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ABSTRACT: The o-hydroxytroplone, manicol (S,7-dihydroxy-2-
isopropenyl-9-methyl-1,2,3,4-tetrahydro-benzocyclohepten-6-one),
potently and specifically inhibits ribonuclease H (RNase H)
activity of human immunodeficiency virus reverse transcriptase
(HIV RT) in vitro. However, manicol was ineffective in reducing
virus replication in culture. Ongoing efforts to improve the
potency and specificity over the lead compound led us to
synthesize 14 manicol derivatives that retain the divalent metal-
chelating o-hydroxytropolone pharmacophore. These efforts
were augmented by a high resolution structure of p66/p51
HIV-1 RT containing the nonnucleoside reverse transcriptase
inhibitor (NNRTT), TMC278 and manicol in the DNA polymer-
ase and RNase H active sites, respectively. We demonstrate here
that several modified ot-hydroxytropolones exhibit antiviral activity at noncytotoxic concentrations. Inclusion of RNase H active site
mutants indicated that manicol analogues can occupy an additional site in or around the DNA polymerase catalytic center.
Collectively, our studies will promote future structure-based design of improved a-hydroxytropolones to complement the NRTI
and NNRTT currently in clinical use.

B INTRODUCTION

Synthesis of double-stranded, integration-competent DNA in
retroviruses proceeds through an RNA/DNA hybrid intermedi-
ate, whose (4+) RNA genome must be removed to facilitate
second, or (+)-strand, DNA synthesis." Hybrid hydrolysis is
mediated by the C-terminal RNase H domain of the virus-coded
reverse transcriptase (RT). RT of human immunodeficiency
virus (HIV), the etiological agent of acquired immunodeficiency
syndrome (AIDS), is a p66/pS1 heterodimer of asymmetri-
cally organized subunits processed from the 165 kDa gag/pol
polyprotein precursor.”®> Abrogating RNase H function was
demonstrated almost two decades ago to inhibit enzyme activity
in vitro and virus replication in culture,”® thereby demonstrating
that RNase H antagonists might be combined with nucleoside and
nonnucleoside RT inhibitors currently in clinical use as compo-
nents of highly active antiretroviral therapy (HAART). Since these
early reports, however, there been a paucity of data on clinical trials
with small molecule RNase H inhibitors, possibly reflecting their
toxicity, lack of selectivity, or poor cellular penetration.
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Development of HIV RNase H inhibitors has recently been
encouraged by documentation of several structurally dissimilar
classes of antagonists derived from natural products or via chemical
synthesis. Examples of the former include the a-hydroxytropolones,””
dimeric lactones,® madurahydroxylactones,9 and 1,3,4,5-tetra-
galloylapiitol'® (Figure 1), while synthetic entities include N-
hydroxyimides, diketo acids, pyrimidinol carboxylates,'" vinylo-
gous ureas,">"? thiocarbamates, and triazoles.'* While many of these
compounds target the RNase H active site, our recent work suggests
that vinylogous ureas represent a class of allosteric inhibitors that
influence RNase H active site geometry by binding to the pS1
thumb subdomain.”” In addition to this expanding collection of
small molecules, X-ray crystallography has provided high resolution
information on enzyme:inhibitor complexes with either the isolated
RNase H domain or the intact p66/p51 heterodimer,' > '® which
should aid future structure-based efforts.
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Figure 1. Chemical structures of HIV-1 RNase H inhibitors derived from natural products.

Although potently and selectively inhibiting RNase H activity
of HIV-1 and HIV-2 RT, the natural products, S-thujaplicinol
(2,7-dihydroxy-4-isopropyl-cyclohepta-2,4,6-triene) and mani-
col  (§,7-dihydroxy-2-isopropenyl-9-methyl-1,2,3,4-tetrahydro-
benzocyclohepten-6-one), were ineffective in reducing virus
replication in culture, most likely due to toxicity caused by
inhibition of cellular enzymes."® To overcome the toxicity issue
and improve potency and selectivity, our efforts have been
focused on derivatization of these inhibitors. Our previous
structure—activity relationship studies showed that three oxygen
ligands of inhibitors are critical while substitutions elsewhere on
the heptatriene ring were less deleterious.’ Indeed, epoxidation
of the alkene moiety of manicol did not interfere with the
biological activity (ICso = 0.45 #M). This terminal alkene was
therefore chosen as a target site for modification because of its
versatile chemistry. The synthesis, in vitro evaluation, and
antiviral activity of 14 novel manicol derivatives are the subject
of this communication. In addition to providing the first report of
o-hydroxytropolones with antiviral activity against HIV-1, we
present here the high resolution crystal structure of p66/p51
HIV-1 RT containing the NNRTI, 18 (TMC278)*° in the DNA
polymerase domain and manicol complexed with divalent metal
at the RNase H active site. Interestingly, the bound structure of
manicol differs in conformation from that of the bulk manicol
structure reported by Polonsky et al*' The high resolution
cocrystal structure, together with our revised manicol structure,
will allow us to develop future generations of RNase H inhibitors
with greater selectivity, as well as examine the effect of simulta-
neous application of DNA polymerase and RNase H inhibitors
on HIV replication.

B RESULTS

Structure of HIV-1 RT Containing Manicol and the NNRTI,
18. Although a high resolution structure for HIV-1 RT containing

B-thujaplicinol was recently solved,'® the related natural product,
manicol, is more readily amenable to modification because it
possesses a double bond in its side chain. To guide synthesis of
future a-hydroxytropolones, we therefore solved the structure of
p66/pS1 HIV-1RT containing 18 in the DNA polymerase domain
and manicol at the RNase H active site. The structure, refined at
2.7 A resolution (Table 1), revealed unambiguous electron density
maps for manicol binding (Figure 2). Two strong Mn*" peaks in
the electron density map within the RNase H active site and
correspond to the divalent cation positions “A” and “B” (following
the convention for a two-cation mechanism of hydrolysis*>>?).
The carbonyl oxygen and both hydroxyls of the tropolone ring
coordinate the divalent cations in a manner similar to that
previously observed in the RT/f-thujaplicinol structure."

