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Abstract

HIV encodes four essential enzymes: protease, integrase, reverse transcriptase (RT) associated

DNA polymerase, and RT-associated ribonuclease H (RNase H). Current clinically approved anti-

AIDS drugs target all HIV enzymatic activities except RNase H, which has proven to be a very

difficult target for HIV drug discovery. Our high-throughput screening activities identified the

dihydroxycoumarin compound F3284-8495 as a specific inhibitor of RT RNase H, with low

micromolar potency in vitro. Optimization of inhibitory potency can be facilitated by structural

information about inhibitor-target binding. Here, we report the crystal structure of F3284-8495

bound to the active site of an isolated RNase H domain of HIV-1 RT at a resolution limit of 1.71

Å. From predictions based on this structure, compounds were obtained that showed improved

inhibitory activity. Computational analysis suggested structural alterations that could provide

additional interactions with RT and thus improve inhibitory potency. These studies established

proof-of-concept that F3284-8495 could be used as a favorable chemical scaffold for development

of HIV RNase H inhibitors.

© 2014 Elsevier Ltd. All rights reserved.
@Correspondence should be addressed to Eddy Arnold, CABM & Rutgers University, 679 Hoes Lane West, Piscataway, N.J.
08854-5627, USA (arnold@cabm.rutgers.edu; Phone: 732-235-5323; Fax: 732-235-5788).
1Present Addresses, Department of Biochemistry, Albert Einstein College of Medicine of Yeshiva University, Bronx, NY
10461-1900, USA
2Department of Science, Chatham University, Pittsburgh, PA 15232, USA.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

ACCESSION NUMBERS
Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 4QAG.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2015 July 15.

Published in final edited form as:
J Mol Biol. 2014 July 15; 426(14): 2617–2631. doi:10.1016/j.jmb.2014.05.006.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

RNase H Inhibitors; dihydroxybenzopyrone derivatives; HIV ribonuclease H; protein-inhibitor
complex; structure-based drug design

INTRODUCTION

Drugs that target HIV reverse transcriptase (RT) are critical components of highly active

antiretroviral therapy (HAART) used to treat HIV infection1; 2. HIV RT converts the single-

stranded viral genomic RNA to the double-stranded viral DNA form that is then integrated

into the infected host cell genome, an essential process in the HIV replication cycle. The

conversion of HIV genomic RNA to DNA is a complex process entirely catalyzed by

reverse transcriptase. RT RNA-dependent DNA polymerase (RDDP) activity synthesizes a

complementary DNA copy of the HIV RNA template, ribonuclease H (RNase H) activity

degrades the RNA strand in the DNA:RNA heteroduplex formed by the RT RDDP activity,

and RT DNA-dependent DNA polymerase activity (DDDP) converts the newly synthesized

single-stranded DNA into double-stranded viral DNA. This process requires RT to be

multifunctional, with both DNA polymerase and RNase H activities. In HIV RT, the active

sites for these two different activities are located in different protein domains and are

separated by over 50 Å (Figure 1). Both activities are essential for HIV replication3; 4; yet,

all current RT-directed therapeutics target only RT DNA polymerase activity. The continued

emergence of HIV variants resistant to these and all other clinically used drugs5; 6; 7; 8; 9

underscores the need to develop drugs against new targets such as RNase H that may be

effective against resistant viruses. Despite considerable effort, no clinically useful drugs

targeting RT RNase H have been developed.

RT RNase H has proven to be a difficult target for drug discovery and development.

Structural information about the interaction of RNase H inhibitors (RNHIs) identified in

screening activities with RT may facilitate the development and optimization of RNHIs with

potential clinical utility. X-ray crystal structures have been reported for a number of RNHIs

in complex with full-length RT and/or the isolated HIV-1 RNase H domain, including one

allosteric inhibitor10 and several RNase H active site inhibitors11; 12; 13; 14; 15; 16. However,

none of these RNase H active site directed inhibitors show substantial antiviral activity, and

the search continues for chemical scaffolds that readily facilitate synthesis of compounds

that can be tested for inhibitory activity. Compound F3284-8495 [IUPAC name: (7,8-

dihydroxy-2-oxo-2H-chromen-4-yl)acetic acid] is a dihydroxycoumarin that exhibits low

micromolar inhibition of the RNase H activity of RT without significant inhibition of RT

polymerase activity. We here report an X-ray crystal structure at a 1.71 Å resolution limit

for F3284-8495 in complex with the isolated RNase H domain of HIV-1 RT (Figures 1 and

2). The inhibitor has a chemically-modifiable ethanoic acid substituent positioned in the

crystal complex in such a manner as to present opportunities for structural analogs that can

form additional protein contacts. Several such analogs were obtained and evaluated for

inhibitory potency in vitro. We also present a computational docking analysis of some of

these analogs, based on the crystal structure, to deduce the binding mode that most likely
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accounts for their improved inhibitory activities and to suggest strategies for developing

inhibitors based on the dihydroxycoumarin scaffold.

