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We have determined the crystal structures of thiazoloisoindolinone non-nucleoside inhibitors
in complex with HIV-1 reverse transcriptase to high-resolution limits of 2.7 Å (BM +21.1326)
and 2.52 Å (BM +50.0934). We find that the binding modes of this series of inhibitors closely
resemble that of “two-ring” non-nucleoside reverse transcriptase inhibitors. The structures allow
rationalization of stereochemical requirements, structure-activity data, and drug resistance
data. Comparisons with our previous structures suggest modifications to the inhibitors that
might improve resilience to drug-resistant mutant forms of reverse transcriptase. Comparison
with earlier modeling studies reveals that the predicted overlap of thiazoloisoindolinones with
TIBO was largely correct, while that with nevirapine was significantly different.

Introduction
Targeting the virally encoded reverse transcriptase

(RT) has proved a successful strategy in the develop-
ment of the drugs used to treat HIV infection and AIDS.
The nucleoside analogue RT inhibitors (NRTIs), e.g.
AZT, ddI, ddC, 3TC, d4T, are widely used anti-HIV
drugs. The non-nucleoside reverse transcriptase inhibi-
tors (NNRTIs) are now playing an increasingly impor-
tant role in HIV chemotherapy. NNRTIs are generally
specific for HIV-1 RT and have a non-competitive
inhibition mode with respect to substrates.1 X-ray
crystallographic studies provide a structural rational-
ization for this inhibition mode, revealing a binding site
for NNRTIs some 10 Å from the polymerase active site,
within the p66 subunit of the p66/p51 heterodimer.2-4

The mechanism of inhibition has been shown to be via
a distortion of the conformation of the catalytic aspartyl
residues in the polymerase active site.5 NNRTIs are
generally lipophilic molecules, but otherwise are chemi-
cally diverse, and yet have been shown to have similar
binding modes to HIV-1 RT.3,4,6-9

NNRTIs give rapid selection of resistant virus both
in tissue culture and in clinical trials as monothera-
py,10,11 but there is now considerable interest in this
class of inhibitor when used as multidrug therapy in
combination with other anti-RT drugs and HIV protease
inhibitors. To date, three NNRTI drugs have been
licensed for clinical use: nevirapine, delavirdine, and
efavirenz. Efavirenz together with certain carboxanil-
ides and quinoxalines have been classed as “second-
generation” NNRTIs, because of much-improved resil-
ience to the effects of some of the common drug-
resistance mutations.1 The emerging therapeutic role
for NNRTIs has led to a recrudescence of interest in
developing further drugs in this class, but with im-
proved potency and resistance profiles. To assist such
drug design efforts, three-dimensional structures have

been determined for members of several NNRTI series
in complex with HIV-1 RT.2-4,6-9 However, for technical
reasons, the number of HIV RT/NNRTI crystal struc-
tures available is significantly less than for the much
simpler HIV protease inhibitor complexes. An alterna-
tive approach to understanding drug/receptor interac-
tions, in the absence of experimentally determined
structures, is to deduce information on the nature of
such interactions by molecular modeling studies. Such
predictions can obviously be tested when subsequent
structure determinations allow comparison of modeled
and experimental data. Crystal structures of RT/car-
boxanilide complexes,9 for example, show that one
modeling study deduced many correct features,12 while
a second had an incorrect trans conformation for the
inhibitor,13 thereby leading to largely erroneous predic-
tions for the interactions of the compound with the
protein.

A series of thiazoloisoindolinone NNRTI compounds
have been described,14 which show potent HIV inhibi-
tion (IC50 of 16 nM for the most potent compound).
There is, however, a significant decrease in activity for
such compounds in the presence of the common NNRTI-
resistance mutation Tyr181Cys.15 A computational study,
carried out on these inhibitors prior to the availability
of RT/NNRTI structures, used small molecule crystal
structures of various inhibitors for molecular orbital
calculations. These MNDO (modified neglect of diatomic
differential overlap) maps were in turn used to generate
overlaps with two NNRTIs, nevirapine and TIBO. This
study allowed predictions for thiazoloisoindolinone con-
formations and orientations at the drug binding site.16