Unlike f-thujaplicinol, manicol forms extensive contacts with
the imidazole ring of His539 (Figure 3a), including contacts with
interatomic distances of under 3 A. Because tropolone ring
systems can have aromatic character,”® the His539-manicol
interaction is an example of an aromatic—aromatic interaction.
As reviewed in refs 25—27, interactions between the imidazole
side chain of histidine and another aromatic ring has been
documented in a number of configurations. These include
parallel stacking of the aromatic rings and edge-on-face orienta-
tions, in which a histidine C/N—H serves as a hydrogen-bonding
donor. While in many cases the histidine C/N—H points toward
the center of the other aromatic ring, there are examples in which
the imidazole ring edge is offset from the center of the other ring,
as seen in the His539—manicol interaction. Conventionally, to
be considered a hydrogen-bonding interaction, the angle be-
tween C/N—H to the center of the aromatic ring should be
greater than 120° and the distance between the C/N and the ring
should be less than 3.5 A. Both criteria are satisfied in the
His$39 —manicol interaction

At 2.7 A resolution, we cannot completely rule out an
alternative possibility. Tropolone rings are believed to behave
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Table 1. Data Collection and Refinement Statistics for p66/
pS1 HIV-1 RT/18/Manicol Cocrystal

(a) Unit Cell Parameters (Space Group C2)

a(A) 163.9
b (A) 73.0
c(A) 108.4
B (A) 101.1
(b) Data Collection
resolution range (A) 45-2.7
Roymm(%) 63
average I/0 16.1
completeness (%) 99.5
unique reflections/multiplicity: 34841/6.2
(c) Refinement

o cutoff 0.0
resolution range used (A) 45—-2.7
completeness of used reflections (%) 95.8
R-factor/Rgee (%) 23.2/25.1
cross-validated coordinate error (A)** 0.36
no. of protein/solvent atoms 7907/96
no. of ligand/cation atoms 54/2
average B-factors (A%)

protein/solvent 76.7/60.3

ligands/ cations 77.5/68.0
rms bond lengths (A) /angles (deg)*? 0.010/1.27

(d) Ramachandran Regions

most favored 95.0
additional allowed 4.2%
generous or disallowed 0%

as electron-deficient aromatic rings (“tropylium”), as discussed in
ref 15. If manicol forms a tropylium ion, then the tropolone ring
carries a positive charge, while the three oxygens may share a
resonant negative charge that contributes to the coordination of
the two observed Mn>" cations at the RNase H active site. These
circumstances raise the question of whether His539 may serve as
a Lewis base, in which one of the lone pair electrons of nitrogen
atom serves as an electron donor to the delocalized positive
charge of the tropolone ring and stabilizes the tropylium ion,
analogous to anion—J interactions that have recently been
reported both in small organic molecule and biological
structures.”®*” In this case, we suspect that proximity of
His539 to the manicol ring system would produce excessive
electronegative repulsion if not mediated by a hydrogen-
bonding proton.

The electron density clearly indicates that the alicyclic carbon
atoms of manicol pucker in the direction of the HisS39 side
chain, with the 2-isopropenyl substituent occupying the equator-
ial position on the C10 carbon. This observation is in contrast to
a previous small molecule crystal structure study of Polonsky
et al.>" which reported that the 2-isopropenyl substituent occu-
pied the axial orientation (Figure 3b). In both our results and the
Polonsky et al. study, the chiral center at the C10 carbon has an §
configuration. In the RT/f-thujaplicinol structure,'* one hydro-
xyl group of the tropolone ring came within hydrogen bonding
distance of the side chain carboxylates of the catalytically
essential residues Glu478 and Asp498. Significantly, manicol

pivots away from these residues and loses these interactions in
favor of contacts with His539 and a 2.4 A contact between one
of the tropolone hydroxyls and the side chain carboxylate of
Asp549. Manicol does, however, retain hydrophobic interactions
with Glu478 and Asp498 (contact distances ranging from 3.4 to
40 A).

Other structures of either the p66/pS1 RT heterodimer or the
isolated 15 kDa HIV RNaseH domain have recently been
published in which an RNase H inhibitor has been demonstrated
to occupy the RNase H active site by coordinating two active
site Mn*" cations. These include 3-thujaplicinol,"* a pyrimidinol
carboxylic acid derivative,'' and several naphthyridinone
derivatives.'® Su et al. observed that most of these compounds
position their metal-coordinating moieties in approximately the
same plane with the metal ions."® It was therefore suggested
that it might be helpful to design RNase H inhibitors on the
assumption that the metal-chelating moiety would lie in the same
plane with the metals. However, one of the naphthyridinone
derivatives, MK3, was not coplanar with the Mn>" cations in
these studies. Likewise, when comparing manicol to 3-thujapli-
cinol, we observe that, while the tropolone ring of the latter is
essentially coplanar with the metal cations, the manicol counter-
part is not. The full significance of this observation is not clear but
may be related to the favorable interactions that manicol can
form with the His539 side chain if the tropolone ring moves out
of the plane of the metal cations. Another possible contributing
factor could be the molecular orbital alignment of the outer shell
electrons about the central tropolone oxygen as it chelates both
Mn”" cations. If that oxygen behaves predominantlz like a
carbonyl, in which the outer shell electrons form sp” hybrid
orbitals and a sr-orbital, then the lone pair electrons that
coordinate the Mn”" cations might be expected to favor a
trigonal planar arrangement. Conversely, if the oxygen carries a
formal negative charge, in which the outer shell electrons
predominantly form sp3 hybrid orbitals, then a roughly tetra-
hedral (nonplanar) geometry might be favored for the lone pair
electrons that coordinate the cations.

Manicol Derivatization. The synthesis of manicol analogues
is depicted in Scheme 1. Manicol epoxide 16 was synthesized
according to the reported procedure.” In vitro studies indicated
that manicol epoxide retained its efficacy as an RNase H
inhibitor. Opening of epoxide 16 with a variety of amines
catalyzed by stoichiometric LiClO, afforded analogues 1-—S.
Addition of selected thiols required Et;N or NaH and resulted in
sulfides 6—8. Sulfides 6 and 7 were oxidized with m-CPBA to
either sulfoxide 10 or sulfones 9 and 11 by adjusting the reaction
temperature. Starting from diacetyl-protected manicol inter-
mediate 15, dihydroxylation of the olefin functionality using
0s04/NMO followed by the deprotection of the acetyl groups
gave analogue 12. Alternatively, in the presence of OsO4 and
NalO,, the in situ dihydroxylation/oxidative cleavage of 15
furnished ketone 17, which could be reduced to alcohol 13 with
NaBH, or converted to amine 14 via reductive amination. It
should be noted that all of the tested analogues (1—14) were
obtained as a mixture of stereoisomers.

In Vitro Inhibition of RNase H Activity. Using a previously
reported high throughput, fluorescence-based RNase H assay,”’
Table 2 provides the ICs, values for compounds 1—14. Com-
pound 9 was slightly more potent than manicol (ICs, 0.24 #M vs
0.6 uM, respectively), while a 3—4-fold decrease in activity was
observed for compound 2 (ICs 1.9 #M). All remaining com-
pounds fell within this range. Because the high throughput
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Figure 2. Structure of HIV-1 RT containing the NNRTI, 18 and manicol. (A) A ribbon diagram of the structure of RT in complex with both 18 (pink)
and manicol (violet). RT is a heterodimer comprising p66 (in color) and pS1 (gray) subunits. The subdomains of p66 are shown in color as indicated.
Right inset: a close-up view of the RNase H domain and nearby secondary structural elements. Helices and 3-sheets are labeled according to reference.”
Side chains for the RNase H active site carboxylates (D443, E478, H539, and D549) are shown. (B) Manicol at the RNase H active site. A simulated
annealing F, — F. electron density omit map is shown in which manicol and two Mn>" cations have been omitted from the phasing. The map is
contoured both at the 3.5 0 (orange) and 11.0 0 (black) levels. The manicol molecule modeled into this density is shown with its carbon atoms in violet.
Two different vantage points are shown rotated 90° from each other about the vertical axis. The inset (center top) gives the chemical structure of
manicol.

