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The selection of drug resistant viruses is a major problem in efforts to combat HIV and AIDS, hence, new
compounds are required. We report crystal structures of wild-type and mutant HIV-1 RT with bound non-
nucleoside (NNRTI) GW420867X, aimed at investigating the basis for its high potency and improved drug
resistance profile compared to the first-generation drug nevirapine. GW420867X occupies a smaller volume
than many NNRTIs, yet accesses key regions of the binding pocket. GW420867X has few contacts with
Tyrl88, hence, explaining the small effect of mutating this residue on inhibitor-binding potency. In a mutated
NNRTI pocket, GW420867X either remains in a similar position compared to wild-type (RT(Leul00lle)
and RT(Tyrl88Cys)) or rearranges within the pocket (RT(Lys101Glu)). For RT(Leul00lle), GW420867X
does not shift position, in spite of forming different side-chain contacts. The small bulk of GW420867X
allows adaptation to a mutated NNRTI binding site by repositioning or readjustment of side-chain contacts
with only small reductions in binding affinity.

Introduction As a consequence, there is rapid selection of resistant viruses
Reverse transcriptase forms a key part of the replicative Under drug pressure from NNRTIs, precluding the therapeutic

machinery of retroviruses and has thus been an important target!S€ f this class of inhibitor as monotherapNevertheless,

for the development of drugs used in the treatment of HIv NNRTIs have found an important role in treating HIV infection

infection and AIDS! RT is a multifunctional enzyme that, in @S part of multidrug regimens, which can include NRTIs as well

addition to DNA polymerase functions, also has RNaseH activity &S protease inhibitof.Currently, there are three NNRTIs that

and the ability to bind t-RNAS3, which is utilized as a primé?. are _approved for cIini(_:aI use: nevirapine_, dt_elavirdine, and
HIV-1 RT is expressed in the virus as part of the gag-pol fusion €favirenz. Although the introduction of combination therapy has

protein and, following cleavage by HIV protease, is found in led to a very significant decline in deaths from AIDS in Western
the virion as a p66/p51 heterodinfeFhe p66 subunit contains countrigs, therg is now increasing emergence of drug resistant
both polymerase and RNaseH active sites and is also able toHIV. Itis thus important that further new drugs are developed
bind two distinctive classes of druds! First, nucleoside that have limited cross resistance to current mutant forms of
analogue inhibitors (NRTIs) such as zidovudine or lamivudine, the virus. First generation NNRTIs such as nevirapine (Scheme
which compete (as triphosphates) with nucleotide substrates atl) typically lose significant binding affinity even from the effects
the polymerase active site and, following incorporation into the ©Of Single point mutation&? Second generation compounds such
primer strand, cause DNA chain terminatfoi&econd, non- as efavirenz (Scheme 1) generally have a wider resilience to a
nucleoside inhibitors (NNRTIs) bind at an allosteric site distal ange of drug resistance mutatidfig:urther examples of second

to the polymerase active sité causing inhibition by distortion ~ generation l’;‘NRﬂS include capravirine (S-1138travirine

of three aspartic acid residues that are key for cataly$iSRTIs (TMC-125),® and quinoxalines such &3-ethyl-7-f|uoro-4;-

are generally specific for HIV-1 RT, although some examples 1S0Propoxy-carbonyt-3,4-dihydro-quinoxalin-E{jtone (GWA2086 7"

of NNRTI inhibition of HIV-2 RT have been reported, including  Scheme 1), which has progressed into clinical tri&f$.we
certain members of the PETT ser@&he NNRTI binding site ~ have previously determined crystal structures of a range of
shows less amino acid sequence conservation than does thé\‘N%-g_lgs'” complexes with particular drug resistant HIV-1
polymerase active site and, thus, can more readily accommodateX TS while in this report we take a more orthogonal

mutations with less compromise of normal enzymatic function. @Pproach. We have thus determined structures of a range of
mutant forms of HIV-1 RT (LeulOOlle, Lys101Glu, or

* PDB codes for RF GW420867X complexes: WT, 20pp; L1001, 20pg;  1Yr188Cys) in complexes with the same inhibitor, GW420867X,