RESULTS

F3284-8495 Binds at the RNase H Active Site

The RNase H domain crystallized in the space group P31, with two RNase H molecules per

asymmetric unit (Table 1). Several highly conserved residues in the RNase H active site are

required for catalysis, including four carboxylic acids (Asp443, Glu478, Asp498, and

Asp549) and His5393; 17; 18. The four residues with carboxylate side-chains have been

shown to coordinate one or two divalent cations11; 12; 13; 14; 15; 16; 19; 20. Our data provide

unambiguous difference Fourier (Fo-Fc) electron density for F3284-8495 at the RNase H

active site, along with strong electron density peaks for two Mn2+ cations separated by a

distance of about 3.7 Å (Figures 2 and 3). The cations are coordinated both by the inhibitor

and by the four active site carboxylates (Asp443, Glu478, Asp498, and Asp549). According

to the two-cation mechanism hypothesis, the Mn2+ cations are conventionally designated as

cations "A" and "B" 21; 22. Both divalent cations have approximately octahedral

coordination geometry, including six to seven oxygen atoms from the inhibitor, active site

side-chains, and two water molecules (Figure 3). For cation A, one octahedral axis is formed

by the two water molecules. The four other coordinating oxygen atoms comprise the two

coumarin ring hydroxyls, and a carboxyl oxygen atom from each of Asp549 and Asp443,

with a coordinating distance ranging from 2.0 to 2.2 Å. The remaining Asp443 side-chain

oxygen and the coumarin ether oxygen of F3284-8495 form an octahedral axis for cation B.

The four other coordinating atoms for cation B are one coumarin hydroxyl, both side-chain

carboxyl oxygens of Asp498, and at least one side-chain carboxyl oxygen of Asp478. The

coordinating distances for cation B range from 2.0 to 2.6 Å. The octahedral coordination

sphere about cation B is non-ideal. A second Asp478 side-chain carboxyl oxygen forms a

longer distance contact with cation B of 3.2 to 3.3 Å (Figure 3). The cation coordination

geometry observed in this structure agrees well with the coordination geometry observed in

several structures of HIV RNase H ligand complexes reported by Lansdon et al.16 at

resolutions ranging from 1.4 Å to 2.1 Å, including the positions of the Mn2+ cations and

contact distances. In the Lansdon et al. structures, however, only one of the side-chain

carboxyl oxygens of Asp498 coordinates cation B. As a result, Lansdon et al. count only

five coordinating oxygen atoms about cation B, whereas we count six coordinating oxygen

atoms. In addition to coordinating the cations, residues Glu478, Asp498, Asp549, and

His539 form hydrophobic or hydrogen-bonding contacts directly with the inhibitor. In some

previous structures for RNHIs in complex with the isolated RNase H domain, the side-chain

of Arg557 formed a salt bridge with Asp54913; 16. This interaction is not seen, however, in

the F3284-8495/RNase H domain complex. Compared to RT structures without an inhibitor

bound at the RNase H active site, the current structure shows no overall change in the

conformation of the RNase H domain (Figure 4a). The conformation of the RNase H active

site is similar with and without bound ligand except that the side-chain of Glu478 points

away from the active site if divalent cation B is not present (Figure 4b).
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Binding and Inhibitory Properties

F3284-8495 inhibited the RNase H activity of the p66/p51 reverse transcriptase heterodimer

in vitro with an IC50 of 4.8 µM when assayed under putative physiological conditions (pH

7.4, 1 mM Mg2+) (Table 2). The compound showed higher inhibitory activity (IC50 1.1 µM)

when assayed under conditions optimal for RNase H activity (pH 8.0, 10 mM Mg2+).

F3284-8495 exhibited no detectable inhibition of RT DNA polymerase activity at 10 µM,

the highest concentration tested. Surprisingly, this compound was a poor inhibitor of a

catalytically active HIV RNase H domain fragment (IC50 >10 µM). This enzyme construct,

termed p15-EC, was created by replacing a small loop segment of HIV-1 RT RNase H with

a 24 residue α-helical substrate-binding loop derived from E. coli RNase HI, and has been

widely used to screen RNase H inhibitors and characterize protein-inhibitor

interactions23; 24; 25; 26.

Based on the structure reported here, we obtained a series of analogs of F3284-8495 in

which the ethanoic acid substituent was replaced with a variety of bulkier substituents

anticipating that these might form additional contacts with the RNase H protein and thus

improve inhibitory potency. Most of the analogs showed similar or only slightly increased

potency for inhibition of RT-associated RNase H activity compared to F3284-8495 (Table

S1). However, the most potent of the analogs, F3385-2590, inhibited RT RNase H activity

under physiological assay conditions with an in vitro IC50 of about 0.8 µM, a six-fold

increase in inhibitory potency compared to the parent compound. This compound also

inhibited the DNA polymerase activity of RT to a lesser extent. Compound F3385-2588

inhibited RT RNase H activity with an in vitro IC50 of 2.1 µM at pH 7.4 and 0.7 µM at pH 8

but did not inhibit the DNA polymerase activity of RT. Unlike the parent compound

F3284-8495, most of the analogs inhibited the catalytically active p15-EC RT RNase H

domain fragment (Table S1). Two of the compounds, F3385-2581 and F3385-2590, showed

nanomolar inhibitory potency against p15-EC RNH (Table 2). The increased inhibitory

activity of these analogs against the RNase H domain fragment is consistent with the

structural predictions arising from the RNase H/F3284-8495 crystal structure reported in the

present work, because the analogs can form contacts with additional residues in the RT

RNase H domain.

