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ABSTRACT. The carboxanilides are nonnucleoside inhibitors (NNIs) of HIV-1 reverse transcriptase (RT),
of potential clinical importance. The compounds differ in potency and in their retention of potency in the
face of drug resistance mutations. Whereas UC-84, the prototype compound, only weakly inhibits many
RTs bearing single point resistance mutations, inhibition by UC-781 is little affected. It has been proposed
that UC-38 and UC-781 may form quaternary complexes with RT at a site other than the known binding
pocket of other NNIs. X-ray crystal structures of four HIV-1 R@arboxanilide complexes (UC-10,
UC-38, UC-84, and UC-781) reported here reveal that all four inhibitors bind in the usual NNI site,
forming binary 1:1 complexes with RT in the absence of substrates with the amide/thioamide bond in cis
conformations. For all four complexes the anilide rings of the inhibitors overlap aromatic rings of many
other NNIs bound to RT. In contrast, the second rings of UC-10, UC-84, and UC-781 do not bind in
equivalent positions to those of other “two-ring” NNIs suchva8PA or HEPT derivatives. The binding
modes most closely resemble that of the structurally dissimilar NNI, CI-TIBO, with a common hydrogen
bond between each carboxanilide Nigroup and the main-chain carbonyl oxygen of Lys101. The binding
modes differ slightly between the UC-10/UC-781 and UC-38/UC-84 pairs of compounds, apparently related
to the shorter isopropylmethanoyl substituents of the anilide rings of UC-38/UC-84, which draws these
rings closer to residues Tyr181 and Tyr188. This in turn explains the differences in the effect of mutated
residues on the binding of these compounds.

HIV! reverse transcriptase (RT) is a multifunctional Lys3. These functions are all required in the replication of
enzyme that catalyzes RNA-dependent DNA polymerase, HIV, making RT central to the virus life cycle, thus providing
DNA-dependent DNA polymerase, and RNase H activities a primary target for anti-HIV drugs widely used in the
as well as specifically binding its physiological primer, tRNA treatment of AIDS. Currently approved anti-RT drugs fall
into two main classedl]. The nucleoside analogue inhibitors
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Ficure 1: Structures of carboxanilide derivatives and three other
HIV-1 RT—NNIs, 9-CI-TIBO, MKC-442, andx-APA.

Table 1: Potency of Carboxanilide Compounds against HIV-1 RT
Wild Type and Mutants

HIV-1 EGso (uM) {fold resistancg?

strain UcC-10 uC-38 ucC-84 uC-781
wildtype 0.142{1} 0.029{1}  0.042{1} 0.009{ 1}
L100l 0.242{2} 2.06 {71} >112{>270Q 0.024{3}
K103N  1.140{8} 0.069{ 8}
VI06A  0.370{3} 2.06 {71} >61 {>150¢ 0.015{2}
E138K  0.2142} 1.24 {43 >61 {>150G 0.015{2}
V179D  0.480{4} 0.33 {11} 0.94 {22} 0.017{2}
Y181C  0.2142} 1.9 {66 42 {1003  0.033{4}
Y188H  0.640{5} 2.1 {72} 2.8 {67} 0.045{5}

aEGsis defined as the concentration of compound required to inhibit
syncytia formation in HIV-1-(1lIB)-infected CEM cells (adapted from
ref 36). The fold resistance is the ratio of mutant/wild-type sesCfor
each compound.

Although two NNIs (nevirapine and delavirdine) are
currently used in anti-HIV combination therapiekl(12),
problems with the selection of drug-resistant mutant HIV
RT mean that efforts continue to develop NNIs which are
able to inhibit mutant forms of the enzyme. The (thio)-
carboxanilide compoundd4 8, 14), represent one series of
“second generation” NNIs, while other examples are the
quinoxalines 15) and the benzoxazin-2-onesg].