(b)

Figure 3. (a) Interaction distances (dashed lines, A) between manicol (magenta carbon atoms), two Mn*" cations (green), and RT. The same vantage
points are shown as in Figure 1b. Divalent cations are labeled A and B following the convention for a two-cation mechanism of hydrolysis. Numbering for
the manicol carbon atoms is shown (black, left image). Most of the close contacts that manicol forms with RT are with amino acid residue His539.
(b) Comparison of manicol conformations. The manicol conformation we observed (yellow carbon atoms) is superimposed on a conformation reported
from a small molecule crystallization study of manicol** (magenta carbon atoms). The carbon numbering used in the deposited PDB coordinates is
shown. We find that the alicyclic carbons pucker in the opposite direction than previously reported.

RNase H assay examines nonspecific, “polymerase-independent” more biologically relevant substrate, namely the polypurine tract
RNase H activity defined by the spatial separation of the DNA (PPT) primer, which must be processed from the RNA/DNA
polymerase and RNase H active site of HIV-1 RT,*' we examined replication intermediate to initiate (+) strand DNA synthesis."
whether o-hydroxytropolones altered cleavage specificity on a Inhibition of RNase H activity on this model PPT-containing

4465 dx.doi.org/10.1021/jm2000757 |J. Med. Chem. 2011, 54, 44624473



Journal of Medicinal Chemistry

Scheme 1. Syntheses of Manicol Derivatives 1—14"
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“ Reagents and conditions: (a) NHR,R,, LiClO,, CH;CN, 80 °C; (b) (i) PhSH, Et;N, THF, reflux, (ii) EtSH or BnSH, NaH, MeOH, tt; (c) m-CPBA,
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NaBH(OAC)s, 1,2-dichloroethane.

RNA/DNA hybrid is illustrated in Figure 4a and quantification of
cleavage data in Figure 4b. In this experiment, compounds 1—14
were assayed at a final concentration of 20 #M.

In all instances, primary RNase H-mediated hydrolysis oc-
curred at the 5'-pG< >pA-3' PPT/U3 junction, with additional
cleavage at the immediately adjacent S'-pG-pG-3' sequences.
Thus, while differing levels of inhibition were observed with
compounds 1—14, none altered cleavage specificity in the PPT
assay. In keeping with the data of Table 2, compound 9 was
almost 100% effective in inhibiting PPT/U3 cleavage, while
compounds 2, 4, 10, and 14 were poorly active. Interestingly,
some inhibitors, e.g. compounds 3 and 11, were ineffective in
inhibiting PPT/U3 cleavage while more active on the nonspecific
RNA/DNA hybrid. In contrast, compound § was more active in
blocking PPT/U3 cleavage than inhibiting polymerase-indepen-
dent cleavage on the nonspecific substrate. Data of Table 2
and Figure 3 thus illustrate potential benefits of including
mode] systems that mimic some of the more complex RNase
H-mediated events in HIV replication as screening tools.

Inhibition of DNA Polymerase Activity by Manicol Analo-
gues. Although our crystallographic data indicated a single
manicol binding site in the RNase H domain, Didierjean et al.”
have demonstrated that dihydroxytropolones can inhibit both
the DNA polymerase and RNase H functions of HIV-1 RT. In
addition, Su et al. recently presented crystallographic evidence
that a naphthyridinone-based inhibitor, indentified through their
RNase H screening efforts, bound close to the NNRTI binding
site of the DNA polymerase domain in a metal-independent
manner.'"® Such “action from a distance” is not unexpected
because similar observations have been reported with both
NNRTIs32 and a dihydroxybenzoyl-naphthyl hydrazone-based
inhibitor."® To examine the specificity of our manicol analogues,
we therefore determined their effect on the DNA polymerase
activity of wild lt:}&pe p66/pS1 HIV-1 RT and RNase H-deficient
derivatives, p66~%/p51 and p66”*/p51, which harbor mutations
in one of the catalytically essential amino acids contacted by
manicol (E478 and D549, respectively, Figure 3) that would be
predicted to interfere with 0-hydroxytropolone binding. Inhibition
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Table 2. Inhibition of HIV-1 RNase H Enzymatic Activity
and the Cytopathic Effect of a-Hydroxytropolones on HIV-
1z Virus Replication on CEM-SS Cells

in vitro viral replication
inhibitor ICso (uM) ECso (uM) CCso (uM)

f-thujaplicinol 0.21¢ np’ 2.3

manicol 0.60° np 13.6
1 0.82 4 0.08 10.2 >50
2 1.9+ 04 42.1 >50
3 0.50 = 0.07 <50%"° >50
4 124+ 0.1 np >S50
S 12+£02 7.4 31.7
6 0.38 £ 0.07 <50% 25.8
7 0.93 +0.10 11.5 17.8
8 13+02 42 17.4
9 0.24 £ 0.02 <50% 104
10 1.3+02 14.5 >50
11 0.51 +0.10 21.2 >50
12 19 +02 np 50
13 0.68 £ 0.03 6.9 26.1
14 0.96 £ 0.07 10.6 16.7

“Reference 14. bnp = no protective effect on cytopathicity of virus.
<50% = protective effect less than S0% of control, i.e. weak activity.

of DNA polymerase activity of RNase H-deficient enzymes would
be diagnostic of a second binding mode within, or proximal to, the
DNA polymerase active site, possibly resulting from more extensive
modification of manicol.

The results of our analysis are presented in Figure S. In general,
manicol analogues had minimal effect on DNA Dpolymerase
activity of RNase H-deficient p66°%/pS1 and p66~*/p51 RT,
suggesting specificity for the RNase H active site. However, two
exceptions were noted, namely compounds $ and 10, which
significantly and consistently inhibited DNA-dependent DNA
polymerase activity of both mutants. Although crystallographic
evidence is presently unavailable, compounds $ and 10 thus
appear capable of occupying a second site on HIV-1 RT.

Antiviral Activity of Manicol Analogues. The parent com-
pounds [-thujaplicinol and manicol showed no protection
against the cytopathic effect of HIV, with CCg, values of 2.3
and 13.6 M (Table 2), consistent with previous reports from
our laboratory. Compounds 4 and 12 also showed no protection
against virus cytopathicity but were not cytotoxic up to a
concentration of 50 M. Compounds 3, 6, and 9 showed slight
protection against cytopathicity. However in each case, the
protection did not reach 50% of control cell growth, and these
compounds were therefore judged inactive.