Docking Experiments

To better understand the binding of F3284-8495 and the improved activity of some of its

derivatives, computational docking experiments were conducted using the Glide module of

the Schrödinger Software suite. Since the two hydroxyls on the coumarin ring system of

F3284-8495 are acidic, all possible coumarin ring protonation states of the inhibitor were

generated for completeness and docked to the active site. The resulting Glide docking scores

were compared, and the docked models were superimposed on the crystal structure for

comparison (Table 3). Deprotonation of the ortho hydroxyl alone led to good docking scores

and the best agreement with the crystal structure, with a coumarin core root-mean-square

(RMS) deviation ranging from 0.17 to 0.26 Å, and excellent superposition on visual

inspection. The best docking scores were obtained with deprotonation of both hydroxyls, but

the predicted binding positions did not agree as well with the crystal structure, giving a RMS

deviation of 0.21 to 0.31, and good (but not excellent) superposition on visual inspection. By
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contrast, protonation of either the ortho hydroxyl alone or both hydroxyls led to poor

predictions of binding. Thus, it appears that the ortho hydroxyl of the inhibitor is likely to be

deprotonated in order to approximate the binding mode observed in the crystal structure.

Deprotonation of the second (meta) hydroxyl may occur less frequently at physiological pH.

The ethanoic acid group of F3284-8495 is attached to the coumarin ring system by a freely

rotatable single bond. As a result, for a number of F3284-8495 derivatives reported here, the

substructures that replace the ethanoic acid substituent of F3284-8495 are long enough (8 –

10 Å) to bring them within reach of additional residue contacts near the RNase H active site.

These include Gln500 (which has recently been proposed as a possible binding site for

allosteric RNHIs27), Trp535, Arg448, and, importantly, active site residue His539. The most

potent derivatives F3385-2581, F3385-2588 and F3385-2590 (Table 2) were selected for

induced-fit docking analysis. In all of these structures, the ethanoic acid substituent of

F3284-8495 is replaced by a piperazine ring linked to one or more aromatic rings. The

conformers with the top Glide scores and coumarin cores that superimposed well on that of

the crystal structure are shown in Figure 5 through 7.

The piperazine ring of F3385-2581 is linked via a branch point to two phenyl rings. For this

compound, a single high-scoring docking conformation (pose) was obtained (Figure 5). In

that pose, the two phenyl rings formed hydrophobic side-chain interactions with Trp535,

Ala538, and Lys540, main- and side-chain interactions with Pro537, as well as side-chain

contacts with p51 subunit residue Leu422. Electrostatic interactions with the side-chain of

Gln500, the main-chain of Ala538, and the side-chain of p51 subunit residue Asn265 were

also noted. The total free energy contributions from the electrostatic interactions were

predicted to be energetically slightly more favorable (by about 5 kcal/mol) than the

combined free energy contributions of the hydrophobic contacts. An induced fit Glide

docking score of −10.25 kcal/mol was obtained for this binding mode.

Compounds F3385-2588 and F3385-2590 both gave better docking scores for their top-

ranked results. In compound F3385-2588 (Figure 6), the piperazine ring is linked to a para-

methoxyphenyl ring. Compound F3385-2590 is similar, except that the para-methoxyphenyl

ring is replaced with a meta-chlorophenyl ring (Figure 7). Both of these compounds gave

similar docking results. In the best scoring pose (Figure 6 and 7, pose group 1), the

combined free energy contribution from hydrophobic contacts was equal or greater than that

of the electrostatic interactions. The docked structures predicted interactions of the

piperazine-phenyl ring system with RNase H residues Trp535, Pro537, and Ala538, as well

as residue Asn265 of the p51 subunit of RT. F3385-2588 (pose group 1) also interacted

Lys540 and with p51 residue Gly262 (Figure 6). The docking study also predicted

alternative ligand conformations (Figure 6 and 7, pose groups 2 and 3) that could interact

with residues such as Gln475 or Tyr501, and residues that help position the scissile

phosphate of the substrate RNA strand at the RNase H active site, such as Arg448 or

Asn47428. Gln475 or Tyr501 are part of the so-called "RNase H primer grip", which in RT

also includes p66 residues Gly359, Ala360, His361, Thr473, Lys476, Ile505, as well as p51

residues Lys395 and Glu396. The RNase H primer grip residues interact with the DNA

primer strand of an RNA:DNA substrate and may play a role in catalysis and RNA cleavage

specificity28. Most of these predicted conformations featured both main-chain and side-
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chain contacts with the inhibitor, including both hydrophobic and electrostatic interactions.

The electrostatic contacts had a larger energetic component than the hydrophobic contacts in

pose groups 2 and 3.

DISCUSSION AND CONCLUSIONS

The RNase H active site is a shallow, solvent-exposed binding site that presents few binding

opportunities for a ligand other than hydrophilic interactions. As a result, the site scores low

as a "druggable" binding site16; 27 using the Schrödinger Suite program SiteMap29; 30, which

evaluates a binding pocket based on such factors as site enclosure, and potential for

hydrophobic and electrostatic interactions. In developing a highly effective RNase H active

site inhibitor, one strategy is to exploit nearby regions of the RNase H domain to form

favorable interactions, or at least to optimize interactions with conserved active site residues.