UC-84 (Figure 1) was the first compound in the carboxa-
nilide series to have anti-HIV activity reported, with andsC
of 42 nM (Table 1) {3). UC-38 (Figure 1) has similar
potency to UC-84 17) but its inhibition is less markedly
affected by mutations in RT (Table 1). UC-10 (Figure 1),
while being a weaker RT inhibitor than UC-38 (Es(142
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Biochemical and kinetic studies of HIV-1 RT inhibition
by the carboxanilide series have yielded some surprising
results. While UC-84 appeared to be a competitive inhibitor
with respect to the template/primer, UC-38 was uncompeti-
tive, implying that the latter compound was not binding to
free RT @0). By contrast, both compounds appeared to be
mixed, noncompetitive inhibitors with respect to the nucleo-
side triphosphate substrat@i). The proposed explanation
for such kinetic behavior was the existence of more than
one binding site for the inhibitors on RT. Photoprotection
experiments with a nevirapine analogue suggested that both
UC-38 and UC-84 bound to a site overlapping the nevirapine
site, but preferentially bound to different mechanistic forms
of the enzyme. UC-38 only gave photoprotection in the
presence of template/primer and triphosphate substrates,
showing preferential binding within a quaternary complex.
Synergistic inhibition of RT enzyme and of HIV in tissue
culture has been described for combinations of UC-38 and
UC-84 (20). UC-781 is reported to be a rapid, tight-binding
inhibitor of RT, and photoprotection studies again indicated
a preference for binding within a quaternary complex
whereas fluorescence-quenching measurements showed di-
rect binding of UC-781 to free RT, albeit in substoichiometric
amounts 22).

We report here four crystallographic analyses of HIV-1
RT in complexes with different carboxanilides [UC-10, UC-
38, UC-84 and UC-781 (Figure 1)], at resolutions between
2.8 and 3.0 A, aimed at understanding their differing
inhibition of mutant RTs as well as providing some clarifica-
tion of the previous biochemical studies.

MATERIALS AND METHODS

Crystallization and Data Collectian Samples of UC-10,
UC-38, UC-84, and UC-781 were provided by Dr. W.
Brouwer (Uniroyal Chemical Co., Guelph, ON, Canada).
Crystals of complexes of RT with UC-10, UC-38, UC-84,
and UC-781 were grown at 4C from citrate/phosphate
buffer, pH 5.0 (24.25 mM citric acid/51.5 mM MdPQOy),
with PEG 3400 (6-10% wi/v) as precipitant23). Prior to
data collection, crystals were soaked in increasing concentra-
tions of PEG 3400, buffered with the same concentrations
of citrate/phosphate buffer used for crystal growth to a
maximum PEG 3400 concentration of 50% (w/v). This
procedure increases the order of the crystals and results in a
series of closely related forms designated A, B, C &8, (
24). Inhibitor at a concentration of 0.2 mM was included
in the final soak. X-ray diffraction data for complexes of
UC-10 and UC-781 with RT were collected on a Weissen-
berg camera on beamline BL6-A25) at the Photon Factory,
KEK, Japan, with a 0.1 mm collimator, using the procedures
outlined previously 7, 26). Data were collected at 18C
using 3.8 frames with a coupling constant 2/B1m on pairs
of 200 x 400 mm Fuji Bas-IlIB imaging plates positioned

nM), is less affected by single point resistance mutations in 429 7 mm from the crystal. The exposure time per frame

RT (18, 19). More recently, UC-781 (Figure 1) has been

was between 112 and 140 s depending on the crystal quality.

shown to have a favorable combination of both high potency To reduce background noise, the collimator, crystal enclo-

(ECs0 9 NM) together with retention of activity against RTs
containing single point mutations such as L100l, K103N,
V106A, and Y181C (mutations which give high-level
resistance for many NNI series).

sure, and camera cassette were flooded with helium. The
image plates were scanned off-line using Fuji BA 100 IP
scanners. Since RT crystals are sensitive to X-ray damage
at room temperature, three crystals were used for the RT
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Table 2: Crystallographic Structure Determination Statistics
RT—UC-10 RT-UC-38 RT-UC-84 RT-UC-781
data collection details
data collection site, beamline KEK, BL6-A2 SRS, 7.2 SRS, 9.6 KEK, BL6-A2
temperature (K) 291 100 100 291
wavelength (A) 1.000 1.488 0.872 1.000
collimation (mm) 0.10 0.20 0.20 0.10
no. of crystals 1 1 1 3

unit cell (A) (crystal formy

140.3,111.0, 735 (C)