We have now determined the structures of HIV-1 RT
complexes with two such thiazoloisoindolinones, BM
+21.1326 ((R)-(+)-9b-(3-methylphenyl)-2,3-dihydrothi-
azolo[2,3-a]isoindol-5(9bH)-one) and BM +50.0934 ((R)-
(+)-5(9bH)-oxo-9b-phenyl-2,3-dihydrothiazolo[2,3-a]i-
soindole-3-carboxylic acid methyl ester), by X-ray
crystallography to 2.7 and 2.52 Å resolution, respec-
tively.
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These refined crystal structures reveal a detailed
picture of both the RT-bound drug conformations and
the interactions of the drugs with their receptor. This
allows comparison with earlier modeling studies, ratio-
nalization of structure-activity data, and drug-resis-
tance data, as well as allowing us to suggest alterations
to these compounds that might improve their resistance
profiles.

Results and Discussion

Comparison of Conformations for Thiazoloisoin-
dolinones and Other NNRTIs. Electron density maps
for the complexes reveal that BM +21.1326 and BM
+50.0934 are bound at the NNRTI site (Figure 1). A
comparison of the conformations of BM +21.1326,
nevirapine, and Cl-TIBO when bound to HIV-1 RT is
shown in Figure 2a. The conformation of BM +50.0934
is largely similar to that of BM +21.1326 apart from a
slight displacement of the D phenyl ring due the absence
of the m-methyl substituent. The inhibitors conform to
the “two-ring” bound NNRTI conformation previously
noted.3,6 Thus, ring A of BM +21.1326 overlaps with the
H ring of nevirapine, while the m-methylphenyl ring
(ring D) partially overlaps the J ring of nevirapine. The
comparable overlaps for Cl-TIBO involve the tricyclic
ring system (rings E, F, G) with the isoindolinone (rings
A, B) of BM +21.1326 and BM +50.0934 and the
dimethylallyl group of Cl-TIBO with the D rings of the
thiazoloisoindolinone compounds.

The thiazolo ring (ring C) overlaps with the cyclopro-
pyl group of nevirapine and provides the means to flip
the side chain of Tyr181 into the ‘up’ position, presum-
ably giving tight binding in an analogous way to that
previously noted for certain HEPT analogues.7

We have compared the crystallographic results for
thiazoloisoindolinones bound to RT with the previous
modeling work reported by Schafer et al.16 Compound
overlaps from both experimentally determined and
modeling work are shown in Figure 2. These reveal that
the modeled overlap of BM +21.1326 with Cl-TIBO is
essentially correct except that this places the rather
flexible dimethylallyl group of Cl-TIBO too far away
from the phenyl ring (ring D) of BM +21.1326.

In contrast, the modeled overlap of BM +21.1326 with
nevirapine is not entirely correct. The pseudo-chiral 11-

position nitrogen of nevirapine gives rise to two confor-
mations for this drug, both of which are observed in the
small molecule crystal of the inhibitor.17 Unfortunately,
Schafer et al.16 based their analysis on one nevirapine
conformer which was later shown to be the one not
bound to RT.2,3 The incorrect choice of nevirapine
conformation means that the nevirapine fused-ring
system is bent in the opposite sense and thus requires
a 180° flip to overlap with BM +21.1326. However, due
to the pseudo-symmetric nature of these drug mol-
ecules,3 the resulting overlaps still have rings A and H
as well as rings D and J congruent, albeit with the
direction of, for example, the m-substituent of BM
+21.1326 reversed in direction. As a result, possible
overlaps in substituents between nevirapine and the
thiazoloisoindolinone were incorrectly inferred.

Interactions of Thiazoloisoindolinone with RT
and Effects of Drug-Resistance Mutations. BM
+21.1326 makes many interactions with HIV-1 RT that
are commonly observed for other NNRTIs, with most
of the contacts being hydrophobic in nature. There are
extensive interactions of the D ring with Tyr188, as well
as with other aromatic residues including Trp229 and
Tyr318 involving both A and B rings. Other interactions
are with Leu100, Lys101, Lys103, Val106, and Val179
(see Figure 3). BM +50.0934 lacks the m-methyl sub-
stituent of the D ring, which results in a slight reposi-
tioning of this ring. This, in turn, gives closer interac-
tions with the side chain of Tyr181. A further difference
between BM +21.1326 and BM +50.0934 is the pres-
ence of a methoxymethanoyl ester substituent on the C
ring. This group makes contacts with Glu138 from the
p51 subunit, as well as with the protein backbone of
Ile180 and Tyr181 of the p66 subunit.

