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Structure of a Covalently
Trapped Catalytic Complex of
HIV-1 Reverse Transcriptase:

Implications for Drug Resistance

Huifang Huang,* Rajiv Chopra,* Gregory L. Verdine,}
Stephen C. Harrisonf

A combinatorial disulfide cross-linking strategy was used to prepare a stalled
complex of human immunodeficiency virus-type 1 (HIV-1) reverse transcrip-
tase with a DNA template:primer and a deoxynucleoside triphosphate (dNTP),
and the crystal structure of the complex was determined at a resolution of 3.2
angstroms. The presence of a dideoxynucleotide at the 3'-primer terminus
allows capture of a state in which the substrates are poised for attack on the
dNTP. Conformational changes that accompany formation of the catalytic
complex produce distinct clusters of the residues that are altered in viruses
resistant to nucleoside analog drugs. The positioning of these residues in the
neighborhood of the dNTP helps to resolve some long-standing puzzles about
the molecular basis of resistance. The resistance mutations are likely to influ-
ence binding or reactivity of the inhibitors, relative to normal dNTPs, and the
clustering of the mutations correlates with the chemical structure of the drug.

The reverse transcriptase (RT) of HIV-1 is an
important target of antiviral therapy in the
treatment of acquired immunodeficiency syn-
drome (AIDS) (/). RT has two distinct
enzymatic activities, an RNA- or DNA-
dependent DNA polymerase and a ribonu-
clease (RNase) H, but current agents are
directed only against the polymerase. Five
of the seven inhibitors currently licensed in
the United States are chain-terminating nu-
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cleoside analogs [for example, 3'-azido-2',3'-
dideoxythymidine (AZT), 2',3'-dideoxyinosine
(ddI), and 2'-deoxy-3'-thiacytidine (3TC)]. The
other two inhibitors are members of a chemi-
cally diverse group of nonnucleoside RT inhib-
itors (NNRTIs).

HIV-1 RT is a dimer of two related
chains, a 66-kD subunit (p66) and a 51-kD
subunit (p51) derived from p66 by proteolytic
cleavage (2). The two chains have in common
four domains [referred to as “fingers,”
“palm,” “thumb,” and “connection” (3)], and
p66 also has a COOH-terminal RNase H. The
p66 subunit has both the polymerase and
RNase H active sites. The palm contains res-

idues critical for polymerase catalytic activi-

ty, and its folded structure resembles that of a
corresponding catalytic domain in other DNA
and RNA polymerases.

Emergence of resistance in patients treat-

ed with RT inhibitors is a major limitation of
antiviral therapy (4, 5). All NNRTIs bind
near the polymerase active site, in a hydro-
phobic pocket created by displacement of the
polypeptide segment connecting palm and
thumb. Viral mutations conferring resistance
to these drugs can be understood readily in
terms of alterations in their common binding -
site. In contrast, the positions of altered res-
idues in viruses resistant to nucleoside ana-
logs do not follow so clear a pattern (5). Lack
of a structure for a catalytic complex of RT
with template:primer and dNTP substrates
has hindered understanding how site-specific -
changes confer resistance to particular drugs.

Previously determined RT structures in-
clude a number of NNRTI complexes and the
unliganded enzyme (3, 6—10). The only pub-
lished structure of RT with a bound template:
primer is an RT etemplate:primere Fab terna-
ry complex (6), which shows that the primer
terminus lies near three catalytically essential
aspartic acid residues in the palm and that the
duplex extends along the enzyme surface to-
ward the RNase H. The position of fingers
and thumb define a deep cleft, with the poly-
merase active site at its base. This feature,
also present in crystals of RT with bound
NNRTIs, has led to a model in which the 5’
extension of the template passes through the
cleft, interacting with residues in the fingers
and palm that are mutated in drug-resistant
strains (3, 6). Other DNA polymerases con-
tain a similar cleft, but recent structures of
catalytic complexes show that it closes down
when substrates bind and that it does not
serve as a channel for polynucleotide chains
(11, 12).

We have devised a way of isolating
stalled, covalently tethered complexes of RT
with template:primer, and we have crystal-
lized one such species. In the complex de-
scribed here at 3.2 A resolution, the primer
terminus is a dideoxynucleotide and thus un-
able to attack an incoming dNTP. The crystal
of this catalytic complex contains bound
dTTP in precisely the expected position for
attack by the (missing) 3’ OH. The fingers
domain bends, relative to other RT structures,
so that various residues near the fingertips
form part of the dNTP-binding site. This
conformational adjustment defines the com-
plete catalytic site and leads to a revised
interpretation of the mechanism by which
various mutations confer resistance to nucle-
oside analog drugs.