Compounds 1, 2, §, 7, 8, 10, 11, 13, and 14 all showed
protection against the cytopathicity of the virus, with ECs, values
ranging from 4.2 uM (compound 8) to 42.1 uM (compound 2).
In vitro therapeutic indices (CCs0/ECso) were quite modest,
ranging from 1.2 to 4.9 (compound 1). It was encouraging,
however, that the cytotoxicity of all of the active compounds was
reduced compared to their manicol precursor.

Modeling Compounds 14 and 9 into the RNase H Active
Site. To gain insight into how manicol modification affects
inhibitor binding, we performed energy minimization experi-
ments on model RNase H—inhibitor complexes in which

(a)

3+ CGGTGAAAAATTTTCTTTTCCCCCCTGACCTTCCCGATTAS:
5 UUUUAAAAGAAAAGGGGGGA CUGGAAGGG;.

cy3 PPT<>U3

PPT < U3 - - _....—-_i
C1C2B M1 2 34 5 6 7 8 9 10 11 12 13 14
Compound #
(b)
100
80
.§ 60 -
£ 40-
<
2 20
0-
_203M1234567891ﬂ11121314
Compound #

Figure 4. o-Hydroxytropolone inhibition of RNase H-mediated release
of the HIV-1 PPT primer from (+) RNA. (a) Upper, schematic model
of RNA/DNA substrate, indicating the RNase H cleavage site at the
PPT/U3junction (< >). The PPT is indicated by the shaded box. Lower,
PPT cleavage assay. Lane C1, no enzyme; Lane C2, no inhibitor; lane B,
B-thujaplicinol; lane M, manicol. The PPT/U3 cleavage product is
indicated. (b) Quantification of PPT cleavage data. All inhibitors were
evaluated at 20 mM.

compound 14 and 9 were substituted for manicol. These
derivatives were selected for modeling to determine whether
their distinctive amine or sulfide constituents, respectively,
would be predicted to form hydrogen bonds, or other stabiliz-
ing interactions, with RNase H residues, particularly His539.
Models were constructed using coordinates from the RT —ma-
nicol cocrystal structure reported herein as described in the
Experimental Section and were subjected to two rounds of
energy minimization.

As illustrated in Figure 6A, the amino group of compound 14
is several angstroms from the His539 side chain and oriented
toward solvent rather than the imidazole ring. This may reflect
electrostatic repulsion between charged or partially charged
nitrogen atoms within the two groups or because interaction
between the phenyl substituent of compound 14 and the His539
imidazole ring is more favorable. Modeling of compound 9
(Figure 6B) suggests that both sulfonyl oxygens are located
within hydrogen bonding distance of HisS39 NO. Moreover,
because the partial charges of the sulfonyl oxygens and the
O-nitrogen are predicted to be opposed, electrostatic interaction
between these two groups may serve to stabilize the enzy-
me—inhibitor complex. In the cases of these two compounds,
different chemical moieties appear to mediate their interaction
with His539. Nevertheless, both models of Figure 6 suggest that
ICs( differences among manicol derivatives most likely reflect
changes in their interaction with the side chain of this conserved
residue and that stabilizing this interaction is the key to improv-
ing these inhibitors.
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Figure S. Influence of RNase H inhibitors on the DNA-dependent
DNA polymerase activity of HIV-1 RT. (a), wild type enzyme;
(b), RNase H mutant p66™*"*¥/p51; (c), RNase H mutant p66°>**/
pS1. Lane notation is as in the legend to Figure 3. All inhibitors were
tested at 20 #M. P, unextended primer; P+-10, fully extended primer.

B DISCUSSION AND CONCLUSIONS

Successful combination antiretroviral therapy will require
continued efforts to develop a variety of small molecule antago-
nists that interact synergistically at different sites of their target
molecule. For HIV-1 RT, this has been exemplified by NRTI/
NNRTI combinations targeting the DNA polymerase active site
and a hydrophobic pocket at the base of the p66 thumb,
respectively. With regard to RNase H function, Su et al. have
recently published the structure of HIV-1 RT containing nevir-
apine in the NNRTI binding pocket and a naphthyridinone-
containing inhibitor at the RNase H active site. In the present
study, we present a complementary high-resolution structure of
RT containing the second-generation diarylpyrimidine derivative
18 in the NNRTT binding site and manicol at the RNase H active
site. Moreover, we show that manicol derivatives retain in vitro
potency and also inhibit HIV-1 replication, albeit with low
therapeutic indices. Because the structure of RNase H active site
is relatively flat and open, allowing a large substrate to be
accommodated, an important consideration is to design inhibi-
tors that interact with active site residues and coordinate divalent
metal ions in order to improve potency and selectivity. His539 is
clearly an attractive target based on its important role in catalysis
and the fact that it can interact with other aromatic residues as
well as be hydrogen-bonded with positive or negative charged
molecules. Our cocrystal structure shows how manicol could
achieve favorable interactions with His$39 yet maintain its ability
to coordinate divalent metal ions. Modeling studies of Figure 6
also indicate that a number of additional interactions with His539

[Al

Compound 14

[B]

Compound 9

Figure 6. Modeling of compound 14 [A] and 9 [B] into the RNase H
active site of HIV-1 RT. For convenience, only the RNase H active site is
illustrated. The Mn>" cations are represented as as dark-gray spheres.
Atoms of residue H539 and compounds 14 and 9 are shown as sticks
and colored as follows: carbon (HS39) = cyan; carbon (compound
14 and 9) = purple; nitrogen = blue; oxygen = red; sulfur = yellow;
hydrogen = white.

could be achieved by introducing sulfonyl or aromatic groups
into manicol. In addition, adding bulky substituents to manicol
might be beneficial by reducing cellular toxicity via decreasing
binding affinity for other cellular metalloenzymes, which may
explain enhanced antiviral activity in cell culture we observed
here. Thus, while clinical evaluation of t-hydroxytropolones is
premature, our work provides an important platform for structure-
based drug design as well as in vivo studies to better characterize
their mode of action.