137.0, 109.3, 71.8 (E)

137.6, 109.5, 72.0 (E)

140.4,111.2, 73.4 (C)

resolution range (A) 30:62.9 30.6-2.8 30.6-3.0 30.6-2.9
observations 67590 84517 53675 101066
unique reflections 22803 26073 19595 24503
completeness (%) 86.1 95.7 87.3 93.6
reflections withF/a(F) > 3 17689 21287 15782 20264
Rmerge (%)° 6.2 6.9 10.3 10.1
outer resolution shell
resolution range (A) 3:02.9 29-28 3.1-3.0 3.0-2.9
unique reflections 1812 2446 1453 1545
completeness (%) 73.4 91.3 70.8 62.7
reflections withF/o(F) > 3 616 1235 794 806
refinement statistics
resolution range (A) 30:62.9 30.6-2.8 30.6-3.0 30.6-2.9
unique reflections 22763 26069 19595 24458
working/test reflections 21625/1138 24862/1207 18767/828 23235/1223
R factor 0.210 0.234 0.252 0.212
Ruorking Riree 0.231/0.291 0.236/0.335 0.258/0.334 0.237/0.295
protein atoms 7752 7830 7821 7741
no. of residues omitted 57 47 49 59
inhibitor atoms 23 20 23 22
water molecules 5 96 6 3
rms bond length deviation (A) 0.006 0.008 0.009 0.006
rms bond angle deviation (deg) 1.4 1.6 15 1.3
meanB factor (A%)° 55/62/34/25 55/62/29/36 43/53/4/30 58/65/21/29
rms backbond® factor 4.6 5.4 5.8 4.8

deviation (&)

a See refs, 23, and24 for definitions of the different crystal form8.Rperge= Y || — OOVY (11 ¢ R factor= Y |Fo — Fc|/Y Fo. ¢ Some residues at
the N and C termini of both p66 and p51 subunits, at the junction of the fingers and palm domains, arubatih& region in p51 are disordered.
These were excluded from the modeéisleanB factor for main-chain, side-chain, water, and inhibitor atoms, respectiviehs deviation between
B factors for bonded main-chain atoms.

UC-781 data set. RFUC-10 data were collected from a

single crystal exposed at two positions.

used were gradually extended from 12 to 6.0 A to the

maximum resolution of each data set. At this stage,
Data for the UC-38 and UC-84 complexes were collected anisotropicB factor scaling was used to compensate for the

at the SRS, Daresbury, U.K., from stations PX7.2 and PX9.6, anisotropy in the diffraction and to sharpen the data. First,
using MAR Research imaging plates (18 cm and 30 cm each model was refined using positional and individual

diameter), respectively (Table 2). Crystals were frozen in atomicB factor refinement against data higher than 7.0 A

liquid propane prior to data collection and maintained at 100 resolution. Strong stereochemical restraints were applied to
K using an Oxford Cryosystems Cryostream. Frames ¢f 1.5 all atoms and positional restraints to those lying greater than
oscillations were collected with exposure times of 120 s. 25 A from the Gx atom of residue 188 (approximately

Indexing and integration of data images were carried out d€fining the NNI binding pocket). Second, anisotrofic
with DENZO (27), and data were merged with SCALEPACK factor scaling for data from 7.0 A to the maximum resolution
(27). Statistics are given in Table 2. was performed against structure factors calculated from

. , models with atomid factors scaled down by 30%. Third

Structure Solution and Refinementhe structures were ; . X ’

all solved by molecular replacement. The model used for the coordinates were refined against these scaled data, by

the RT-UC-10 and RT-UC-781 complexes was the RT positional andB factor refinements. Finally, the original