Crystal structures have recently been reported for RNHIs with submicromolar inhibitory

activity (a pyrimidinol carboxylic acid and an N-hydroxy quinazolinedione) that both

coordinate two Mn2+ cations at the active site and simultaneously form π-π interactions with

the imidazole side-chain of active site residue His53916. In addition, it is possible that two

manicol-derivatives with submicromolar inhibitory activity that coordinate Mn2+ cations at

the RNase H active site also form favorable interactions with His53915.

We were interested in understanding in greater detail the structural basis for the difference

between the inhibitory activity of F3284-8495 and other more active HIV RNase H

inhibitors. We compared F3284-8495 to pyrimidinol carboxylic acid compound 1 ("3QIN

#1")16, pyrimidinol carboxylic acid compound 2 ("3QIP #2")16, N-hydroxy-

quinazolinedione ("3QIO #3)16, MK114, MK214, β-thujaplicinol13; 31, and manicol15 (Table

4). Structures for all of these compounds exhibited very similar cation coordination

geometry, although the inhibitory activities differed significantly. In particular, the cation

coordination geometry and contact distances observed in the RNase H/F3284-8495 structure

are practically identical (within 0.2 Å, except for one of the Asp498 carboxyl oxygens) to

the geometry and distances observed in 3QIO #316 and MK214. In spite of this similarity,

the F3284-8495 inhibition of the RT RNase H activity is 20- to 40-fold weaker than the

latter two compounds. The distance between cation A and cation B ranges from 3.5 Å

(manicol) to 3.8 Å (3QIP #2, 3QIO #3) for all compounds examined here (including

F3284-8495), with no linear relationship between this distance and inhibitory activity. In

summary, it does not appear that any features of cation geometry and contact distances can

be correlated consistently with differences in activities for the various inhibitors analyzed

here.

On the other hand, a distinguishing feature of most of the more active inhibitors is the ability

to form significantly more contacts with conserved residue His539 or other nearby amino

acid residues than F3284-8495. F3284-8495 forms only eight contacts (<4.0 Å) with His539.

By contrast, 3QIO #3 forms 22 interactions with His539 alone, and manicol forms twenty

His539 contacts. MK1 has eleven contacts with His539. In addition, MK1, MK2, and 3QIP

#3 form other amino acid contacts (such as Glu444, Ser499, Ala538, and Val552) not seen

with the RNase H/F3284-8495 structure, including main-chain contacts.
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Both the RNase H/F3284-8495 (Figure 3) and the RT/ β-thujaplicinol13 structures indicate a

similar number of contacts with His539 and a similar number of protein-ligand contacts

overall. Yet, of the two compounds only β-thujaplicinol inhibits an active RNase H domain

and exhibits greater than 20-fold greater activity than F3284-8495 against the RNase H of

full-length RT. One possible explanation for this difference could be that β-thujaplicinol

may form a tropylium ion (in which it would carry a partial positive charge on its tropolone

ring and a corresponding partial negative charge shared by its carbonyl and hydroxyl oxygen

atoms), leading to a more productive interaction with His539 and tighter (more energetically

favorable) binding to the RNase H active site than F3284-849513. In addition, it has

previously been suggested13 that β-thujaplicinol might form favorable interactions with the

nucleic acid substrate that further stabilize inhibitor binding. In like fashion, MK2 also

appears capable of extensive interactions with the RNA strand of a nucleic acid substrate,

based on superposition with an RT/RNA:DNA structure28, but F3284-8495 does not appear

capable of forming as many favorable interactions with substrate. Structures containing RT

in complex with both the RNHI and nucleic acid substrate would be required to confirm this

assessment. However, full-length RT binds nucleic acid more tightly than an RNase H

domain fragment, and nucleic acid bound to RT could trap F3284-8495 at the RNase H

binding site, so that the RNHI becomes active against the RNase H activity of full-length

RT. In summary so far, good ligand efficiency at the RNase H active site may enhance

inhibitory activity, including contacts with conserved active site residues such as His539 and

favorable interactions with the nucleic acid substrate that the ligand dislodges from the

active site, whereas the exact geometry of divalent cation coordination does not appear to be

as critical a factor to inhibitory potency. The advantage of F3284-8495 is that it is readily

amenable to chemical modification and can be the basis for synthesizing compounds that

interact more productively with the RNase H domain.

The computational analysis presented here suggests an alternative strategy. Although the

most active F3284-8495 analogs have a derivative substructure long enough to reach key

regions of the RNase H domain (such as the RNase H primer grip), the docking results favor

a different possibility; namely, certain poses of these compounds assume binding modes that

form contacts with residues of both the p66 and p51 subunits of RT along the cleft between

the RNase H domain and the p51 subunit. This alternative is attractive, because it presents a

way to develop inhibitors that are selective for the RNase H domain of HIV-1 RT instead of

interacting with human RNase H. For example, the scaffold of analog F3385-2588 suggests

that building onto the methoxyphenyl substituent might enable exploitation of features on

the p51 subunit, unique to HIV-1 RT.