K101E, 20pr; Y188C, 20ps. a second generation NNRTI that retains significant activity
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Scheme 1 Lys101, via the carbonyl group, as seen in many potent NNRTIs
when bound to RT, is also present in the REW420867X
Y complex. There is some indication from the electron density
o] (o] FoE map, although not well defined, that a water molecule bridges
Y Vi the two carbonyl oxygens of the inhibitor and the side chain of
N cl residue Glu138(p51). A water molecule in a similar position is
l clearly defined in the higher resolution structure of the RT-
H o (Tyrl88Cys)-GW420867X complex.
Comparison of RT—-GW420867X with Complexes Con-
GW420867X Efavirenz taining Nevirapine, Efavirenz, or HBY097. To investigate if
Y there are any structural differences resulting from the binding

Y of different inhibitors, we overlapped the core region of the
o o N N NNRTI-binding pocket, consisting of 110 structurally conserved

| \( = N \ RT residues. Using such an approach compensates for the
0 N _ N\ J =~ different crystal forms and relative domain rearrangements for

\@ I\S NH the RT heterodimers used in the comparisons. All CA atoms of

o}
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the 110 residues between RGW420867X and R¥nevirapine
can be superimposed with an rms deviation of 0.3 A. Despite

HBY097 Nevirapine both the chemical and the structural differences between
nevirapine and GW420867X, they occupy significant amounts
Table 1. Comparison of the E_ffec_ts of HIV-1 R_T Mutations on the of common volume when bound in the NNRTI pocket. Thus,
Potency of GW420867X, Nevirapine, and Efavirénz the isopropoxy-carbonyl group and the benzene ring of
fold resistance in HIV assay GW420867X overlap with the two pyridine rings of nevirapine,
GW420867X nevirapine efavirenz while the ethyl and cyclopropyl groups are located at the same
RT(Leu100lle) 14506 78123 14.0L 9.4 position (Figure 2a). In the R%’nev!raplqe str_ucture, tvvp _Watgr
RT(Lys101Glu) 2507 13.3+ 2.4 4.3+ 0.9 molecules hydrogen bond to the inhibitor via the pyridine ring
RT(Tyr188Cys) 2.4 25.% 1.4 1.6+0.4 nitrogens. One of these nevirapine-bound waters also bridges
aData from references 17 and -384. between the inhibitor and Glu138 via a third water molecule.

In the case of RFGW420867X, the carbonyl oxygen of the

against these mutations (Table 1). Such work is aimed at furtherduinoxaline ring takes the place of one water molecule of the
understanding drug resistance mechanisms at the molecular leveR T—nevirapine complex and hydrogen bonds to Glu138(p51)
and will be of use in the design of novel inhibitors required in Via @ water molecule, as mentioned above.

continuing efforts to treat HIV infection and AIDS. The rms deviation between the CA atoms of the NNRTI-
pocket protein core of RFGW420867X and the RFefavirenz
Results complexes after superimposition is 0.3 A, indicating there are

Here we report crystal structures of wild-type HIV-1 RT, RT-  only small differences in main-chain positions between the two
(Leu100lle), RT(Lys101Glu), and RT(Tyr188Cys) mutants all Structures. A_s shown in Flgu_re 2b,_ the two |nh|b|to_rs bmd_ in
in complexes with GW420867X, at resolutions ranging from the NNRTI site in a rather similar orientation and while sharing
2.9 Ato 2.3 A. The structures have been refined with reasonable S0me features in common in their interactions with the protein,
R-factors while retaining good stereochemistry, as shown in there are also differences. The quinoxaline ring is shifted
Table 2. The position and conformation of the inhibitor and compared to the benzoxazin-2-one ring, with an average shift
the mutated residues in each of the complexes are clearly definedn atom position of 0.8 A, maximum shift of 1.0 A, and an
in omit difference electron density maps (Figure 1) The average estimated coordinate error for this region of the protein of 0.3
temperature factor for the inhibitor and the amino acid residues A. This ring movement also drags the main-chain of residues
immediateiy surrounding it is much lower Compared with that 101 and 102 with it. While there are some small variations in
of the rest of the protein, suggesting that the inhibitor is bound the positioning of side chains between the two complexes, no
with full occupancy and that the NNRTI site is well ordered in  1arge conformational differences are observed. Comparing the
each of the structures. As is the case with all published RT locations of the substituents of the two inhibitor ring systems,
structures, a few flexible loops on the protein surface do not the isopropoxy-carbonyl group of GW420867X overlaps with
have clear electron density and are omitted from the model. the cyclo-propynyl of efavirenz. Interestingly, the ethyl group