1051U91 complex [refined at 2.2 A resolution toRifactor complete data set was scaled with anisotr@iactor scaling
of 0.214; PDB 1RTH 7)] Thé RT-MKC-442 complex against solvent-corrected structure factors calculated from

model [refined at 2.55 A resolution, with &R factor of the newly refingd .”?Ode's- This procedure [performed with
0.197: PDB 1RT128)] was used for the RFUC-38 and X-PLOR (29)] significantly _decreased_théfactors (as ngl
RT—UC-84 complexes. All water and inhibitor molecules as the freeR factors) for high-resolution shells. Thg final
were excluded from the starting models. The molecular scaled data sets were used for all subsequent refinements.
orientation and position for each complex were optimized  The first round of refinement consisted of positional and
by rigid-body refinement [program X-PLOR29)]. The individual atomicB factor refinements (restrained as above)
models were initially treated as single rigid bodies, then as against all data using a bulk solvent correctidf,| — |F¢|

two subunits, and finally as separate rigid groups corre- maps for all the R¥carboxanilide complexes allowed the
sponding to the nine domains of the heterodimer. The datainhibitors to be positioned and oriented without difficulty.
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FiGure 2: Stereoviews of omitF,| — |F¢] maps contoured ata3showing the electron density for the inhibitors (a) RIC-781, (b)
RT—UC-10, (c) RT-UC-38, and (d) RFUC-84. The atoms of the inhibitors are shown in conventional atom colors. The surrounding
protein structures are shown in black in each case. The structure-eURT781 is also superimposed in (b), (c), and (d) for comparison,
where it is colored brick red. The maps were phased using models from which the inhibitor had been removed followed by further refinement.

Manual model rebuilding used FROD@Q) on an Evans  current models (Table 2; Figure 2). No simulated annealing
and Sutherland ESV workstation. Further rounds of re- was performed. Illustrations were prepared using BOB-
strained refinement and manual rebuilding resulted in the SCRIPT @1) and RASTER3D §2).
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Ficure 3: Schematic drawings of RINNI interactions for (a) UC-10, (b) UC-38, (c) UC-84, and (d) UC-781. All residues that have at
least one contact with an NNI within 3.6 A are shown. A water molecule is shown as a pink sphere in (b). Residues in contact with each
NNI are shown in green; otherwise, they are shown in dark blue. Distances between protein and NNI atoms are indicated by broken lines
(d = 3.3 Ain pink; 3.3< d =< 3.6 A in light blue; H-bonds with distances in black).

RESULTS density in each of the four complexes, and these parts were
General Structural EeaturesThe RT-UC-10 and RT- omitted from the models (Table 2). The conformations of

UC-781 models have been refinedRdactors of 0.210 and all four inhibitors were well-defined ifiFo| — |F maps.
0.212, respectively, for all data from 30.0 to 2.9 A resolution. ~ Figure 3 summarizes the contacts between the inhibitors
For RT-UC-38 and RTUC-84 theR factors are 0.234 and RT in each of the four complexes. In each crystal
(30.0-2.8 A resolution) and 0.252 (30-@.0 A resolution), structure strong electron density indicates full occupancy of
respectively. For all four structures the stereochemistry is the inhibitor (Figure 2), and there is no further density
excellent (Table 2). Although determined to lower resolution consistent with the presence of secondary binding sites. A
than some of the RFNNI complexes we have reported common feature of the binding of all four inhibitors is the
previously 7, 28, 33, 34), the electron density maps for these presence of a hydrogen bond (Figures 3 and 4) between the
complexes after refinement were of good quality, especially amide or thioamide nitrogen and the main-chain oxygen of
around the NNI-binding pockets. The secondary structure Lys101. Equivalent hydrogen bonds have been observed in
nomenclature used here is as described previodslygome other RT-NNI complexes 7, 28, 33). This hydrogen bond
small sections of the protein had no clearly defined electron forms an anchor around which the carboxanilide inhibitors
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FIGUrRe 4: Stereo diagram of UC-781 in the NNI pocket. The inhibitor is shown with conventional atom colors, protein side chains are in
gray ball-and-stick representation, and the protein backbone is shown as thin sticks. The H-bond from the inhibitor to Lys101 is shown as
a dashed yellow line.