HIV-resistance data have been reported for two
members of the thiazoloisoindolinone series,15 BM
+21.1298 and BM +51.0836 which differ from BM
+21.1326 by their substituent pattern in the D ring. BM
+21.1298 lacks the m-methyl group, while BM +51.0836
has m-dimethyl substituents. These two thiazoloisoin-
dolinones were tested in serial passaging experiments
with HIV-1 in tissue culture. Escape mutants identified
from this study showed the change of Tyr181Cys, which
is among the most commonly found mutations giving
resistance to NNRTIs.18 Inhibition data for mutant RTs
show that the Tyr181Cys mutation gives a 30- 60-fold
increase in IC50 for these thiazoloisoindolinone com-
pounds. Other mutations which confer cross-resistance
to the thiazoloisoindolinones include Lys103Asn (60-
120-fold), Lys101Ala (40-60-fold), and Tyr188Leu (70-
100-fold).15 Analysis of our RT/thiazoloisoindolinone
structures helps rationalize some of these resistance
data. There are a number of van der Waals contacts
between both the thiazoloisoindolinones and Tyr188;
hence a mutation at this residue potentially gives a
large loss of binding. In the case of Tyr181, BM
+50.0934 makes close contacts, while BM +21.1326 is
positioned slightly further away, the substitution pat-
tern on the D ring appearing to modulate this interac-
tion. For Lys103 there are contacts for both BM +21.1326
and BM +50.0934 with the Cε and Cγ atoms of the side
chain via the B ring oxygen atom, and hence shortening
of the side chain to Asn is likely to reduce these
interactions.
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Rationalization of Structure-Activity Data and
Design of New Inhibitors. A number of analogues of
the thiazoloisoindolinones have been synthesized and
structure-activity studies reported.14 The effects of
differing substituent patterns of the C, D, and A rings
can be viewed in the context of our structural results
(Figure 4). Variations in the D ring show that there are
both bulk and hydrophobicity restrictions. Five-mem-
bered rings such as furanyl and pyrrolyl lose activity
as they not only are more hydrophilic than phenyl
groups but also make less contacts with the side chains
of Trp229, Tyr188, and Tyr181. More hydrophilic six-
membered D rings such as pyridinyl or pyrimidinyl also
show lower potency than the corresponding phenyl
rings. With a phenyl group as the D ring, a m-methyl
substituent makes contacts with the side chain of
Trp229, giving rise to a 20-fold increase in binding.

However, a m-dimethylphenyl D ring appears to fill this
pocket optimally, making good contacts with the indole
ring of Trp229, and is the most potent in the series. In
contrast, the m,p-dimethyl substitution pattern does not
fit as well, and neither do compounds with dichloro
substituents. The presence of a m-methoxy substituent
reduces activity due to both a greater bulk and to the
introduction of more hydrophilicity in an otherwise
hydrophobic pocket.

In the case of variants of the C ring, expansion to a
six-membered ring reduces potency, due to bad contacts
with the Câ of Tyr188, as well with the side chain of
Val179. Substituents at the C ring 1-position (also
referred to as the ‘X’-position16) give similar steric
clashes. Part of ring C (R4-position) points to a more
open region of the pocket, and thus, a bulky substituent
such as the methoxymethanoyl group of BM +50.0934

Figure 1. Simulated annealing omit electron density maps showing the bound inhibitors in the NNRTI pocket of HIV-1 RT: (a)
BM +21.1326; (b) BM +50.0934. The maps are contoured at 3σ.

Figure 2. Stereodiagram showing the relative orientations and positions of nevirapine (green), TIBO (red), and BM +21.1326
(blue) from (a) experimental results reported here and (b) modeling.16 The superimposition for panel a was done as described
previously.3
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Figure 3. Schematic diagrams showing the intermolecular interactions between the thiazoloisoindolinone NNRTIs (in red) and
the surrounding residues of HIV-1 RT for (a) BM +21.1326 and (b) BM +50.0934. Residues which contact the NNRTI with a
minimum interatomic distance of <3.6 Å are shown in green, while other residues lining the binding pocket are shown in blue.
The individual distances between the NNRTI and the protein atoms are shown as dashed lines (distances < 3.3 Å in pink; 3.3 Å
< distances < 3.6 Å in light blue).
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can be accommodated and, indeed, is able to form
favorable interactions with Glu138 resulting in a 3-fold
greater potency.

