP07 (inhibitor:protein ratios ranging from 0 to ~1.5:1) to
identify the inhibitor-interaction site in the presence and absence of 20 mM Mg2+. All
titration series were conducted under the same conditions and each completed within a half
day.

Combined chemical shift changes for each step i of the titration series are calculated as the
quadratically weighed amplitudes of the 1H and 15N chemical shift differences:

Eq. 1

Endpoints for the titrations, although falling short of complete ligand saturation, were
chosen because higher concentrations of the inhibitor solution (in DMSO) resulted in
significant precipitation. Hence, the maximal amplitude of chemical shift changes are shown
at the 1.5:1 ratio, to facilitate comparison between monomer and dimer and to minimize the
contribution of unspecific binding effects.

Determination of dissociation constants
Dissociation constants (KD) were derived from the chemical shift changes logged for
discrete resonances by fitting the obtained titration curves individually via nonlinear
regression analysis. Assuming single-site binding for a system in fast exchange, at each

titration step i the theoretical  is given based on the total protein concentration [P]total
and the current ligand concentration [L]i as (36):

Eq. 2

The unknown parameters, i.e. KD and the extent of chemical shift change at saturation,
, were optimized by minimizing the difference between the

experimentally measured Δδobs and the Δδcal for each titration curve, i.e., minimizing the
χ2 function

Eq.3

Uncertainties of the optimized parameters were estimated via Monte Carlo resampling, by
generating 50 sets of synthetic data of Δδ with a Gaussian distribution whose standard
deviation (σ) is given by an experimental chemical shift uncertainty, δnoise (37).

Computational docking experiments
Molecular docking calculations were carried out with the Schrödinger Suite 2011 programs.
The structure of the wild type RNH fragment of HIV-1 RT, previously determined by X-Ray
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crystallography (PDB access code 3KP2), was downloaded from the Protein Data Bank. To
prepare structures for further docking calculations, hydrogen atom and hydrogen bond
assignment, side chain ionization, and energy minimization were done with the Protein
Preparation Wizard Protocol (Schrödinger Suite 2011 Protein Preparation Wizard; Epik
version 2.2, Schrödinger, LLC, New York, NY, 2011; Impact version 5.7, Schrödinger,
LLC, New York, NY, 2011; Prime version 3.0, Schrödinger, LLC, New York, NY, 2011).

The geometry of BHMP07 was minimized with MacroModel (MacroModel, version 9.9,
Schrödinger, LLC, New York, NY, 2011) and then the ligand was prepared for docking by
force field assignment and ionization states prediction (at target pH = 7.5 ± 1.0) by LigPrep
application (LigPrep, version 2.5, Schrödinger, LLC, New York, NY, 2011). Prepared
structures were then used to generate conformers with ConfGen (version 2.3, Schrödinger,
LLC, New York, NY, 2011) and conformers with Boltzmann populations greater than 5%
were taken into further docking. The receptor grid box was centered on the residues that
showed the largest chemical shifts upon NMR binding (see below) and made to
accommodate a ligand within 20 Å of length (i.e. the approximate length of the most
extended BHMP07 conformer). The potential of non-polar parts of the receptor was softened
by applying a 0.8 scaling factor to van der Waals radii of atoms with partial charges less
than 0.15 a.u. Docking computations were carried out using Glide XP in extra precision
mode (Glide, version 5.7, Schrödinger, LLC, New York, NY, 2011).