FicurRe 5: Stereo diagram showing the overlap of the RT-bound UC-10 (red), UC-38 (orange), UC-84 (yellow), and UC-781 (brown). The
superimposition was carried out using thet @oms of amino acid residues around the NNI pocket to compensate for different crystal
forms and domain rearrangements. Residues used werEl84156-215, and 225243 from the palm domain, 3+8319 from the connection
domain (all from p66), and 137139 from the fingers domain of p51.

can pivot, and although the phenyl ring defines the overall of the isopropyl group of MKC-442 or the amide group of
inhibitor orientation, the differing 3-substituents on this ring o-APA rather than that of the second rings of MKC-442
can provide a fine-tuning mechanism, which results in the (phenyl) oroa-APA (methylacetanilide). The volume as-
four inhibitors being divided into two groups of two (Figure sociated with the second rings of MKC-442 @fAPA is
5; described in more detail below). One group (UC-38 and instead partially occupied by the 3-substituents on the
UC-84) has the 4-chloro tilted more toward residue Tyrl88 carboxanilide rings. In terms of bound conformation, the
than the other group (UC-10 and UC-781). closest analogue to the carboxanilide compounds is 9-ClI-
Position and Conformation of Bound Inhibitordn the TIBO (33) despite the differences in chemical structure. For
complexes with RT, the carboxanilides are positioned in UC-781, part of the furanyl ring, the thiocarboxanilide group,
regions of the NNI-binding pocket commonly occupied by and the ether group are analogous to the three fused rings
other NNIs {, 28, 33), the major exception being in the case of 9-CI-TIBO, while the remaining portion of the furanyl
of BHAP U-90152 84). The conformation of the protein  ring is aligned with the 5-methyl group and the dimethylallyl
surrounding the carboxanilides is very similar to that of other group mimics the equivalent moiety in 9-CI-TIBO (Figure
RT—NNI complexes, the exceptions being HERTZ8) and 6). The sulfur and chlorine atoms lie at almost the same
BHAP (34). positions as those of 9-CI-TIBO, and there is an equivalent
All four carboxanilide inhibitors bind with their (thio)-  hydrogen bond to the main-chain oxygen of Lys101. The
carboxamide groups in the cis conformation. This, in turn, bound conformations of UC-10, UC-38, and UC-84 are
results in the binding modes of UC-10, UC-84, and UC-781 similar to that of UC-781, although chemical differences in
being different from those of other two-ringed inhibitors such these inhibitors introduce subtle changes (Figure 3). UC-
asa-APA and HEPT derivativesr( 28) (Figure 6). While 84 has a 2-methyloxathiin moiety linked to a carboxanilide
the carboxanilide rings partially occupy the space of the instead of a 2-methylfuranyl group attached to a thiocar-
pyrimidine ring of MKC-442 or the dichlorophenyl ring of  boxanilide as in UC-781. While the small molecule crystal
o-APA, the furanyl and oxathiinyl rings overlap the space structure of UC-84 shows it to be very flat, with the
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FIGURE 6: Stereo diagram showing the relative positions and orientations of four RT-bound NNIs. UC-781 is shown inobAgvh,in
green, 9-CI-TIBO in blue, and MKC-442 in magenta. The superimposition was carried out as described for Figure 5.

carboxamide group in a trans conformati@3)( this group complexesT, 28, 33) but is similar to that of the unliganded
adopts a cis conformation when bound to RT, similar to the RT (9) (Figure 7). We also observe in all folfo| — |F¢|
other carboxanilide compounds described here. The UC-electron density maps an additional strong feature associated
84 oxathiin 2-methyl group points in the opposite direction with Trp229. This appears to be too strong for a water
to the 2-methyl group of both UC-10 and UC-781, thus molecule, and with distances (from the center of the peak)
exposing its sulfur atom to the solvent. However, due to of ~4.4 A to Nel of Trp229, N¥1 of His96, and O of
the limited resolution of the RTUC-84 structure the pucker  Met230, it has been modeled as a phosphate ion.
of the oxathiin ring is not clearly defined.