The Structure of the Wild-Type RT —GW420867X. The of GW420867X occupies a similar position to the trifluromethyl
position and orientation of GW420876X bound in the NNRTI of efavirenz, despite the fact that the two groups are located at
pocket of wild-type RT is shown in Figure le. The NNRTI different substituent positions on the quinoxaline and benzox-
pocket is located between a pair of three_strarﬂ.sueetsﬁzi_, azin-2-one I’ings of the reSpeCtiVe inhibitors (SCheme 1) The
B7—f8, andB9—pA11) in the p66 palm domain about 10 A from  difference in the puckering of the quinoxaline and benzoxazin-
the polymerase active site. GW420876X is bound in the NNRTI 2-0ne rings accounts for the overlap of these two substituents
pocket with its isopropoxy-carbonyl group positioned in the top ©bserved in the crystal structures.
sub-pocket surrounded by the side chains of Pro95, Tyrl81, The crystal structure of the quinoxaline HBY097 in complex
Tyrl88, and Trp229. The quinoxaline ring is sandwiched with HIV-1 RT has been reported (1bgm®The structural
between the side chains of Leul00 and Vall06, while also differences between HBY097 and GW420867X involve a
making edge-on contacts with Vall79, Phe227, and Tyr318. substantially altered pattern of substituents (Scheme 1). The
The ethyl group occupies the volume essential for triggering lower resolution of the HBY097 structure (3.1 A) will impose
the conformational switch of Tyr18%. The key hydrogen- some limitations on coordinate accuracy, nevertheless we are
bonding interaction from inhibitor to the main-chain of residue able identify some potential differences. Superimposing the
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Table 2. Statistics for Crystallographic Data Collection and Structure Refinement efGR/W420867X Complexes

Data Collection Details

data set WT Leu100lle Lys101Glu Tyrl88Cys
data collection site ESRF ID2 ESRF ID14-EH3 ESRF ID14-EH2 SRS PX14.1
wavelength (A) 0.990 0.931 0.933 1.244
unit cell c}{mensions 138.5,115.3,65.9 138.4,114.9,64.9 138.0,109.3,72.4 138.5,110.3, 72.7
(ab, cin A)
resolution range (A) 30:02.55 30.6-2.80 30.6-2.90 30.0-2.30
observations 161 423 130 986 78 668 176 065
unique reflections 33166 25926 23963 49 585
completeness (%) 94.5 98.7 96.7 98.6
averagd/o(l) 18.4 10.7 14.2 17.3
Rimergd 0.052 0.095 0.051 0.060
Outer Resolution Shell
resolution range (A) 2.642.55 2.90-2.80 3.00-2.90 2.38-2.30
unique reflections 3187 2539 2160 4759
completeness (%) 92.5 98.6 89.6 96.5
averagd/o(l) 2.3 11 11 2.4
Refinement Statistics
resolution range (A) 30:02.55 30.6-2.80 30.6-2.90 30.0-2.30
No. of reflections 31 281/1657 24 641/1250 22 778/1160 47 075/2472
(working/test)
R-factol (Ruork/Riree) 0.207/0.297 0.210/0.274 0.231/0.302 0.218/0.302
R-factor (all data) 0.194 0.202 0.223 0.208
No. of atoms 7618/20/125 7555/20/24 7714/20/- 7748/20/151

(protein/inhibitor/water)
rms bond length

deviation (A) 0.010 0.010 0.011 0.010

rms bond angle

deviation ) 1.56 1.56 1.64 1.60

mean B-factor (&) 65/72/37/54 59/64/38/35 89/96/62 56/62/42/45
rms backbone

B-factor deviation (&) 6.4 35 5.2 6.5

2 Rmerge= Y|l — <I>|/3 <I>. P R-factor= 3 |F, — F|/3Fo. ¢ Mean B factor for main-chain, side-chain, inhibitor, and water molecules.