Caution is warranted in the interpretation of these docking results. It is noteworthy that the

highest-scoring docking results for F3284-8495 (Table 3) were not the best predictors of the

observed crystal structure. Structures having slightly lower scores provided better agreement

with the crystal structure and favored more plausible protonation states. This discrepancy

between the crystal structure and the docking analysis may be due in part to the fact that

Glide does not take into consideration either molecular strain or the energetics of water

hydrogen-bonding networks before and after binding of the ligand. A newer version of

Glide, which was not yet available during this work, attempts to address this shortcoming in
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part by incorporating a module called WaterMap32. Thus, secondary docking results may

provide a better representation of ligand interactions and should therefore be considered in

addition to the highest scoring conformations. As an example, pose groups 2 and 3 for

F3385-2588 (Figure 6) and F3385-2590 (Figure 7) suggest that the inhibitors could interact

with residues of the RNase H primer grip region that are vital for positioning the RNA:DNA

substrate at the RNase H active site. All three analogs in Table 2 showed greater inhibition

against the activity of the p15-EC RNase H than against the full-length RT-RNase H,

suggesting that the analog substructures do not interact as productively with full-length RT.

This result suggests that all three analogs bind in a fashion that bring them in contact with

residues outside of the RNase H domain, when binding to full-length RT, and indicates that

these interactions would require considerable optimization. For the docking experiments

with both F3385-2588 and F3385-2590, only pose 1 predicts contacts with residues outside

of the RNase H domain (Figures 6 and 7). It is unclear from the current analysis why

interactions outside the RNase H domain would decrease inhibitory activity relative to p15-

EC RNase H, but it is possible that conformational changes may occur across the cleft

between the RNase H domain and the p51 subunit. Protein mutagenesis studies may clarify

whether these ligand poses contribute to the observed inhibitory activities.

The piperazine ring of most analogs analyzed here give the inhibitor the ability to add some

modest interactions with the protein, which could include hydrophobic interactions with

Ala538. Functional groups attached to the distal nitrogen of the piperazine ring are capable

of interacting with other RT residues, with the result that inhibitory activity improves

compared to F3284-8495. For example, the docking results indicate that the chlorine atom

on the terminal phenyl ring of F3385-2590 could form important electrostatic interactions

with Trp535 or alternatively with Asn474 and Gln475 (Figure 7). Based on pose 1, the

chlorine on F3385-2590 leads to considerably more productive interactions with Trp535

than the terminal methoxyl group on F3385-2588. In the crystal structure, the side-chain of

Trp535 forms hydrophobic stacking interactions with the side-chain of Pro537. The docking

results suggest that compound F3385-2588 or F3385-2590 could replace Trp535 in contacts

with Pro537, and Trp535 would become available for interactions with appropriately

situated substituents on the terminal phenyl ring of the compound. Only in F3385-2590 is a

halogen substituent present to take advantage of this opportunity. It may be possible to build

a more bulky substituent in place of the chlorine atom to optimize hydrophobic interactions

with Trp535 and spatially adjacent residues Leu422 and Trp426. Alternatively, it is possible

that a derivative substructure would have additional interaction opportunities if it were

linked to the F3284-8495 core by a two-methylene linker instead of the single methylene

present in the analogs tested here. In that case, it might be possible to develop a branched

substructure that could interact simultaneously with His539 and more distant residues, such

as Trp535 and the p51 subunit of RT. F3284-8495 showed substantially increased inhibitory

potency when assayed at pH 8.0 compared to pH 7.4. Our docking analysis is consistent

with these biochemical data. The coumarin ring hydroxyls have pKa values of about 8.9.

The best agreement between a docked structure and the crystal structure of the RNase H/

F3284-8495 complex occurred when the ortho hydroxyl of F3284-8495 was deprotonated.
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Conclusions

F3284-8495 is a low micromolar specific inhibitor of the RNase H activity of HIV-1 RT.

We used X-ray crystallography to determine the structure of this compound bound to the

active site of an RNase H domain derived from HIV-1 RT. This structure was used to

predict analogs with potentially improved binding; these analogs were obtained and many

showed significantly improved inhibitory potency. This inhibition was more potent at pH

values greater than physiological pH 7.4. Docking analyses suggested that this is due to the

need for deprotonation of the coumarin ring ortho hydroxyl to provide an optimal binding

mode. Additional docking studies with analogs of F3284-8495 provided intriguing

possibilities for ligand optimization involving interactions with Trp535 and residues in the

p51 subunit of RT. This investigation provided proof-of-concept that synthesis based on the

F3284-8495 scaffold could be used for development of new and possibly more potent RNase

H inhibitors.

MATERIALS AND METHODS

Materials

Compound F3284-8495 and analogs were purchased from Life Chemicals (Burlington, ON,

Canada). All compounds were greater than 95% purity according to the supplier. Wild-type

p66/p51 heterodimeric HIV-1 RT was expressed from plasmid p6HRT (a gift from Dr. S. Le

Grice, NCI-Frederick, Frederick, MD) and purified essentially as previously described33.