RESULTS
Isolation of dimer and monomer fractions of RNH in solution

We previously synthesized and characterized acylhydrazones that inhibit RT RNH activity
and exhibit moderate antiviral activity (1, 38). To further characterize the binding
mechanism of acylhydrazones to the RT RNH fragment, we prepared WT RNH by
expressing the domain in E. coli. Interestingly, the domain was eluted in two different
fractions from gel filtration column chromatography, henceforth referred to as Fraction #1
and #2. The protein fractions exhibited similar migration on SDS PAGE and the same
molecular masses as determined by mass spectroscopy (15094.8 Da and 15094.7 Da for
non-isotope labeled Fractions #1 and #2, respectively; data not shown), confirming that both
fractions contain the same polypeptide. However, the gel filtration profiles of the two
fractions and the associated molecular masses, determined by MALS equipped with a
refractive index detector, revealed that Fraction #1 is predominantly a dimer (Figure 1).
Consistent with this observation, native gel profiles showed different migration patterns for
Fraction #1 and Fraction #2 (Figure 1, inset). 1H-15N HSQC spectra of the two fractions,
despite differing in ~20 distinct cross-peaks, exhibit overall similar resonance patterns,
suggesting that the basic secondary and tertiary fold of the dimer is almost identical to that
of the monomer (Figure 2A). No interconversion between the two forms was seen at 20°C or
40°C over three days. However, upon unfolding by adding concentrated urea and then re-
folding, the biophysical characteristics of the protein in Fraction #1 became consistent with
those of Fraction #2 (data not shown). Taken together, the data suggest that the RNH
domain in Fraction #1 represents a kinetically trapped dimer. To our knowledge, no dimer of
RNH in solution has been heretofore reported in the literature.

Assignment of NMR spectra
Using spectra recorded in the absence of metal ions or in the presence of 40 mM MgCl2, we
were able to assign amide resonances for 83.5% of the RNH residues in Fraction #2 (total
111 residues among 133 backbone amide. Note that there are 4 Pro residues). This
represents a significant increase in completeness over published assignments (39) and,
notably, includes most residues in the C-terminal helix. Thus, we were able to assign the
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amide resonances of 118 residues in Fraction #1 and directly compare 109 chemical shifts
between Fractions #1 and #2 (Figure 2).

Characterization of the dimer interface in solution
Based on the NMR signal assignments, significant backbone chemical shift differences

( , i.e. greater than one standard deviation from the average response) in the dimer
compared to the monomer were found to be restricted to a relatively few residues, including
Glu55(478) [Δδ ~ 83 Hz], Gln77(500) [Δδ ~ 138 Hz], Ala79(502) [Δδ ~ 49 Hz],
Leu80(503) [Δδ ~ 75 Hz], Ile82(505) [Δδ ~ 113 Hz], Ile83(506) [Δδ ~ 86 Hz], Ala85(508)
[Δδ ~ 116 Hz], Asp88(511) [Δδ ~ 106 Hz] and Ala111(534) [Δδ ~ 46 Hz] (Figure 2B).
Thus, the interface helix is located at the substrate-handle region (residues 80 to 104 in our
NMR sequence, see Figure S1 and Figure 3A). Crucially, this interface area is largely
distinct from the active site (Figure 3A); this is confirmed by the fact that Mg2+ interacts
with both, resulting in congruous effects in the monomer and dimer forms (Figure S2).
Indeed, both amplitude (Figure S2, compare panels A and B) and spatial localization (Figure
S2, compare panels C and D) of the chemical shift perturbation upon Mg2+ addition were
almost identical for both protein forms.

Interestingly, the interface mapped by NMR spectroscopy coincides with one identified in a
previously reported crystallographic dimer structure (PDB=3K2P, (23)). Indeed, mapping of
the chemical shift differences between the monomer and dimer in solution presents a high
degree of overlap with the interface in the previously reported crystallographic dimer
(Figure 3B). It must, however, be emphasized that the kinetically trapped RNH dimer form
in solution, discussed here, is distinct from the crystallographic dimer which solely reflects
packing effects. While further structural studies would be needed for an in-depth
characterization, we propose that this stable dimer may involve domain swapping at the
interfacial α-helix in the substrate-handle region. Since such a domain swap would retain
most of the secondary and tertiary structure of the monomer, it would explain why the
pattern of NMR chemical shifts of the dimer was similar to that of monomer, with only 24
resonances significantly altered between the two structures (Figure 2A).