protein cores of RFGW420867X and RFHBY097 gave an p4 strand. Lys101 is located at the entrance of the first solvent
rms deviation of 0.8 A for 108 CA atoms, and the largest channel, interacting with inhibitors mainly via its main-chain
displacements occur at residues +118 and also in the Pro236  atoms. The side chain of Lys101 can in some cases form a salt
loop region (Figure 2c). The two inhibitors bind at overall bridge with Glu138(p51), partially sealing off the channel.
similar positions and orientations in the NNRTI pocket. Ap- Glul138(p51) can make interactions with NNRTIs either di-
parent differences include the quinoxaline ring of HBY097 being rectly!® or via water molecule$?* In the wild-type RT-
about 0.5 A higher in the pocket than that of GW420867X due GW420867X complex, the carboxyl group of Glu138 forms a
to the larger methyl-thiomethylene group at the Tyr181 trigger salt-bridge and bifurcated hydrogen bond with the side chain
position. In addition, the phenyl moiety of the quinoxaline ring of Lys101, as well as having interactions with the inhibitor via
of HBY097 is somewhat bent compared to the planar conforma- a water molecule. As also observed for the RT(Leul00lle) and
tion seen for GW420867X. GW420867X does not make any RT(Tyrl88Cys) structures, the electron density is well defined
closer contact with Tyr188 than 3.6 A, while HBY097 makes for the mutated residue, Glu101 (Figure 1c). However, the side
nine contacts within this distance. chain of Glul101 folds away from the channel (Figure 3b) to
Structure of RT(Leul00lle)—GW420867X.Figure 3a shows  avoid direct contact with Glu138(p51) as a result of electrostatic
the comparison of the NNRTI sites of the wild-type and RT- repulsion, which results in a greater exposure of the inhibitor
(LeulOOlle}-GW420867X structures. All 110 CA atoms of the  to solvent. Comparison of the NNRTI sites of wild-type and
core region of the NNRTI-binding pocket can be overlapped Lys101Glu mutant RFGW420867X structures (Figure 3Db)
with an rms of 0.3 A, which is within the systematic error of gives an rms deviation for 103 CA atoms out of 110 of 0.55 A.
the structures. The inhibitor is bound in a very similar position ~ The largest structural change occurs at f€—£11 loop,
and orientation in the two structures. The isopropoxy-carbonyl where Trp229 adopts a different conformation to that observed
group has relative rotations around the €002 and O2-C12 in wild-type RT-GW420867X. This Trp229 conformation is
bonds (162 and —152 for wild-type, —176° and —145 for similar to that seen in the RT(Tyrl88CyspW420867X
the mutant), which do not, however, change the number of complex and appears to be a result of the different crystal forms.
interactions with the protein. There is a 0.6 A displacement of An effect of the Lys101Glu mutation is the large shift in the
the CA atom of the mutated residue 1le100 relative to the wild- inhibitor position toward Phe227, with an average displacement
type Leu100. The mutated side chain makes three less contact®f 0.5 A for the inhibitor atoms. This movement can probably
(3.8 A) to the ispropoxycarbonyl group, but four more be attributed to the opening up of the solvent channel described
interactions to the quinoxaline ring compared to that of the wild- above. There is also a rotation-e80° for the isopropoxy group,
type RT-GW420867X. which is accompanied by a 5@hange of torsion anglg, in
Structure of RT(Lys101Glu)—GW420867X. The NNRTI residue Tyrl81. Other observed changes in side-chain confor-
pocket is connected to bulk solvent by a small channel located mation include those at residues Vall79, Phe227, and Tyr318.
between residues Lys101, Vall79, and Glu138(p51). A second  Structure of RT(Tyr188Cys)—GW420867X.The side chain
channel, which has been suggested to be the entrance foof Cys188 has clearly defined electron density and adopts a
inhibitors26 is created between the flexib0—A11 loop and conformation with gyl angle of—171° (Figures 1d and 3c).
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Figure 1. Simulated annealing omif,| — |f] maps contoured atedshowing electron density for bound GW420867X and, where appropriate,
mutated residues at the NNRTI site: (a) wild-type, (b) Leu100lle, (c) Lys101Glu, and (d) Tyr188Cys RTs. (e) Stereodiagram showing GW420867X
bound at the NNRTI site of wild-type RT. The protein CA backbones, side chains, and water molecules are drawn as gray sticks, cyan sticks, and
red spheres, respectively. The inhibitor is shown as a ball-and-stick representation and colored by atoms. The broken sticks represent hydrogen
bonds. Sites of mutation studied in this report are indicated by side chains labeled in red.