Plasmid pCSR231 encoding a codon-optimized chimeric HIV-1 RNase H domain fragment

protein containing an I-helical substrate-binding loop derived from E. coli RNase HI23; 24; 25

was a generous gift from Dr. Daria Hazuda (Merck, West Point, PA). This protein, termed

p15-EC, was overexpressed and purified as described26 . RT RNA-dependent DNA

polymerase activity was measured as described34. Ribonuclease H activity of the RT

heterodimer and the p15-EC RNase H domain fragment was determined using a rapid

fluorescence assay35.

Expression and Purification of HIV-1 RT RNase H Domain for Structural Studies

A plasmid encoding the HIV-1 RT RNase H domain (427–560) bearing an N-terminal 6x-

His tag (a kind gift from Karen Maegley-Pfizer) was transformed into the E. coli BL21

(DE3) pLysS bacterial strain and grown at 37°C in 1 L Luria Broth with constant shaking at

280 rpm. When cells reached an OD600 of 0.7-0.8, they were induced by addition of 1 mM

IPTG and then left to grow for four hours before they were harvested by centrifugation and

stored at −20°C.

Cells were resolubilized in a buffer consisting of 20 mM Tris pH 7.9, 300 mM NaCl, 20 mM

imidazole, and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by sonication

and the resulting lysate was centrifuged at 18000 rpm (38360 x g) for 30 min. The

supernatant was recovered, filtered through a 0.45 µm membrane, and then applied to a His-

trap nickel column (GE healthcare). The column was washed with at least fifty column

volumes of lysis buffer and then eluted with 20 mM Tris pH 7.9, 300 mM NaCl, and 250

mM imidazole. The eluate was concentrated to 1 mL and incubated with a 1:10 ratio of His-

tagged TEV protease overnight at 4°C. The mixture was then injected back onto a His-trap
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column to remove the cleaved His tag and the TEV protease. The flow-through was

collected, concentrated to a volume of 1 mL, and injected onto a Superdex S200 size

exclusion column pre-equilibrated with 10 mM Tris pH 8.0 and 75 mM NaCl. Fractions

containing pure protein as assessed by SDS-PAGE gel were pooled, concentrated to 20 mg

mL−1, and flash frozen at −80°C.

Crystallization and Data Collection

The RNase H domain was crystallized at 20°C (293K) by vapor diffusion in hanging drops

containing 2.0 mL each of protein solution (see above) and precipitant solution [100 mM

Bicine pH 8.2, 10 mM manganese sulfate, 1 mM sodium azide, and 9% (w/v) PEG 3350].

The drops were equilibrated over a reservoir containing 420 µL of the precipitant solution to

which 288 µL of 50% (w/v) PEG 3350 were added. The chosen crystal was transferred

stepwise to each of three soaking solutions that had in common 100 mM Bicine pH 8.2, 10

mM manganese sulfate, 1 mM sodium azide, and 26% PEG 3350. The first soaking solution

also contained 1% (v/v) glycerol and 5 mM F3284-8495, and the soak time was 3.5 hours.

The second and third soak solutions each contained 2.5 mM F3284-8495, as well as 13%

and 27% glycerol, respectively. The soak time for the last two solutions was 15 – 20 seconds

each. Finally, the crystal was flash-cooled and stored in liquid nitrogen. X-ray data were

collected at 100K and a wavelength of 1.1 Å at the National Synchrotron Light Source at

Brookhaven National Laboratories, Beamline X25. The data were processed using DENZO/

SCALEPACK36; 37.

Structure Determination and Refinement

Phases for the HIV-1 RNase H/F3284-8495 X-ray data were determined by molecular

replacement with the CCP4 program PHASER38; 39, using as an initial search model an

RNase H domain model derived from coordinates of RT in complex with β-thujaplicinol

(PDB accession number 3IG1)13. Stepwise structure refinement and model building were

conducted using CNS 1.140 with a bulk solvent correction and the Coot graphics package

(version 0.6)41. The inhibitor coordinates were constructed and energy-minimized using the

Maestro™ graphics and Impact™ applications of the Schrödinger Software suite

(Schrödinger, L.L.C.) and were subsequently built into electron density maps using Coot,

with ligand restraints generated by Sketcher in CCP439. Water molecules were built into the

structure both manually and using the "Find Waters" tool of Coot. In later stages of

refinement, both Phenix42; 43; 44 and Schrödinger PrimeX45 were utilized to overcome local

energy minima and improve the geometry and placement of the inhibitor and Mn2+ atoms.

Finally, anisotropic B-factor refinement and TLS refinement were carried out in Phenix.

Computational Chemistry Analysis

Selected compounds were constructed from the RNase H/F3284-8495 crystal structure

coordinates of one of the asymmetric unit molecules and energy-minimized using the

Maestro™ graphics and Impact™ applications of the Schrödinger Software suite

(Schrödinger, L.L.C.). The compounds were subjected to steepest descent and then

conjugate gradient energy minimization. The protonation states of each compound was

analyzed in the Schrödinger Epik™ application over a pH range of 5.5 to 9.5, and each of

the protonation states was prepared for docking using Schrödinger LigPrep™. To prepare
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the protein receptor, RT subunit p51 residues 238 to 428 were taken from the coordinates of

a 1.8 Å resolution RT structure (PDB code: 2ZD1)46 and were merged with the current

RNase H/F3284-8495 coordinates, using p66 residues 505 to 540 as the basis of

superposition. The p51/p66 interface was energy minimized using the Schrödinger Prime™

module. Water molecules were removed, except for the two water molecules that coordinate

Mn2+ cation A (Figure 3). The receptor was merged with each compound to prepare a grid

for docking.