Despite our structural and biochemical studies, it remains to
be established that RNase H is the in vivo target of our novel o.-
hydroxytropolones. Inhibition of RNase H activity predicts that
virus replication would be interrupted at the step of (—) strand
DNA transfer, where nascent DNA relocates to the 3’ end of the
viral genome via homology between the 5’ and 3’ repeat (R)
regions of the (+) viral genome.*® Successful strand transfer
requires RNase H-mediated cleavage of the RNA/DNA replica-
tion intermediate to allow the newly synthesized (—) strand
DNA to dissociate from the donor and access the acceptor
template. Accumulation of (—) strong-stop DNA would thus
indicate loss in RNase H function. An alternative strategy would
be the isolation of RNase H inhibitor-resistant mutants and
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localization of the inactivating lesion to the RNase H domain.
Although the therapeutic indices determined here are low, they
should be sufficient to allow such in vivo manipulations.
Another issue that can be addressed is the “dynamic copy
choice” model of Nikolenko et al.>* who have proposed that
perturbing the balance between the DNA polymerase and RNase
H activities may promote dissociation of the replication complex
and interrupt virus replication. By introducing mutations into the
RNase H domain which inhibit hydrolysis, these authors demon-
strated increased NRTI resistance, inferring that increased
residency at the DNA polymerase catalytic center provides more
time for excision of the chain terminating NRTL One implication
of this model would be that RNase H inhibitors could not be used
in combination with AZT in a clinical setting. Rather than
employ mutant enzymes that may have subtle effects on both
catalytic activities, AZT sensitivity can now be assessed in vivo in
the presence of an RNase H inhibitor. In the event that an NRTI/
RNase H inhibitor combination proves deleterious, studies of
Shaw-Reid et al.** and Budihas et al.’ have shown that NNRTIs
are synergistic with both diketo acid- or a-hydroxytropolone-
based RNase H inhibitors, suggesting that regimens including
NNRTTI and RNase H inhibitors might have therapeutic benefits.
Finally, in a manner analogous to the NRTI/NNRTI combina-
tions, the possibility of allosteric and active site RNase H inhibitors
is worth considering. Recently, we reported a structure—activity
relationship of several vinylogous ureas that inhibit HIV-1 RNase
H activity in the sub- to low-micromolar range."’ Protein
footprinting,12 molecular modeling,13 and in vitro site-directed
mutagenesis (Chung, S. et al, unpublished results) collectively
implicate the pS1 thumb as the vinylogous urea binding site,
suggesting they function by altering RT subunit or subdomain
geometry. As mentioned earlier, our crystallographic analysis
indicates that manicol makes multiple contacts with the highly
conserved His539 of the flexible “His loop”. At the same time,
modeling studies of Chung et al." indicate that the vinylogous
urea binding site is also in the vicinity of His539. Conceivably, a
bidentate inhibitor comprising these two structural classes may
combine the properties of both to provide improved selectivity.

B EXPERIMENTAL SECTION

General. All air or moisture sensitive reactions were performed
under positive pressure of nitrogen with oven-dried glassware. Anhy-
drous solvents such as tetrahydrofuran (THF), toluene, dichloro-
methane, N,N-dimethylformamide (DMF), acetonitrile, methanol,
and triethylamine were purchased from Sigma-Aldrich. Purifications of
the compounds were performed on Waters UPLC or Biotage SP
systems. Samples were analyzed for purity on an Agilent 1200 series
LC/MS equipped with a Zorbax Eclipse XDB-C18 reverse phase (S #m,
4.6 mm x 150 mm) column having a flow rate of 0.8 mL/min. The
mobile phase was a mixture of acetonitrile and H,O each containing
0.05% trifluoroacetic acid. Gradient of 4—100% acetonitrile (0.05%
TFA) over 7 min with flow rate of 0.8 mL/min using Luna C18 3 um 3
mm X 75 mm column. All of the analogues for assay have purity greater
than 95%. High resolution mass spectrometry was recorded on Agilent
6210 time-of-flight LC/MS system. Note: all of the final analogues are
the mixture of diastereomers which are inseparable on preparative
HPLC. Purified oligonucleotides for the fluorescence-based RNase H
were purchased from TriLink Biotechnologies (San Diego, CA). His-
p66/His-pS1 HIV-1 RT, derived from the HIV-1jxp, isolate,>® was
expressed and purified as previously reported. This enzyme is identical in
sequence with respect to the residues discussed in modeling studies.

5,7-Dihydroxy-2-(1-hydroxy-1-methyl-2-piperidin-1-yl-
ethyl)-9-methyl-1,2,3,4-tetrahydro Benzocyclohepten-6-one
(1). To a solution of manicol epoxide (16) (7 mg, 0.027 mmol) in
acetonitrile (0.5 mL) was added piperidine (18.2 mg, 0.213 mmol, 8.0
equiv) and lithium perchlorate (5.7 mg, 0.053 mmol, 2 equiv). The
mixture was refluxed for 1 h. After cooling to room temperature, another
1.5 mL of acetonitrile was added and the mixture was directly subject to
preparative HPLC purification to give the desired product 1 as a
brownish solid (4 mg, 54%). "H NMR (400 MHz, DMSO-d) 0 8.83—
8.58 (br s, 1H), 7.37 (s, 1H), 5.75 (s, 1H), 5.55—5.23 (br s, 1H),
3.62—3.40 (m, 2H), 3.29-3.17 (m, 2H), 3.13—2.96 (m, 3H),
2.92—2.67 (m, 2H), 2.59—2.50 (m, 3H), 2.41 (s, 3H), 2.05—1.85 (m,
1H), 1.85—1.68 (m, 4H), 1.67—1.57 (m, 1H), 1.52—1.37 (m, 1H),
1.29 and 1.25 (s, 3H). LC/MS: retention time, 3.449 min. HRMS: m/z
(M + H") = 3482176 (calcd for CpoH3oNO,S = 348.2175).

5,7-Dihydroxy-2-(1-hydroxy-2-imadazol-1-yl-1-methyl—
ethyl)-9-methyl-1,2,3,4-tetrahydro Benzocyclohepten-6-
one (2) was prepared in the same manner as 1 except by using
imidazole as a nucleophile. "H NMR (400 MHz, DMSO-dg) 4 9.03 and
9.01 (s, 1H), 7.72—7.64 (m, 2H), 7.38 and 7.36 (s, 1H), 5.25—5.03 (br
s, 1H), 4.36—4.21 (m, 2H), 3.80—3.30 (br s, 2H), 3.20—3.00 (m, 1H),
3.00—2.60 (m, 2H), 244 and 240 (s, 3H), 2.62—247 (m, 1H),
225—1.92 (m, 1H), 1.75—1.48 (m, 1H), 145—1.25 (m, 1H), 1.01
and 1.00 (s, 3H). LC/MS: retention time, 3.337 min. HRMS: m/z
(M + H") = 331.1651 (caled for CgH,3N,0, = 331.1658).

2-(2-Diethylamino-1-hydroxy-1-methyl-ethyl)-5,7-dihydroxy-
9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (3) was
prepared in the same manner as 1 except by using diethylamine as a
nucleophile. "H NMR (400 MHz, DMSO-ds) 6 8.56—8.33 (br s, 2H),
7.38 and 7.37 (s, 1H), 5.50—5.28 (br s, 1H), 3.95—3.35 (m, 4H),
3.34—3.10 (m, 4H), 3.10—2.90 (m, 1H), 2.87—2.55 (m, 1H), 2.54 and
2.52 (s, 3H), 2.25—1.85 (m, 1H), 1.75—1.58 (m, 1H), 1.35—1.15 (m,
10H). LC/MS: retention time, 3.427 min. HRMS: m/z (M 4+ HY) =
336.2171 (calced for C1oH3oNO, = 336.2175).