For modifications of the A ring, the 8-chloro substitu-
ent gives an 8-fold improvement in potency. This is
positioned within the NNRTI pocket in a similar loca-
tion to the equivalent atom of 8-Cl-TIBO and hence can
make favorable van der Waals contacts with the protein
main chain at residues 234 and 235. This similarity was
correctly predicted by the modeling studies of Schafer
et al.16

Knowledge of the RT binding mode for thiazoloisoin-
dolinones reported here, together with our previous data
on the binding of other NNRTIs to RT, allows sugges-
tions for modifications to the compounds that could
improve their properties. In our study of the carboxa-

nilide NNRTI UC-781,9 we identified a combination of
structural factors that could contribute to the so-called
“second-generation” NNRTI properties of resilience to
common drug-resistant mutant RTs. These factors
included small, non-aromatic substituents in the upper
subpocket, main-chain hydrogen bonding, and optimal
bulk within the pocket. Applying these factors to the
thiazoloisoindolinones, the D ring could be replaced by
an acyclic moiety such as a dimethylallyl group. The C
ring could be dispensed with leaving, perhaps, an ethyl
group in the place of the sulfur atom to enable the
Tyr181 side chain to be correctly positioned for tight
binding.7 There appears to be two ways to incorporate
hydrogen bonding to the main chain of Lys101. First
replacement of the carbonyl oxygen of ring B by meth-
yleneamino in order to form a hydrogen bond to the

Figure 4. Stereoview of BM +21.1326 positioned in the NNRTI binding pocket. RT side chains that form the NNRTI binding
site are marked, together with substituent positions as described by Mertens et al.14 For clarity the R2,3- and R4,5-positions of
the C ring are labeled 2,3 and 4,5, respectively.

Table 1. Statistics for Crystallographic Structure Determinations

RT/BM +21.1326 RT/BM +50.0934

data collection details:
data collection site ID2, ESRF BL14, ESRF
wavelength (Å) 0.995 0.930
collimation (mm) 0.05 × 0.05 0.21 × 0.22
crystal form G E
unit cell (a, b, c in Å) 135.1, 112.7, 75.1 137.3, 108.5, 72.0
resolution range (Å) 20.0-2.70 15.0-2.52
observations 64045 115112
unique reflections 26072 32729
completeness (%) 81.2 88.8
reflections with F/σ(F) > 3 23500 28620
Rmerge (%)a 6.7 8.7

outer resolution shell:
resolution range (Å) 2.80-2.70 2.62-2.52
unique reflections 2114 2708
completeness (%) 64.7 64.5
reflections with F/σ(F) > 3 1364 1631

refinement statistics:
resolution range (Å) 20.0-2.70 15.0-2.52
unique reflections (working/test) 26072 (24813/1259) 32729 (31104/1625)
R-factorb (R-working/R-free) 0.214/0.276 0.232/0.298
number of atomsc 7103/43/20 7824/90/23
rms bond length deviation (Å) 0.008 0.007
rms bond angle deviation (deg) 1.4 1.4
mean B-factor (Å2)d 57/62/44/44 52/56/42/47
rms backbone B-factor deviatione 3.6 3.9

a Rmerge ) ∑|I - 〈I〉|/∑〈I〉. b R-factor ) ∑|Fo - Fc|/∑Fo. c Protein atoms/water molecules/inhibitor atoms. In the RT/BM +21.1326 complex,
due to the crystal packing, residues 1-3, 28-44, 49-53, 63-72, and 131-143 are disordered in the p66 fingers domain; residues 539-
560 of the p66 subunit, as well as residues 1-5, 88-95, 191-232 and 428-440 of the p51 subunit, are also not defined in the electron
density map. Residues 444-454 of the RNase H domain in this crystal form are ordered, as observed in crystal forms C and E,3,5 while
the C-terminal end of p51 chain is disordered, similar to crystal forms D and F.3,6 In the RT/BM +50.0934 complex, residues 540-560 of
the p66 and residues 88-92 and 216-231 have been omitted from the model. d Mean B-factor for main-chain, side-chain, water, and
inhibitor atoms, respectively. e rms deviation between B-factors for bonded main-chain atoms.
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main-chain oxygen of Lys101. Second, a substituent on
the A ring, containing an acceptor such as a carbonyl
oxygen, would allow hydrogen bonding to the main-
chain NH of Lys101. It also appears possible to form
hydrogen bonds from NNRTIs to the main chain of
Lys103, as we have previously observed in the case of
BHAP.8