To explore the conformational space of selected analogs of compound F3284-8495, it was

assumed that the coumarin ring system of the analog interacts with the protein and Mn2+

cations exactly as observed in the crystal structure. The coumarin core (see Table 3) of each

compound was aligned with that of the RNase H/F3284-8495 structure. Before preparing

each grid, hydrogens were added and energy minimized with the Schrödinger "Protein

Preparation Wizard Workflow" and Prime™. Docking was conducted using the Schrödinger

Glide™ module, with imposition of coumarin core and metal coordination constraints to

promote agreement with the crystal structure at the RNase H active site. Docking results

with the most negative Glide scores and good core alignment with the crystal structure were

subjected to induced fit energy minimization using Prime. New grids were generated for the

receptor, and the compounds were re-docked in Glide. Structure figures were generated

using PyMOL47.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

RNase H ribonuclease H

HIV human immunodeficiency virus

RT reverse transcriptase

AIDS acquired immunodeficiency syndrome

HAART highly active antiretroviral therapy

IPTG isopropyl β-D-1-thiogalactopyranoside

PEG polyethylene glycol
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PMSF phenylmethylsulfonyl fluoride
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Highlights

• Both the DNA polymerase and RNase H activities of reverse transcriptase are

vital for HIV viability.

• Only the DNA polymerase activity of this enzyme has been targeted by anti-

AIDS drugs.

• F3284-8495 is a micromolar inhibitor of HIV RNase H that is chemically

modifiable.

• A 1.71 Å crystal structure is presented of F3284-8495 bound to the RNase H

active site and analysis of more active analogs.

• Our analysis establishes proof-of-concept that the F3284-8495 scaffold can be

the basis for development of more potent HIV RNase H inhibitors.
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Figure 1. Ribbon diagram of the structure of full-length RT
RT is a heterodimer that consists of p66 (color) and p51 (gray) subunits. The two enzymatic

active sites and the subdomains of the p66 subunit are labelled. Right inset: A closer view of

the isolated RNase H domain of the current structure, with F3284-8495 bound at the active

site. Selected alpha-helices and beta-sheets are labelled based on ref. 52. The chemical

structure of F3284-8495 is shown at the bottom center of the figure.
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Figure 2. Inhibitor electron density at the RNase H active site
Two Fo-Fc simulated annealing omit maps are shown at the RNase H active site. In one

(light blue, contoured at 2.8σ), the inhibitor has been excluded from the phase calculation,

and in the other (violet, contoured at 11σ), both the Mn2+ cations and the inhibitor have been

omitted from phasing. F3284-8495 (yellow carbon atoms) and two Mn2+ cations (black

orbs) are shown modeled into the electron density. The cations are designated A and B. Two

vantage points are shown rotated 90° from each other about the vertical axis.
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Figure 3. Interactions between the protein, cations, and inhibitor
Coordination about the cations (light blue orbs) is shown as solid red lines. Two water

molecules participate in this coordination (red orbs). The separation distance between the

cations is shown in blue. Black dashed lines designate protein-inhibitor contacts. Distances

are in Å. Wherever the distances differ for each of the two protein-inhibitor complexes in

the asymmetric unit, both distances are given. Two vantage points are given, rotated about

70° about the vertical axis.
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Figure 4. Effect of F3284-8495 and cations on RNase H conformation
Shown is the superposition of the current structure (orange, inhibitor not shown) with the

RNase H domain of several RT structures without inhibitors bound at the RNase H active

site (referenced here by Protein Data Bank accession numbers): 3DLK53 (cyan), with no

ligands bound; 4G1Q54 (violet), with Mg2+ bound at the Cation A position; and 2BE255

(gray), with Mn2+ bound at the Cation B position. Superposition is based on main-chain

atoms for residues 441 to 448 of the RNase H domain. a) A view of the entire RNase H

domain. The overall conformation of the RNase H domain is highly similar whether or not

ligands are bound. b) A closer view of the active site, rotated toward the viewer by about 60

degrees. Glu478 tends to point away from the active site if there is no Cation B to coordinate

(3DLK and 4G1Q). His539 may adjust its position and side-chain conformation to interact

with a ligand such as F3284-8495 at the active site.
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Figure 5. Docking result for F3385-2581
The docking experiment resulted in one pose. Predicted electrostatic interactions (defined as

hydrogen bonds, ionic-ionic, ionic-dipole, and dipole-dipole) are depicted by red dashes, and

hydrophobic interactions by black dashes. Two additional hydrophobic contacts between

residue Pro537 and the analog are not shown. An inset of the chemical structure is shown on

the upper left side of the figure. Predicted protein-analog contacts were dominated by

electrostatic interactions. An induced fit Schrödinger Glide score of −10.25 was computed

for this docking result.
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Figure 6. Docking results for F3385-2588
An electrostatic potential surface diagram (calculated in PyMol) is shown of RT with analog