The closest contact between the mutated side chain and theAdditionally, the effect of the Tyr188Cys mutation on other
inhibitor is 4.0 A. When compared with the wild-type RT protein residues that interact with the inhibitor is minimal.
GW420867X complex, the inhibitor bound to the mutant RT-  We have previously reported crystal structures of RT-
(Tyr188Cys) has a very small shift-0.2 A) toward Phe227.  (Tyrl88Cys) both as an unliganded form as well as in complexes
The largest conformational difference in the protein occurs at with nevirapine and UC-78%27 The torsion angles of the
the39—(10 loop, where Trp229 has a double conformation that Cys188 side chain are50° and —52° for the two structures
has also been observed in the structure of-RIKC-44224 (nevirapine and UC781, respectively), with the sulfur atom
Residue Trp229 is currently modeled to the higher occupancy pointing away from the NNRTI pocket, thereby avoiding a clash
conformation. By examining our structures of RT, either in with the inhibitors. In the unliganded RT structure, the side chain
complexes with different NNRTIs or in the same complex of Cys188 has a similar conformation to that of RT(Tyr188Cys)-
crystallized with different unit cell parameters, it is clear that GW420867X.

the f10—411 loop is rather flexible and the conformation of . )

Trp229 is correlated with a particular crystal form. Therefore, Discussion

we can exclude the possibility that the conformational changes HIV-1 RT —GW420867X Interactions Related to Binding

in the 229 loop are caused by the Tyr188Cys mutation itself. Potency.The internal surface of the NNRTI pocket is mainly
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Figure 2. Stereodiagrams comparing the NNRTI site of wild-type-RawW420867X with (a) RFnevirapine, (b) R¥efavirenz, and (c) RF

HBY097 complexes. The thinner and thicker bonds show the protein CA backbones and side chains, respectiv&ly4R0867X is colored in

orange and the other NNRTIs in blue. The inhibitors and waters are shown as a ball-and-stick representation, with GW420867X colored in red and
the others in cyan. The broken lines represent hydrogen bonds between the protein and the inhibitors.

composed of hydrophobic residues with relatively few hydro- the twoj-sheetsp4—p7—[£8 andf9—[£10—£11, are collapsed
philic residues located in the vicinity of the inhibitor. The key on to one another. Upon the binding of inhibitor, the side chains
residues that interact with inhibitors include Leul00, Lys101, of Tyrl81 and Tyr188, contained within ti#d—/;7—38 sheet,
Lys103, Vall06, Vall79, Tyrl81, Tyrl88, Phe227, Trp229, and flip conformation from a “down” to an “up” position, thereby
Tyr318. To understand the mode of inhibition by NNRTIs, the leading to the creation of the NNRTI pocket. The change,
structural requirements for a powerful inhibitor, the nature of meanwhile, also distorts the conformation of the polymerase
key proteir-inhibitor interactions together with the factors that active site whose three catalytic aspartic residues, contained in
contribute to resilience to drug-resistance mutations, we havethe 54—37—38 sheet, thereby leading to inhibition of the
determined a large number of structures of wild-type and drug- enzyme. As we have reported previously, f@&-510—511
resistant mutant RFNNRTI complexes. The inhibitors we have  sheet is able to adopt various positions dependent upon the
studied so far include both chemically divergent as well as binding of different sized inhibitors, therefore, altering the size
related analogues from within the same series, yet with widely of the pocket*26:28290n the other hand, the protein side
differing potencies. The NNRTI binding pocket does not exist chains lining the pocket are also flexible and can readily adopt
in the unliganded protein, where the hydrophobic surfaces of different conformations to interact with various groups from
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Q101

Figure 3. Stereodiagrams comparing the NNRTI site of wild-type-RawW420867X with (a) RT(Leul00lle), (b) RT(Lys101Glu), and (c) RT-
(Tyr188Cysy-GW420867X complexes. The protein CA backbones and side chains are shown as thinner and thicker bonds, respectively. Wild-type
RT is colored as orange and mutant RT as blue. The inhibitor is shown in red for wild-type RT and in cyan for the mutant RTs. For clarity, the
side chains of the mutation sites are colored as magenta for wild-type and green for mutant RTs.