2-[2-(2-Fluoro-benzylamino)-1-hydroxy-1-methyl-ethyl]-
5,7-dihydroxy-9-methyl-1,2,3,4-tetrahydrobenzocyclohep-
ten-6-one (4) was prepared in the same manner as 1 except by using
2-fluoroaniline as a nucleophile. "H NMR (400 MHz, DMSO-dg) 0
8.90—8.60 (brs, 2H), 7.70—7.61 (m, 1H), 7.54—7.45 (m, 1H), 7.36 and
7.35 (s, 1H), 7.34—7.35 (m, 2H), 5.48—5.15 (br's, 1H), 4.25 (s, 2H),
3.20—2.90 (m, 3H), 2.90—2.61 (m, 2H), 2.38 and 2.34 (s, 3H),
2.50—2.35 (m, 2H), 2.15—1.92 (m, 1H), 1.80—1.65 (m, 1H),
1.33—1.13 (m, 1H), 1.20 and 1.18 (s, 3H). LC/MS: retention time,
3.844 min. HRMS: m/z (M + H") = 388.1914 (calcd for C5,H,,FNO, =
388.1924).

5,7-Dihydroxy-2-(1-hydroxy-1-methyl-2-phenylamino-
ethyl)-9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (5)
was prepared in the same manner as 1 except by using aniline as a
nucleophile. "H NMR (400 MHz, CDCl;) & 7.50 and 7.49 (s, 1H),
7.34—725 (m, 2H), 7.05—6.94 (m, 3H), 3.43—3.17 (m, 2H),
3.04—2.82 (m, 2H), 2.64—2.33 (m, 2H), 2.48 and 2.46 (s, 3H),
2.23—2.03 (m, 1H), 2.02—1.84 (m, 2H), 1.53—1.39 (m, 1H), 1.38
and 1.31 (s, 3H). LC/MS: retention time min, 4.715 min. HRMS: m/z
(M +H") = 356.1864 (calcd for C,;H,sNO, = 356.1862).

2-(2-Ethylsulfanyl-1-hydroxy-1-methyl-ethyl)-5,7-dihydroxy-
9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (6).
was prepared in the same manner as $ except by using ethanethiol as a
nucleophile. "H NMR (400 MHz, CDCL;) & 7.49 and 7.48 (s, 1H),
3.28—3.24 and 3.24—3.19 (m, 1H), 3.03—2.78 (m, 2H), 2.76—2.64 (m,
2H), 2.60—2.50 (m, 1H), 2.48 and 2.47 (s, 3H), 2.16—2.02 (m, 2H),
1.83—1.71 (m, 1H), 1.70—1.59 (m, 1H), 1.56—1.25 (m, 4H), 1.40 and
1.38 (s, 3H). LC/MS: retention time, 5.529 min. HRMS: m/z (M +H") =
325.1466 (calcd for C1H,50,S = 325.1474).
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5,7-Dihydroxy-2-(1-hydroxy-1-methyl-2-phenylsulfanyl-
ethyl)-9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (7).
To a solution of 16 (15 mg, 0.057 mmol) in THF (1 mL) was added
thiophenol (0.20 mL, 1.94 mmol, 34 equiv) and Et;N (0.08 mL, 0.57
mmol, 10 equiv), and the solution was refluxed overnight. After cooling
to room temperature, the mixture was directly purified by HPLC to give
the desired product 7 as a light-yellow solid (10 mg, 47%). "H NMR
(400 MHz, CDCl3) 0 7.50 and 7.49 (s, 1H), 7.46—7.39 (m, 2H),
7.33—7.18 (m, 3H), 3.37-3.10 (m, 3H), 3.05—291 (m, 1H),
2.91-2.76 (m, 1H), 2.67—2.50 (m, 2H), 2.48 and 2.42 (s, 3H),
1.98—1.85 (m, 1H), 1.49—1.33 (m, 1H), 1.32 and 1.26 (s, 3H). LC/
MS: retention time, 6.101 min. HRMS: m/z (M + H") = 373.1472
(caled for C,H,50,S = 373.1474).
2-(2-Benzylsulfanyl-1-hydroxy-1-methyl-ethyl)-5,7-dihy-
droxy-9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-
one (8). To a solution of BnSH (26 mg, 0.21 mmol) in MeOH
(1 mL) was added NaH (4.6 mg, 0.19 mmol), and the mixture was
stirred for 10 min. 16 (S mg, 0.019 mmol) was added, and the mixture
was stirred overnight at room temperature and directly purified by
preparative HPLC to give the desired product 8 (3 mg, 58%). "H
NMR (400 MHz, DMSO-ds) 0 7.35 and 7.34 (s, 1H), 7.33—7.28 (m,
4H), 7.25—7.20 (m, 1H), 3.79—3.76 (m, 2H), 3.06—2.94 (m, 1H),
2.82—2.60 (m, SH), 2.48—2.36 (m, 1H), 2.34 and 2.33 (s, 3H),
1.30—1.16 (m, 2H), 1.15 and 1.13 (s, 3H). Retention time: 6.157
min. HRMS: m/z (M + H") = 387.1620 (calcd for C,,H,,0,S =
387.1630).
2-(2-Ethanesulfonyl-1-hydroxy-1-methyl-ethyl)-5,7-dihy-
droxy-9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (9)
was prepared through oxidation of corresponding sulfide 6 with m-CPBA in
CH,Cl, at room temperature. '"H NMR (400 MHz, DMSO-dy) 6 7.36 and
735 (s, 1H), 3.42—3.26 (m, 2H), 3.11—2.98 (m, 1H), 2.89—2.67 (m, 2H),
2.60—2.45 (m, 4H), 2.40 and 2.39 (s, 3H), 2.02—1.79 (m, 1H), 1.77—1.65
(m, 1H), 1.45—1.12 (m, 3H), 1.07 and 1.05 (s, 3H). LC/MS: retention time,
4323. HRMS: m/z (M + H') = 357.1370 (caled for Cy;H,06S =
357.1372).
2-(2-Benzylsulfanyl-1-hydroxy-1-methyl-ethyl)-5,7-dihydroxy-
9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (10)
was prepared by oxidation of corresponding sulfide with m-CPBA at
—78 °C, while 2-(2-benzenesulfinyl-1-hydroxy-1-methyl—ethyl)-S,7-
dihydroxy-9-methyl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (11)
was prepared by oxidation using m-CPBA at room temperature. 10:
"H NMR (400 MHz, DMSO-dy) 6 7.72—7.66 (m, 2H), 7.63—7.52 (m,
3H), 7.37 and 7.36 (s, 1H), 3.23—2.80 (m, 4H), 2.62—2.50 (m, 2H),
2.42 and 2.41 (s, 3H), 2.15—1.90 (m, 3H), 1.40—1.15 (m, 4H). LC/
MS: retention time, 4.767 min. HRMS: m/z (M + H") = 389.1422
(caled for C,H,505S = 389.1423). 11: "H NMR (400 MHz, DMSO-
ds) 0 10.61 (s, 1H), 9.98 (s, 1H), 7.96—7.87 (m, 2H), 7.74—7.66 (m,
1H), 7.75—7.58 (m, 1H), 7.45—7.38 (m, 2H), 4.10—3.50 (m, 3H),
2.64—2.54 (m, 2H), 2.53 and 2.52 (s, 3H), 2.34—2.18 (m, 2H),
2.17—1.94 (m, 1H), 1.94—1.76 (m, 1H), 1.43—1.28 (m, 1H), 1.24
and 1.23 (s, 3H). LC/MS: retention time, 5.123 min. HRMS: m/z (M
+ H") = 405.1354 (caled for C,H,504S = 405.1360).
2-(1,2-Dihydroxy-1-methyl-ethyl)-5,7-dihydroxy-9-meth-
yl-1,2,3,4-tetrahydrobenzocyclohepten-6-one (12). To a so-
lution of diacetate 15 (S mg, 0.014 mmol) in acetone/H,0 (0.19 mL/
0.02 mL) was added 2.5 wt % tert-BuOH OsO, solution (7.7 uL, 0.757
umol) and N-methylmorpholine oxide (3.4 mg, 0.029 mmol), and the
mixture was stirred for 3 h. EtOAc (10 mL) was added, and the solution
was washed with 10% aqueous Na,SO; solution and brine. The organic
layer was dried over MgSO,. After the removal of EtOAc, the crude
product was redissolved in MeOH (2 mL) and then refluxed for S h. The
solution was concentrated to 2 mL and directly subject to preparative
HPLC purification to give the desired diol 12 (3 mg, 71%). "H NMR
(400 MHz, DMSO-dg) 0 7.36 and 7.35 (s, 1H), 3.42—3.27 (m, 2H),