BHMP07 binds to the RNH monomer in the absence of Mg2+

Upon addition of BHMP07 to the RNH monomer, in absence of metal, a number of 1H-15N
HSQC cross-peaks shifted monotonically with increasing ligand concentration, implying a
fast exchange régime for the protein/ligand interaction (Figure S3A). The most strongly
affected polypeptide backbone amide NH resonances were from residues located at the
dimer interface, notably Glu55(478) [Δδ ~ 47 Hz], Ser76(499) [Δδ ~ 46 Hz] and
Ala79(502) [Δδ ~ 87 Hz]; or in the vicinity of the active site, such as Ala23(446) [Δδ ~ 58
Hz], Asn24(447) [Δδ ~ 33 Hz], Arg25(448) [Δδ ~ 43 Hz], Gly30(453) [Δδ ~ 47 Hz],
Ala32(455) [Δδ ~ 40 Hz] and Gly118(541) [Δδ ~ 67 Hz]. Additional strong perturbations
were observed for C-terminal residues, including Ile133(556) [Δδ ~ 42 Hz], Lys135(558)
[Δδ ~ 48 Hz] and Val136(559) [Δδ ~ 50 Hz] (Figure 4A). Overall, the sequence-averaged
perturbation was  ~ 17.3 ± 15.4 Hz, the large σ reflecting the site-specificity of the
binding interaction. The equilibrium dissociation constant (KD) between BHMP07 and RNH
monomer was ~ 49 ± 25 μM in the absence of Mg2+, determined by nonlinearly fitting the
ligand titration profiles for 26 individual residues that exhibited significant changes
compared to the average perturbation (i.e. , Table S1). It must be noted that although
complete saturation could not be observed experimentally (vide supra), the measured
titration profiles are clearly hyperbolic (Table S1 and Figure S3B). Here, the relatively small
uncertainty of the KD, given as a standard deviation, indicates that the binding is specific
and cooperative. Although this in vitro KD for the RNH fragment is rather large, it
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nevertheless compares favorably to the KD ~ 142 ± 36 μM that was previously derived for
the p15-EC RNH construct (1).

Mg2+ negatively impacts BHMP07 binding in the RNH monomer
Pre-addition of 20 mM MgCl2 to the RNH monomer resulted in significantly reduced
perturbation effects during titration with BHMP07 (Figure S4A), with a sequence-averaged
perturbation of  ~ 7.8 ± 5.8 Hz (Figure 4B) and with no residue exhibiting Δδ > 30 Hz.
The minute amplitude of the observed chemical shift changes forms compelling evidence
that, in essence, BHMP07 does not bind to RNH monomer in the presence of Mg2+.
Furthermore, the observed small shifts are clearly independent of any conformational
changes caused by the Mg2+ interaction: indeed, the Δδ for the latter interaction do not
correlate with the perturbations induced by BHMP07 (Figure S2). Further inspection of
chemical shift changes of the individual 1H (Figure S5) and 15N (Figure S6) chemical shift
differences support these results. This result is in agreement with our previous study on p15-
EC. However, it is rather idiosyncratic that the present distribution of small chemical shift
perturbations closely mirrors the one recorded without Mg2+. Qualitatively, these tiny Δδs
yield KD ~ 53 ± 129 μM from nonlinear fitting of 15 curves (Figure S4B), a value that is
similar to the one obtained in the absence of Mg2+. Since interaction of Mg2+ with WT RNH
is known to be weak (39), an appreciable population (~5%) of metal-free RNH is expected
to exist in the current condition. Hence, our tentative interpretation is that the observed
BHMP07-induced Δδ in the presence of 20 mM Mg2+ (Figure 4B) were due to inhibitor
interaction with the Mg2+-free form of RNH in solution.

BHMP07 does not specifically interact with the RNH dimer
As discussed above, the RNH dimer interface is located at the substrate-handle region
(Figure 3). Indeed, chemical shift differences between the monomer and the dimer (Figure
2B) overlap with the shift perturbations of the monomer caused by BHMP07 interaction
(Figure 4A). Thus, any interaction with BHMP07 involving the substrate-handle region
would likely be impeded in the dimer form of RNH due to its reduced accessibility upon
dimerization. To test this hypothesis, analogous titrations with BHMP07 were performed on
the RNH dimer.

Clearly, the addition of BHMP07 to the dimer resulted in weaker chemical shift changes (
~10.2 ± 7.5 Hz) when compared to the monomer (Figure 4, compare panels A and C). In
particular, most titration curves did not show a consistent hyperbolic profile but were rather
erratic (not shown), implying that the corresponding Δδs were not indicative of a specific
binding interaction. The significant reduction in chemical shift changes in the dimeric RNH
demonstrates that the substrate-handle region is involved in the BHMP07 interaction. Pre-
addition of Mg2+ did not lead to an increased BHMP07 perturbation for most residues either
(Figure 4D), with the sequence-averaged perturbations being ~ 9.8 ± 8.0 Hz. Thus, the
above titration results using the RNH dimer verify that the substrate-handle region is
involved in the BHMP07 interaction.