chemically divergent inhibitors without significantly altering the Phe227, and Tyr318. In addition, there is always a moiety in
overall volume of the binding site. It is perhaps the flexible the various NNRTIs studied to date that occupies a small volume
nature of this region that allows the accommodation of a wide in the region of Gly190, Val179, and Tyr181. This is referred
range of mutations that largely are without affect on the to as the “Tyrl81 triggering position”, and examples include
architecture of the active site, which is positioned only some the isopropyl group of MKC-442, the cyclopropyl group of
10 A away. nevirapine, and the 5-methyl group of 9-C1-TIBO. The impor-
Most first generation NNRTIs, such as MKC-442 and\PA, tance of this small volume for NNRTI binding has been shown
have a two-hinged-ring moiei2” When bound in the NNRTI in the structural and SAR studies of the first generation NNRTIs
pocket, the “upper ring” occupies the top subpocket, making of the HEPT chemical serié43° HEPT binds in the pocket
ring-stacking interactions with Tyr181 and Tyr188, as well as with the 5-methyl group of the pyrimidine ring occupying the
additional contacts with Trp229 and Leu234. The “lower ring” small volume near Vall79 with Tyr181 in the unliganded
is positioned at a region surrounded by the main chains of conformation. MKC-442 has a larger isopropyl group at the
residues 101103 and 236 and side chains of Lys103, Val106, 5-position and binds to the enzyme 2000-fold tighter than HEPT
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and with Tyrl81 positioned in the normal inhibitor-bound 100 interacts with the central part of most NNRTIs and appears
conformation. Replacement of the 5-methyl of HEPT with a to have a role of positioning the inhibitors in the binding 3te.
hydrogen atom leads to a complete loss of potency. In the caseA leucine to isoleucine change resulted in significant rearrange-
of GW42087X, positioning of Tyrl81 will make a smaller ment of nevirapine and UC-781 in the binding pocket, which
contribution to the binding energy as contacts with the side chain in turn alters proteirrinhibitor interactions, especially with
are limited and do not involve aromatic ring stacking. A further Tyr181 and Tyr1882? However, we see no significant changes
key interaction that most potent inhibitors possess is a hydrogenin position and orientation of GW420867X for the Leul00lle
bond to the carbonyl oxygen of Lys101. The volume of the mutant. Although 1le100 interacts with a different part of the
NNRTI pocket varies with the sizes of the bound inhibitor, while inhibitor compared to Leul00, the mutation does not give a
the inhibitors themselves have volumes ranging from 230 A pronounced alteration in the total number of protsimhibitor

for nevirapine to 365 A for S-1153. By superimposing interactions.

representative structures of nine previously reported NNRTIs | ys101Glu. RT(Lys101Glu) shows resistance to many NNR-
of different chemical series (excluding BHAP, which extends Tis including a low level for GW420867X (2.5-fold) and a
toward the outer region of the pocket), these inhibitors span a moderate level for nevirapine-{L3-fold) (Table 1). Although
volume of 590 A? of which 75 A is shared in common. interactions between the protein and the NNRTIs are predomi-
GW420867X is a relatively small molecule with a volume of npantly hydrophobic, there are polar interactions that include
236 AB and, ther6f0re, unable to make as many interactions with hydrogen bonds directiy to protein atoms as well as indirectiy
the protein as larger NNRTIs, yet paradoxically is one of the via water molecules. Lys101 is located at the entrance of the
most potent NNRTIs with an Bf against HIV-1 of 1.1 nM.  small solvent channel leading to the inhibitor site and forms a
The question arises as to what makes GW420867X a potentsalt bridge with Glu138(p51). In turn, Glu138(p51) can interact
inhibitor. The crystal structures of RIGW420867X enabled  with certain NNRTIs via a network of water molecules, as seen
us to understand features that contribute to the inhibitor potencyin some higher resolution RTinhibitor complexes such as
as well as its resilience to drug-resistance mutations. From thenevirapineﬁ_ A Change from positive to negative Charge results
comparisons of the binding mode of GW420867X with other in the side chain of Glu101 folding away from the NNRTI site
NNRTIs, it is clear that GW420867X possesses all the key and thus removing the neutralizing effect on the negative charge
blndlng features of the second generation NNRTIs, efavirenz of G|u138(p51) A net negative Charge is positioned at the
and UC-782%3! Thus, the smaller nonaromatic isopropoxy- entrance of the small solvent channel leading to the NNRTI
carbonyl group of GW420867X is positioned in the “top-ring”  site. The mutation of Glu138Lys will produce the opposite effect
region of the NNRTI pocket, making interactions with Pro95, and place a net positive charge in this region. It is unlikely that
Tyrl81, Tyr188, and Trp229, corresponding to the cyclopropyl- such charge changes will have a direct effect on GW420867X
propynyl group of efavirenz and the dimethylallyl group of UC-  pinding as the inhibitor, like most NNRTIs, carries no net
781. The quinoxaline ring is positioned at the “lower-ring” part charge. Nevertheless, changes in the electrostatic environment
of the pocket, contacting Leu100, Val106, Val179, Phe227, and disturb the local protein conformation and in turn the solvent
Tyr318, and making a strong hydrogen bond with the carbonyl structure, which may therefore have effects on NNRTI binding
oxygen of Lys101, analogous to the benzoxazin-2-one ring of jn some cases. We have indeed observed conformation changes