Detailed Comparison of InhibiterEnzyme Interactions  DISCUSSION
UC-10 and UC-781 only differ in their 3-substituents, and
their common parts bind in an almost identical fashion and : )
make largely equivalent interactions with the protein (Figure not b!nd to _the. free form (.)f t.he enzyme, while other
3a,d). In addition to hydrogen bond interactions between €XPeriments indicate direct binding of UC-781 to free RT,
the thiocarboxamide nitrogen and the main-chain carbonyl PUt at a stoichiometry of less than 1:22. Additionally,

oxygen of Lys101, there are electrostatic interactions betweeniNetic studies have been interpreted to indicate that both
the inhibitor sulfur atoms and the main-chain NH atoms of JC-38 and UC-781 preferentially bind in ternary complexes

Lys101. The remaining interactions are via mainly hydro- with RT and substrate2{, 22). From these data it has been

phobic contacts, including those between the furan rings andsuggest(_ed that UC-781 only hgs significant contacts with
Vall79 and between the chlorophenyl moiety and Leul100, Tyrlsl n the R'If—template_/pnme%dNTP .C(_)mplex or,
Phe227, Leu234, Pro236, and Tyr318 (Figure 3a,d). In alterngtlvely, that it might bind at a site distinct from the
neither case are there significant protein conformational NN! site (22).
differences compared to the 9-CI-TIBO complé. ( Our results clearly indicate that each of the four carboxa-
The differing substituents at the 3-position of the phenyl hilide compounds binds to the NNI site on RT in the absence
ring (i.e., tert-butyloxime ether for UC-10 and pentenyloxy Of substrates such as template/primer or nucleoside triphos-
ether for UC-781) make slightly different hydrophobic Phates. We observe full occupancy of the NNI site and no
interactions with the protein. While common contacts with significant secondary binding sites, thereby giving 1:1
Tyr181, Tyrl88, and Leu234 are observed, thg-butyl complexes of carboxanilide with the RT heterodimer. We
group of UC-10 also contacts the side chain of Leu100. The also observe Significant contacts between UC-781 and the
tert-butyl group of UC-10 approaches closer than 4.0 A to side chain of Tyrl81 in the binary complex with RT.
the side chain of Trp229, whereas the Corresponding dim- AlthOUgh it is possible that the blndlng of these inhibitors
ethylallyl moiety of UC-781 is somewhat further away. might be more complex in the presence of substrates,
UC-38 and UC-84 have identical 3-isopropy|methanoy| nevertheless our results fU”y explain the observed data on
substituents, which, being somewhat smaller than those ofthe location and effect of escape mutations and cross-
UC-10 and UC-781, appear to pull the phenyl rings closer resistance studies with other mutant forms of B%)( We
to top of the NNI pocket (i.e., closer to Tyr188). In both thus believe our structural results are consistent with the main
cases, this results in small reorientations of Leu100 and biological properties of these compounds.
Tyr318, as well as a closer approach of the terminal methyl  Analysis of the interactions of the different carboxanilide
groups of both inhibitors to Leu234, giving a reorientation inhibitors with RT allows us to rationalize the varying
of this side chain. The remaining interactions for UC-84 inhibitory potency of these compounds. UC-781 has agyEC
with RT involve a close contact of the sulfur of the oxathiin for RT inhibition approximately 15-fold lower than UC-10
ring with the Vall79 side chain; in contrast, UC-38 lacks (Table 1), yet the only difference in structure is in the
this interaction as it has a smaller isopropyl ether group. 3-substituents on the carboxanilide ring (Figure 1), and the
In all four structures the, torsion angle of Trp229 differs  binding modes are essentially identical. It appears that a
by about 180 from those observed in other R'NNI number of effects contribute to the greater potency of UC-

Photoprotection studies have suggested that UC-781 does
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Ficure 7: Stereo diagram showing the effect of different NNIs on the structure g83k#10-511 sheet and the conformation of Trp229

in different RT-NNI complexes. Th@-sheet in RF-nevirapine is shown in gray. The RTUC-781 complex is shown in red. For comparison,

the structure of th@-sheet in unliganded RT is also shown (in black). The superimposition of these structures was carried out as described
for Figure 5 except for the omission of amino acids within fhisheet (residues 22243). Although only three structures are shown (for
clarity), all four RT—carboxanilide complexes are in fact very similar. The-RiBvirapine complex is essentially identical to RI-APA

and RT-9-CI-TIBO. Some complexes, for example, RMKC-442 and RFBHAP, have intermediate conformations.