3.11-2.97 (m, 1H), 2.89—2.65 (m, 2H), 2.58—2.44 (m, 1H), 2.39 and
238 (s, 3H), 2.00—1.81 (m, 1H), 1.76—1.64 (m, 1H), 1.36—1.20
(m, 2H), 1.06 and 1.05 (s, 3H). LC/MS: retention time, 3.795 min.
HRMS: m/z (M + H") = 281.1386 (calcd for C;sH,, 05 = 281.1389).

5,7-Dihydroxy-2-(1-hydroxy-ethyl)-9-methyl-1,2,3,4-tet-
rahydrobenzocyclohepten-6-one (13). To a solution of 15 (22
mg, 0.07 mmol) in tert-BuOH/H,0 (1.8 mL/0.36 mL) was added 2.5
wt % tert-BuOH OsOy solution (0.42 mL, 0.042 mmol), NalO, (123
mg, 0.58 mmol), and NaHCO; (81 mg, 0.96 mmol), and the mixture
was stirred 2 h at room temperature. 10% Na,SO5 (1.5 mL) was added,
and the mixture was stirred for 0.5 h and extracted with CH,Cl, (3 x
10 mL), and the combined organic layers were washed with brine and
dried over Na,SO,. After the removal of organic solvent, the residue was
purified by column chromatography (EtOAc/hexane 1/1) to give the
desired ketone 17 (20 mg, 90%). 17 was then dissolved in MeOH
(2 mL), and NaBH, (6 mg, 0.16 mmol) was added and stirred at room
temperature for 0.5 h. After the complete reduction of the ketone
monitored by LC/MS, the mixture was further refluxed for S h and
directly purified by preparative HPLC to give 13. "H NMR (400 MHz,
CDCly) 6 7.51 and 7.50 (s, 1H), 3.84—3.77 and 3.76—3.63 (m, 1H),
3.29—3.18 (m, 1H), 3.05—2.94 (m, 2H), 2.84 and 2.79 (d, ] = 3.9 Hz,
1H), 2.70—2.51 (m, 1H), 2.51 and 2.48 (s, 3H), 2.16—2.06 and
2.03—1.93 (m, 1H), 1.78—1.66 (m, 1H), 1.49—1.34 (m, 1H), 1.31 (d,
] = 6.3 Hz, 3H). LC/MS: retention time, 4.315 min. HRMS: m/z (M +
H") =251.1280 (caled for C;,H;0, = 251.1283).

2-(1-Benzylamino-ethyl)-5,7-dihydroxy-9-methyl-1,2,3,4-
tetrahydrobenzocyclohepten-6-one (14). To a solution of 17 (S
mg, 0.015 mmol) in 1,2-dichloroethane (0.1 mL) was added benzyl-
amine (1.6 4L, 0.016 mmol) and sodium triacetoxyborohydride (4.5 mg,
0.021 mmol), and the mixture was stirred overnight at room tempera-
ture. LC/MS indicated the formation of deacetylated product 14. The
mixture was directly purified by preparative HPLC to give desired
product 14 (3 mg, 59%). "H NMR (400 MHz, DMSO-d;) 6 9.03—8.85
(brs, 1H), 8.73—8.56 (br s, 1H), 7.63—7.51 (m, 2H), 7.51—7.40 (m,
3H), 7.37 (s, 1H), 4.37—4.14 (m, 2H), 3.45—3.27 (m, 1H), 3.20—3.00
(m, 1H), 2.97—2.63 (m, 2H), 2.58—2.44 (m, 2H), 2.39 and 2.37 (s, 3H),
2.25-2.05 (m, 1H), 2.03—1.93 and 1.92—1.83 (m, 1H), 1.42—1.28 (m,
4H). LC/MS: retention time, 3.913 min. HRMS: m/z (M + H™) =
340.1908 (calcd for C,1H,6NO5 = 340.1913).

HIV-1 RT Expression and Purification for Biochemical
Analysis. (His)s-tagged p66/pS1 HIV-1yyxg, RT and the RNase
H-deficient mutants were expressed from recombinant Escherichia coli
and purified by a combination of immobilized metal affinity and ion
exchange chromatography as previously described.®” Purified enzymes
were stored at —20 °C in a buffer of 50 mM Tris/HCI, pH 7.0, 25 mM
NaCl, 1 mM EDTA, 1 mM dithiothereitol, and 50% (v/v) glycerol.