Molecular docking
The NMR data above indicate that BHMP07 interacts with the monomer RNH at a region
near the active site and the substrate-handle region. Using this information, we carried out
theoretical molecular docking studies. NMR chemical shift perturbations not only map
direct binding effects but are also sensitive to indirect, long-range effects that may result
from conformational changes. Thus, for our docking calculations, we designed a receptor
grid to encompass residues with strongly perturbed chemical shifts upon BHMP07
interaction, namely Ala23(446), Asp24(447), Asn25(448), Gly30(453), Ala32(455),
Ser76(499), and Ala79(502) (see Figure 4A). We did not include the residues at the loop or
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hinge regions that may undergo significant chemical shift changes when the torsion angles
vary or slight conformational adjustments occur; for the same reason, we also did not
include the residues at the C-terminus, which are dynamic in solution (39, 40).

The docking results revealed three potential interaction sites: Site I involves predominantly
the substrate-handle region; Site II is located in a region that bridges the substrate-handle
and the active site regions, and Site III is located at the active site region (Figure 5A).
Residues that interact with BHMP07 are explicitly indicated in Figure S7. Based on
calculated docking scores BHMP07 shows strong affinity to Site I and II, while binding into
Site III is less favorable. It can be argued that an interaction involving exclusively Site I
would not fully satisfy the experimental NMR results as it cannot explain the observed
perturbations near the active site. On the other hand, an interaction similarly dependent on
Site III exclusively would not cause significant chemical shift changes in the substrate-
handle region. By contrast, Site II is located proximal to the substrate-handle region and
involves active site residues. Furthermore, inclusion of manganese ions at the active site
prevents in silico docking of BHMP07 at Site II due to steric clash (data not shown),
consistent with our NMR results that showed suppression of BHMP07 binding in the
presence of Mg2+ (Figure 4).

The Site II position suggests that BHMP07 is partially sandwiched between two secondary
structural units, β-strand 1 and the α-helix B. In this conformation, residues near BHMP07
include Asp20(443), Gly21(444), Ala24(445) in the β-strand 1; and Ser76(499),
Gln77(500), Tyr(501), Ser76(499) in the α-helix B (Figures S7 and S8). These residues
overlap with the residues included in the molecular docking [Ala23(446), Ala24(447),
Asn25(448) in the β-strand 1; and Asp76(499), Ala79(502) in the α-helix B]. There is a
slight difference between the NMR-observed Δδs and the BHMP07 interacting residues,
presumably because chemical shift perturbations can also reflect indirect effects such as
conformational shift induced by ligand interaction with residue side chains. In addition,
since docking was done into a rigid receptor, possible slight conformational changes of
protein backbone and side chain orientations, which might be caused by ligand binding,
were not taken into account. Overall, while the binding configurations of Site I and Site III
may not be discarded out of hand, a BHMP07 interaction mechanism that predominantly
involves Site II correlates the best with our NMR results.

DISCUSSION
In the protein energy landscape, slight changes in the balance of energetics can result in
significant effects in protein folding and molecular interaction (41-43). Thus, protein
crystals may show inhibitors trapped at interaction sites in a manner different from that
predicted by biochemical experiments, because the energetics in a crystal are different from
those in solution. For example, in the crystal structure of RT with an N-acylhydrazone
analogue, the inhibitor DHBNH, while specifically affecting RNH function, was found to
bind to the non-nucleoside RT inhibitor binding pocket in the polymerase domain and not to
the RNH site (38). In another crystallographic study, the non-nucleoside inhibitor nevirapine
was soaked into RT crystals to block the polymerase site and to allow an RNH active-site
inhibitor to bind at the RNH site rather than the polymerase (24). Dynamic structural
changes of RT in solution have been observed by computational and experimental studies
(44-46). Inspection of inhibitor interactions using RNH in solution, as a complement
strategy of the RT crystal, is, therefore, of paramount importance (1). However, in cases
where the binding is weak, particularly if the inhibitor is not highly soluble in aqueous
solution, structure determination of protein-inhibitor complexes by NMR becomes
challenging. Accordingly, the present study focuses on a hybrid approach, combining NMR
binding site identification with computational prediction of the binding site. Since BHMP07
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has moderate antiviral activity (1), understanding the mechanism of inhibition at an atomic
level is critically important for future design of RT RNH inhibitors.