efaviren2® and the thiocarboxanilide group of UC-784.
Finally, the ethyl group occupies the Tyr181 triggering position,
playing a similar role as the trifluoromethyl group of efavirenz
and the furanyl ring of UC-781. The spatial overlaps of
GW420867X with efavirenz and UC781 are also significant. If
RT—GW420867X is included in overlaps with nine otherRT
NNRTI structures, it occupies 733%ut of the 75 & common
volume, while sharing 78 and 83% of the volume with efavirenz
and UC-781, respectively.

Structural Features Related to Drug Resistancdn cell
culture, GW420867X in combination with an NRTI such as
lamivudine (3TC) or abacavir (ABC), was selected for a range
of NNRTI-specific resistance mutations: LeulO0Val, Lys101Glu,
Lys103Arg, Val106Ala, Val108lle, Tyr181Cys, and Tyr188His.
However, GW420867X, in common with efavirenz and UC-
781, maintained higher levels of activity against mutant virus
strains than the first-generation NNRTIs, nevirapine and delavir-
dine. A number of crystal structures of both wild-type and
mutantRT-NNRTIcomplexes have beenreporféd?2%-2527-29,32.33
By comparing the wild-type RFGW420867X, mutant RF

for mutations at residues 101 and 138 as well as the movements
of water molecules, which are accompanied by small shifts of
inhibitor position in the higher resolution structures of both
Lys101Glu and Glu138Lys mutant Rhevirapine complexes.

The shift in inhibitor position and the disruption of protein
inhibitor interactions in the RT(Lys101GkGW420867X
complex, although we have been unable to model the solvent
structure due to the lower resolution, are the largest among the
three mutant complexes reported here. In spite of such differ-
ences, the loss of potency is small, indicating that GW420867X
is able to productively rearrange its position within the context
of the mutated NNRTI binding pocket in this case.

Tyrl88Cys. The Tyrl88Cys mutation gives 2.5-fold resis-
tance to GW420867X compared to26-fold resistance to
nevirapine (Table 1). We have previously reported the structure
of the RT(Tyrl88Cys)nevirapine complex, in which the
inhibitor shows a large shift in the binding site compared to
RT wild-type, giving significant change in proteiinhibitor
contacts’! However, the altered interactions are unable to
compensate for the loss of ring-stacking interactions of nevi-

GW420867X complexes, and those in the data base, we mayrapine with Tyr188, thus giving rise to high-level resistance.
dissect out structural information that could provide explanations There is no significant conformation change in either protein
for the reported resistance profile of GW420867X. or GW420867X resulting from the Tyr188Cys mutation.
Leul00lle. GW420867X shows only a small reduction in  Although two van der Waals contacts between the isopropoxy-
potency against the Leul00lle mutant virus in contrast to an carbonyl group and the ring of Tyr188 are lost; such interactions
~8-fold reduction for nevirapine (Table 1). This retention of are unlikely to be predominant contributors to the binding energy
the potency of GW420867X could be well explained by the of GW420876X, in contrast to the case with nevirapine, where
observations from the crystal structures of both wild-type and aromatic stacking of a pyridine ring is significant. Thus, the
Leul00lle mutant RT complexes with these inhibitors. Residue insensitivity of GW420867X to RT(Tyr188Cys) is explained
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