RNase H Inhibitor Analysis. ICy, values were determined as
previously reported,® using an 18-nucleotide 3'-fluourescein-labeled
RNA annealed to a complementary 18-nucleotide S'-dabsyl-labeled
DNA. Cleavage of the HIV-1 polypurine tract (PPT) primer was
performed with a 29 nt CyS-labeled RNA (5'-CyS-UUU UAA AAG
AAA AGG GGG G*AC UGG AAG GG-3', where *represents the PPT 3’
terminus) hybridized to a 40 nt DNA (§'-ATT AGC CCT TCC AGT
CCC CCC TTT TCT TTT AAA AAG TGG C-3'). The reaction was
initiated by adding 1 #L of 100 mM MgCl, to 9 uL of mixture containing
4 ng of enzyme, 200 nM substrate, 20 uM @-hydroxytropolones in
50 mM Tris, pH 8.0, 80 mM KCl, 2 mM DTT, and 10% DMSO at 37 °C
and quenched with 10 4L of a gel-loading buffer after 10 min. Hydrolysis
products were fractionated by denaturing polyacrylamide gel electro-
phoresis and visualized by fluorescent imaging (Typhoon Trio+, GE
Healthcare).

DNA Polymerase Assay. DNA-dependent DNA synthesis was
measured on a fluorescently labeled duplex DNA prepared by annealing
a 33-nt template, 5'-CAC TGC TCA AGA AGT TCC AAT CCT AAA
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TAC ATA-3, to the §'-CyS -labeled primer -ATG TAT GGG TAT
GTA TTT AGG-3'. Polymerization was initiated by adding 1 uL of
2 mM dNTPs to 9 uL of mixture containing 4 ng of enzyme, 200 nM
substrate, 20 uM a-hydroxytropolones in 10 mM Tris, pH 7.8, 80 mM
KCl, 1 mM DTT, 10 mM MgCl,, and 10% DMSO at 37 °C. DNA
synthesis was quenched with 10 4L of a gel-loading buffer after 10 min,
and reaction products were analyzed by denaturing polyacrylamide gel
electrophoresis and fluorescent imaging.

HIV-1 Cytopathicity Assay. This assay was conducted as pre-
viously reported.>® Samples were dissolved in DMSO at 10 mM and
diluted to a final high concentration of S0 #M in the 96-well assay plate,
with 2-fold dilutions made to a low concentration of 0.78 uM. All
samples were tested in duplicate. The HIV-1 virus strain RF was used
to infect CEM-SS cells. Compound cytotoxicity was measured in the
same assay plate using uninfected cells. Regression analysis was used to
estimate the effective concentration (ECsg) as well as the cytotoxic
concentration (CCgy).

Expression and Purification of HIV-1 RT for Structural
Studies. An HIV-1 RT variant designated RTS2A was used for X-ray
diffraction studies. In this variant, which was optimized for crystallization
of RT with nucleoside or non-nucleoside RT inhibitors (NRTIs and
NNRTIS, respectively), the p66 subunit was truncated at residue SSS.
The pS51 subunit contained a HRV14 3C protease cleavable N-terminal
hexahistidine tag and was truncated at residue 428. Both subunits
contained the mutation C280S. The p66 subunit also contained the
mutations K172A and K173A.% RT52A was expressed and purified as
previously described.*” Briefly, 1 mM IPTG was used to induce BL21-
CodonPlus-RIL (Stratagene) containing a plasmid encoding both
subunits of RT69A at an OD600 of 0.9 and the culture was incubated
for three hours at 37 °C. The cells were pelleted and lysed by
sonication. Protein was purified by Ni-NTA according to manufac-
turers’ recommendations (Qiagen) with the following modifications:
each buffer contained 600 mM NaCl, no lysozyme was added, and a 1.2
M NaCl wash was added. Eluted protein was incubated with HRV14
3C protease overnight at 4 °C. A Mono Q_purification step was
performed as described.*® The protein was concentrated to 20 mg/mL
in “RT storage buffer” (10 mM Tris pH 8.0, 75 mM NaCl) and stored
at —80 °C.

Crystallization and Data Collection. HIV-1 RTS2A was co-
crystallized with manicol and 18 at 4 °C by vapor diffusion in micro-
seeded hanging drops containing 1.2 4L each of 20 mg/mL protein (in a
solution of 9.2 mM Tris pH 8.0, 68.7 mM NaCl, 3.6 mM manganese
sulfate, 0.7 mM tris(2-carboxyethyl) phosphine (TCEP), 0.27% (w/v)
p-ocytl glucopyranoside, 7% (v/v) DMSO, 0.9 mM manicol, and
0.7 mM 18, preincubated for 30 min on ice) and a reservoir solution
containing 50 mM HEPES pH 7.5, 100 mM ammonium sulfate, 15 mM
manganese sulfate, 10 mM spermine, S mM TCEP, and 11% (w/w)
PEG 8000. The chosen crystal was soaked for 120 s in a solution
containing S0 mM HEPES pH 7.5, 50 mM NaCl, 100 mM ammonium
sulfate, 15 mM manganese sulfate, 10 mM spermine, 15% (w/w) PEG
8000, 5% (w/w) PEG 400, 10% (v/v) DMSO, 11% (v/v) ethylene
glycol, 6.5% (w/v) trimethylamine-N-oxide (TMAQ), 0.69 mM man-
icol, and 0.34 mM 18. The crystal was subsequently flash-cooled and
stored in liquid N,. X-ray data were collected at 100K and a wavelength
of 1.1 A at the National Synchrotron Light Source at Brookhaven
National Laboratories, Beamline X25. The data were processed using
the HKL-DENZO/SCALEPACK software suite.*"**

Structure Determination and Refinement. Phases for the
diffraction data were determined by molecular replacement with the
CCP4 program PHASER,43 using an RT/18 structure (PDB accession
number 2ZD1)* as an initial search model. Stepwise model building
and refinement were conducted using the “O” graphics package,** the
Coot graphics package,*® and CNS*” with a bulk solvent correction
(Table 1). Water molecules were built in both manually in Coot and

using the program Refmac/ARP/wWARP in the CCP4 software suite. 52
The geometry of the inhibitor and refinement of the RNH active site were
improved by energy minimization using the Impact and PrimeX facilities
of the Schrodinger software package (Schrodinger, LLC).

Molecular Modeling. A model of the HIV-1 RNase H domain in
complex with an inhibitor and two Mn>" cations was constructed from
the HIV-1 RT-manicol cocrystal structure using Discovery Studio 2.0
(Accelrys, San Diego, CA). To create the starting structure for energy
minimization, RT was truncated to include only the RNase H domain,
the inhibitors were constructed directly from manicol using various
“build” functions, and the CHARMm forcefield was applied to the entire
structure via the “Simulation” tool. The modified structure was then
subjected to two rounds of energy minimization (500 iterations each).
Inhibitor atoms outside of the tropolone and cyclohexane rings, as well
as the entire “His-loop” and side chains of ot-helix E/, were permitted full
flexibility according to the dictates of the minimization algorithm. The
positions of other atoms were held fixed in order to minimize perturba-
tion of the overall complex. Minimized structures were saved as PDB
files and imported into PyMOL (Delano Scientific, LLC, San Francisco,
CA) to generate the final image.
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