Our identification of a previously unreported dimeric form of RNH in solution is not
surprising; indeed, proteins are not static entities and undergo various conformational
fluctuations that can result in various quaternary structures, including oligomerization and
domain-swapping (47-54). For RNase H, although dimers have been detected during
purification for some RNHs (55, 56), so far, only crystallographic dimers have been
observed. The dimer that we observed in solution most likely results from domain swapping
at the helix region (Figure 3). Previously, the helix region was observed to be unstable in the
folding intermediate of the RNH fragment (57), suggesting that the helix can be swapped
during the folding process. Indeed, unfolding of the WT RNH monomer in 6 M urea
followed by re-folding at very high protein concentration in NMR buffer (> 10 mM) yielded
almost exclusively Fraction #1 (data not shown), in line with earlier observations for other
domain swapped dimers (52).

Here, we demonstrate that BHMP07 binds to the monomer RNH but has little effect on the
dimer (Figure 4), strongly supporting our earlier hypothesis that the substrate-handle region
is involved in the inhibitor interaction (1). From combined in silico molecular docking
results and in vitro NMR data, we predict that for WT RNH the preferred BHMP07 binding
site is located at the juncture between the active site and the substrate-handle region, i.e.,
Site II (Figure 5B). This result, thus, refines our earlier predictions using p15-EC, in which
BHMP07 was seen to bind to the substrate-handle region itself (1). Indeed, compared to the
WT RNH, the p15-EC construct contains 24 additional residues, including three additional
Trp, in the substrate-handle region. We speculate that these surplus hydrophobic residues
distort the interaction site of p15-EC for BHMP07 and lead it to bind at the elongated
substrate binding handle. This hypothesis is supported by the fact that BHMP07 binds to
WT RNH with a KD approximately threefold lower than the value obtained for p15-EC,
demonstrating that the binding mode discussed in the present study is the more favorable of
the two.

In striking contrast to RNH inhibitors that exhibit NMR chemical shift changes in the
presence of Mg2+, we find that BHMP07 causes significant perturbation of RNH signals
only in the absence of Mg2+. Consequently, the BHMP07 binding mode that we propose in
this and our previous study is clearly different from that of RNH active-site inhibitors, which
requires metal coordination (22-25). As revealed by the observed chemical shift changes
(Figure 4), BHMP07 also structurally affects residues in areas remote from the likely
binding site (Figure 5), clearly demonstrating the allosteric modulation effect on the
structure. Combined with the fact that BHMP07 was previously shown to present moderate
anti-HIV activity (1), knowing this allosteric mechanism is critically important to future
design of RT RNH inhibitors.