781. First, the UC-781 pentenyloxy group is more hydro- three carboxanilides. Furthermore, this model has the
phobic than the corresponding oxime ether group of UC- positions of the phenyl ring and its 3-substituents roughly
10, thus favoring binding in this most hydrophobic part of interchanged when compared to the -RJC-781 crystal
the NNI pocket. Additionally, the double bond of the structure, eliminating the hydrogen bond to Lys101. Given
pentenyloxy group of UC-781 is better positioned to make the chemical similarity between UC-40 and UC-781, we
favorable dispersion interactions with theclouds of the believe such a different binding mode to be highly unlikely.
aromatic side chains of Tyr181 and Tyr188 than is the double |, 41| four RT—carboxanilide complexes the conformation

bond of the oxime ether group of UC-10. of the Trp229 side chain differs from that normally observed

UC-38 binds with comparable affinity to UC-84 even in RT—NNI complexes (Figure 7). It appears that the
though the former lacks the oxathiin ring, which for UC-84  carboxanilides bind closer to ti#-510311 sheet than most
makes favorable contacts with the protein. It seems plausibleNNIs and possess relatively small substituents on the phenyl
that the loss of contacts with Val179 in UC-38 is offset by ring. These features allow th89-510 hairpin to move
the presence of the sulfur of the thioamide group which toward the NNI pocket, and the Trp229 compensates by
appears to be favored by the hydophobic environment.  swapping its conformation. An intermediate case, where

A comparison of the experimentally determined structures Trp229 can adopt either conformation, is observed in the
of RT—carboxanilides reported here with those based on RT—-MKC-442 complex 28). However, there are some
modeling studies36) shows that, although the predicted exceptions to this explanation, most notably the-/BHAP
binding modes are broadly correct (e.g., the cis conformation complex @4). Although the isopropylamino group of BHAP
and the hydrogen bond to the main chain of Lys101), there is much shorter than the substituents at the 3-position of the
are nevertheless some important differences. Esnouf et alphenyl ring of the carboxanilide compounds, the side chain
suggested that a stronger interaction of the pentenyl etherof Trp229 is in the classic NNI bound conformation. It
group of UC-781 and the side chain of Trp229 than the seems likely that in this case the indole ring of BHAP wedges
equivalent interaction involving thtert-butyl oxime ether  the $-sheet away from the pocket. As noted above, the
group of UC-10 might explain the difference in affinity for modified conformation of Trp229 creates a further binding
these two compounds. In fact, the UC-10 substituent is more pocket on the surface of the enzyme, occupied in all four
favorably positioned to interact with Trp229, and it appears RT—carboxanilide complexes by an electron-dense moiety
that other effects explain this difference in binding. Fur- tentatively assigned to one of the buffer components,
thermore, the modeling studies did not predict the two pairs inorganic phosphate (present at a concentration of ap-
of binding modes for UC-10/UC-781 and UC-38/UC-84 nor proximately 50 mM). If one superposes the loop bearing
the rearrangements of Leu234 and Trp229. A key factor in residue 229 [the primer gripb)] as observed in the RT
achieving the relatively good prediction was the choice of carboxanilide complexes with that seen in the complex of
the RT-9-CI-TIBO model as the starting point since this RT with dsDNA ), then this binding site is only a few
protein conformation closely resembles that observed for the Angstrams from the 3terminal phosphate group of the
RT—carboxanilide complexes described here (with the primer DNA strand. Our interpretation, if correct, would
exception of Trp229). have various implications. For instance, interactions between

Yang et al. have modeled UC-40, a close analogue of UC- the carboxanilide site and the substrate (primer) site might
781, into the RT NNI site 7). They report a trans provide some explanation of the observations that carboxa-
conformation for the thiocarboxamide group in contrast to nilides can bind preferentially to different mechanistic forms
the cis conformations we observe for UC-781 and the other of RT (21, 22).
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We find that the structures of the RTEarboxanilide make these second generation RT NNIs potentially of
complexes divide into two groups of two, the shorter therapeutic importance.
3-substituents on the phenyl ring for UC-38 and UC-84
leading to relative rotations of these inhibitors (Figure 5). ACKNOWLEDGMENT
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