Conclusions

The detailed description of the interaction of two
members of the thiazoloisoindolinone series with HIV-1
RT adds further to an understanding of the character-
istics of NNRTIs binding to their drug receptor site.
These inhibitors bind in a mode resembling that of “two-
ring” NNRTIs, and on the basis of this similarity, we
can rationalize much of the structure-activity and
resistance data at the molecular level. We are also able
to make definite suggestions for modified isoindolinones
with improved resilience to common resistance muta-
tions. Reconsideration of earlier modeling studies of the
bound inhibitor conformation shows that the overlap of
the thiazoloisoindolinone with TIBO is largely correct:
the ring systems agreeing well, while the more flexible
portion of TIBO is unsurprisingly more divergent. The
incorrectly modeled overlap of thiazoloisoindolinone
with nevirapine is a result of the interconvertible
conformers produced by the pseudo-chiral center at the
N11-position nitrogen of nevirapine.

Flexibility of the inhibitor molecules adds to the
problems of predicting binding features correctly. Nevi-
rapine has two major conformations, and consideration
of the wrong conformer was enough to defeat the
analysis. Other inhibitors have more variability, and
thus the bound conformation may not be that observed
in a crystal of the inhibitor alone where packing forces
can significantly distort the conformation. Detailed
high-resolution analysis of an array of enzyme/inhibitor
complexes is thus a vital tool for directing rational drug
design efforts.

Experimental Section
Crystallization and Data Collection. The crystals of

complexes of RT with BM +21.1326 and BM +50.0934 were
grown and treated prior to data collection as described.19 X-ray
data were collected at ESRF, Grenoble, France, using 30-cm
MAR Research imaging plates operated in 18-cm mode.
Crystals were flash-cooled and maintained at 100 K during
data collection. Data frames of 1.5° oscillations were collected
with exposure times of 15 s for RT/BM +21.1326 and 90 s for
RT/BM +50.0934. Indexing and integration of data images
were carried out with DENZO, and data were merged with
SCALEPACK.20 The unit cell dimensions of the RT/BM
+21.1326 crystal differed from those recorded before but are
closest to the G crystal form.21 A summary of the X-ray data
statistics is given in Table 1.

Structure Solution and Refinement. The orientation and
position of the molecule in the unit cell were determined using
rigid-body refinement with XPLOR.22 The RT/9-Cl-TIBO com-
plex (1rev)6 was used as an initial model for RT/BM +21.1326
and the RT/MKC-442 complex (1rt1)7 for RT/BM +50.0934.
The structures were first refined with XPLOR and then with
CNS,23 using positional, simulated annealing and individual
B-factor refinement with bulk solvent correction and aniso-
tropic B-factor scaling. The topolgy and parameter dictionaries
used in the refinement for the two inhibitors were derived from
the crystal structures of BM +21.1326.16 Model rebuilding was
done using FRODO24 on an Evans and Sutherland ESV
workstation. For RT/BM +21.1326, positional restraints were

applied to all atoms distant from the NNRTI binding site
(defined as greater than 25 Å from the CR atom of residue
188) throughout the refinement due to the smaller number of
observations.

The structure of RT/BM +21.1326 has been refined to an
R-factor of 0.214 (R-free: 0.276) for all data in the range of
20.0-2.70 Å resolution with rms deviations for bond lengths
and bond angles from canonical values of 0.008 Å and 1.4°,
respectively. The corresponding figures for RT/BM +50.0934
are R-factor of 0.232 (R-free: 0.298) for all data in the range
of 15.0-2.52 Å resolution with rms deviations of 0.007 Å and
1.4° from the canonical bond lengths and bond angles, respec-
tively. Table 1 summarizes the statistics on X-ray data and
model refinement.

The coordinates and structure factors for the RT/BM
+21.1326 and RT/BM +50.0934 complexes will be deposited
with the Protein Data Bank and are scheduled for release 1
year after publication (PDB ID codes 1c0t and 1c0u, respec-
tively).
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