CONCLUSIONS
Although extensive screening has identified a variety of small molecular RNH inhibitors,
little information about the structural basis of their interaction with RNH is known. Here, we
report on a kinetically trapped dimer form of RNH in which the substrate-handle region
provides the dimer interface. We also demonstrate that the substrate-handle region and the
active site of a wild type RNH fragment are conjointly involved in the interaction with an
acylhydrazone inhibitor, BHMP07. Our results support the presence of an inhibitor binding
site between the substrate-handle region and the active site of RNH. This binding
mechanism is significantly different from active site metal-mediated inhibitors, promoting
an alternative line of attack for future RNH inhibitor design.
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RNH HIV-1 RT ribonuclease H domain
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Figure 1.
Isolation of dimer and monomer fractions of RNH in solution. Overlay of elution profiles of
the MALS for the WT RNH Fraction #1 (gray) and Fraction #2 (black). The molecular
masses calculated from the refractive index were 22.47 kDa and 14.4 kDa for Fractions #1
and #2, respectively. An electrophoretic native gel for the two fractions is inserted in the
graph, showing the different migration patterns in the two fractions. All experiments were
performed in the absence of Mg2+.
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Figure 2.
Difference in NMR chemical shifts between dimer and monomer fractions of RNH. (A)
Overlay of 1H-15N HSQC spectra of WT RNH dimer (Fraction #1, red) and the monomer
(Fraction #2, black). Both experiments were performed in the absence of Mg2+. (B)
Normalized quadratically weighed 1H, 15N backbone amide resonance shift differences (Δδ,
cf. Eq. 1) between the monomer and dimer forms are shown relative to sequence residue.
Prolines (P) and unassigned/undetected backbone NH amide groups (*) in either form are
indicated; the “substrate-handle region” is denoted by a solid arrow (residues 80 to 103). A
schema of secondary structure elements is included for reference [helix C is an insert that
occurs only in E. Coli RNAse H (26)]. Data were recorded at 600 MHz (1H), at 20°C and
pH 7.0.
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Figure 3.
Dimer interface mapped onto RNH crystal structures. Two RNH chains (PDB: 3K2P) are
shown in ribbon representation and colored, respectively, in green and cyan. Residues

exhibiting significant chemical shift changes ( , i.e. greater than one standard
deviation from the average response in (Figure 2) between the dimer and the monomer are
highlighted in orange; undetected/unassigned residues are shaded in gray. Purple spheres,
shown in dots, delineate the position of manganese ions in the active site; the side chains of
the metal coordinating residues (D20, E55, D74, and D126) are indicated by yellow sticks.
(A) Interface mapped onto one RNH subunit, the substrate-handle region (residues from 80
to 103) is outlined (red dashed circle). (B) Illustration of the kinetically trapped dimer
interface via a coinciding (see text) crystallographic dimer. Relative to panel (A), the view
in (B) is rotated by −50° around the z-axis (see inset). Note that although the crystal
structure contains manganese ions as coordinating ions, magnesium was used for NMR
experiments to avoid paramagnetic effects by manganese.
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Figure 4.
NMR chemical shift perturbation induced by BHMP07 interaction with the RNH monomer
in the absence (A) or presence (B) of 20 mM Mg2+; and with the RNH dimer in the absence
(C) or presence (D) of 20 mM Mg2+. Normalized, quadratically weighed 1H, 15N backbone
amide resonance shifts induced by BHMP07 (Δδ, cf. Eq. 1) are shown relative to sequence
residue. Prolines (P) and backbone NH amide groups whose chemical shift changes could
not be tracked (*) are indicated. A schema of secondary structure elements (26) is included
for easy reference; the “substrate-handle region” (58) is denoted by a solid arrow (residues
80 to 103). Data were recorded at 600 MHz (1H), at 20°C and pH 7.0.
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Figure 5.
Interaction of BHMP07 with RNH monomer mapped onto the crystallographic structure
(PDB code, 3K2P, chain A). (A) Ten BHMP07 conformers with the highest docking scores
at Site I, Site II, and Site III (see text). RNH residues (ribbon cartoon) that exhibit significant
NMR chemical shift changes upon addition of 1.5× excess of BHMP07 (Figure 4A) are

highlighted: ; ; ; undetected/
unassigned residues are colored gray. The sampled BHMP07 poses (blue sticks, nonpolar
hydrogens are omitted) were predicted via NMR-based molecular docking in the absence of
divalent ions (see text). (B) Minimum energy conformer of BHMP07 docked at Site II on
RNH (gray ribbon). The inhibitor pose is presented as the skeletal formula with superposed
van der Waals contact surface, colored by partial atomic charges from −0.4 a.u. (red) to +0.4
a.u. (blue). Interacting RNH residues (Figure S7) are labeled and shown in stick
representation with carbon, nitrogen and oxygen atoms denoted in gray, blue and red,
respectively; predicted intermolecular hydrogen bonds are indicated (cyan dashes).
Neighboring (< 11 Å) RNH backbone H and N atoms that exhibit significant chemical shift

changes ( ) are shown (yellow van der Waals spheres). Relative to panel (A), the
view in (B) is rotated by 15°, −10° and −25° about the x, y and z-axes, respectively (see
inset).
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