F3385-2588 docked to the RNase H active site. An inset of the chemical structure is shown

on the upper right side of the figure. The induced-fit docking experiments resulted in

multiple poses that could be categorized into several pose groups based on contacts formed

with the protein. The most energetically favorable pose obtained for each of these groups is

shown. Moving clockwise about the potential surface diagram, these pose groups interacted

primarily with either His539 and Ala538 (pink pose), Trp535 and Pro537 (violet "Pose
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Group 1"), Gln500 and Trp535 (yellow pose), Gln475 and Tyr501 (gold "Pose Group 3"), or

Arg448 and Asn474 (cyan, "Pose Group 2"). For the top three docking results (Pose Groups

1 −3), the Schrödinger Glide score is given (more negative = more energetically favorable),

and insets are shown giving representative protein-inhibitor interactions predicted by the

docking experiment (interactions color scheme as in Figure 5). Residues of the RNase H

primer grip are indicated by an asterisk (*), and residues that interact with the scissile

phosphate of the substrate's RNA strand (or with adjacent nucleotides) are indicated by a

caret (^)28.
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Figure 7. Docking results for F3385-2590
An electrostatic potential surface diagram (calculated in PyMol) is shown of RT with analog

F3385-2590 docked to the RNase H active site. An inset of the chemical structure is shown

on the upper right side of the figure. The resulting poses are similar to those obtained for

F3385-2588 and are grouped as described in Figure 6. The Schrödinger Glide scores are

given for the top three scoring pose groups, and insets are shown giving representative

protein-inhibitor interactions predicted by the docking experiment (interactions color

scheme as in Figure 5). Residues of the RNase H primer grip are indicated by an asterisk (*),
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and residues that interact with the scissile phosphate of the substrate's RNA strand (or with

adjacent nucleotides) are indicated by a caret (^)28
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Table 1

Crystallographic data collection and refinement statistics.

Unit Cell and Space Group a, b = 51.2, c = 112.1 Å α, β = 90.0° γ = 120° P31

PDB ID Code: 4QAG Refinement

Resolution Range Used (Å) 28.6 – 1.71

Data Collection Completeness in Range (%) 98.3

Resolution Limit (Å) 40 – 1.71 Sigma Cutoff 0.0

Unique Reflections 34856 R-factor/Rfree(%)
Cross-validated Coordinate

18.2/19.0

Completeness (%) / Multiplicity: Error (Å)48;49;50 0.23

    All data 98.5 / 7.8 No. of Protein/Solvent Atoms 2076/174

    2.03–2.15 Å Shell: 99.7 / 7.2 No. of Inhibitor/Cation Atoms 34/4

    1.93–1.84 Å Shell: 99.3 / 5.3 RMS Bond Lengths (Å)51 0.008

    1.84–1.77 Å Shell: 97.6 / 4.2 RMS Bond Angles (°)51 0.94

    1.77–1.71 Å Shell: 89.5 / 2.9

Average B-factors (Å2)

Rsym (%) / Average I/σ: Protein/Solvent 55.5/70.3

    All Data 8.8 / 27.1 Inhibitor/cations 61.5/46.0

    2.03–2.15 Å Shell: 16.3 / 9.3

    1.93–1.84 Å Shell: 31.0 / 4.8 Ramachandran Regions

    1.84–1.77 Å Shell: 42.5 / 3.1 Most favored 98.1%

    1.77–1.71 Å Shell: 45.1 / 2.4 Additional Allowed 1.9%

Generous or disallowed 0%
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Table 3

Protonation effect on the docking of F3284-8495 to the RNase H active site

Protonation
State

Best
Dockingbr/>Scores

Core RMS Difference
from

Crystal Structurea
Quality of Core Superposition
By Visual Inspection

1dprt-2dprt −8.69 0.309 Good superposition

−8.64 0.249 "

−8.63 0.268 "

−8.57 0.212 Very good superposition.

2prt-1dprt −8.18 0.260 Very good superposition.

−8.09 0.184 Excellent superposition.

−8.08 0.189 "

−8.07 0.172 "

1prt-2dprt −6.77 0.414 Fair superposition.

−6.09 0.330 "

−6.08 0.338 "

−5.83 0.294 "

1prt-2prt −3.43 0.927 Poor superposition.
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Protonation
State

Best
Dockingbr/>Scores

Core RMS Difference
from

Crystal Structurea
Quality of Core Superposition
By Visual Inspection

−3.35 0.919 "

−3.32 0.458 Fair superposition.

−3.25 0.908 Poor superposition.

a
Superposition for RMS calculations was based on the main-chain atoms for residues 441 to 444.
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Table 4

Comparison of F3284-8495 and some other RNHIs

Compound PDB
Code

Resolution
Limit (Å)

IC50, RT-
RNase H

(µM)

Number
of Ligand
His539
Contacts
(< 4.0Å)

F3284-8495 4JE2 1.65 4.8 8

3QIN #1 3QIN 1.70 1.18 12

3QIP #2 3QIP 2.10 0.80 5

Manicol 3QLH 2.70 0.60 20

3QIO #3 3QIO 1.40 0.23 22

β-Thujaplicinol 3K2P 2.00 0.21 7

MK2 3LP1 2.20 0.12 8

MK1 3LP0 2.80 0.11 11
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