Trapping of a Catalytic HIV-1 RT-

“Substrate Complex

The difficulty in obtaining good crystals of an
RTetemplate:primeredNTP complex stems
from RT’s relatively modest specificity in
binding to polymerizable versus nonpolymer-
izable sites in DNA, even in the presence of
a dNTP. To overcome this problem, we chose
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to cross-link the enzyme and template:primer
with a disulfide bond (/3). A unique cross-
linked species was produced by using DNA
with a single tethered thiol (/4) and RT with a
site-specific cysteine mutation (/5). Modeling
based on the earlier RT etemplate:primereFab
complex (6) had led to the proposal that amino
acid side chains positioned along one face of a
helix H in p66 (Q258, G262, W266) (16)
would track in the minor groove of the tem-
plate:primer duplex (/7). A cysteine residue
introduced at one of these positions should
therefore reach toward the “floor” of the minor
groove, several base pairs from the polymerase
active site; a thiol-bearing tether protruding
from the minor groove could form a disulfide
cross-link with the engineered cysteine, trap-
ping the catalytic RT-DNA complex (Fig. 1).
We placed a thiol tether in the minor groove by
attaching it to the N2 position of a guanine base
(Fig. 1) (18). Rather than select a single con-
figuration of reacting thiol partners, we system-
atically varied their relative positions (Fig. 2A).
As shown in Fig. 2, incubation of a modified
template:primer with cysteine-engineered RT
proteins in the presence of certain ANTP and
ddNTP combinations results in defined cycles
of polymerization that move the enzyme for-
ward a fixed distance on its substrate. If the
DNA template is now positioned so that the
thiol tether and the engineered cysteine are
sufficiently close, a disulfide cross-link can
form, preventing dissociation of the product.
In the top panel of Fig. 2C are the results of
an experiment in which RT(Q258C) was ad-
vanced by one to four base pairs along the
thiol-containing template:primer (/9). After
one cycle of polymerization (+1 lane), no
cross-linking was observed, nor was any ob-
served after two cycles (+2). After three cycles
(+3), however, about half of the p66 was found

Fig. 1. RT-DNA tethering reaction. Chemistry of
disulfide bond formation between the side
chain of an engineered cysteine residue (blue)
in helix H (gold) of RT to a thiol group in the
minor groove of DNA (activated as the mixed
disulfide), which is tethered to N? of a dG
(green) in the template:primer.
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to be cross-linked to DNA. One further cycle of
polymerization (+4) resulted in a complete loss
of cross-linking. We interpret these results to
indicate that after three cycles of polymeriza-
tion, Cys?>® and the DNA-thiol are optimally
positioned to react; fewer or further cycles sim-
ply move the reacting partners away from the

optimal configuration.

When the engineered cysteine residue in
RT was transposed by one turn along helix H
(Fig. 2C, second panel), cross-linking was
again positionally selective, but the highest
efficiency of cross-linking now occurred after
two cycles of polymerization. Transposition

Table 1. Statistics for data collection and refinement (20).

Feature Native lodine

Space group

Unit cell dimensions (A)
Resolution (A)
Mosaicity (°)

Unique reflections

P2,2,2, P2,2,2,
78.5 150.0 279.3 79.0 150.8 280.9
18-3.2 (3.3-3.2) 18—4.4 (4.5-4.4)
03 ' 0.4

54,281 (4,802) 15,424 (1,540)

Completeness (%) 93.8 (84.3) 62.5 (64.4)

Average Ifs (I)* 11.2 (2.7) 6.2 (3.3)

Redundancy 4.2 (1.7) 2.2 (2.0)

Ry (%)F 103 (37.2) 13.5 (33.8)
Refinement

Reflections (free) 51,049 (7,173)

Reryseart (Ricee)$ (%) 22.4 (29.8)

Nonhydrogen protein atoms (Ca) 21,468 (1937)

*{/s (I} is the mean reflection intensity divided by the estimated error. HReym = |1, = {11 /1, where 1, is the intensity
of an individual reflection and (/) is the average intensity over symmetry equivalents. Rerystat = HFD| -
IF_1171F,], where F, and F_ are the observed and calculated structure factor amplitudes, respectively. §Rree 1S
equivalent to R_ ., but calculated for a randomly chosen set of reflections that were omitted from the refinement
process.
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Fig. 2. Biochemical analysis of RT-DNA cross-linking. (A) Positional variations explored in the
combinatorial search for efficient disulfide cross-linking between RT and DNA. The relative
positions of the mutated cysteine and the tethered thiol group in DNA were varied (i) by
introducing cysteine into successive turns of helix H (blue) and (ii) by having the polymerization
reaction terminate after a defined number of cycles of the reaction (cyan), thereby ratcheting RT
forward by a defined distance (gold) on the DNA substrate. This approach created 12 combinations
of relative positions of the reacting thiol groups on RT and DNA. (B) The sequence of the
template:primer and the constituents of the dNTP and ddNTP mixtures used in this study.
Polymerization was initiated and continued by successive extensions with dNTPs (cyan) and
terminated by incorporation of ddNTP (red). An additional dNTP (blue) then occupied the active
site of RT, pairing with the corresponding base of the template. (C) SDS-PAGE analysis of the
reactions between the three engineered cysteine mutants and the thiol-bearing template:primer,
under the four polymerization conditions illustrated in (B). In the nonreducing PAGE used here with
protein staining, disulfide cross-linking between the p66 subunit of RT and DNA results in the
appearance of a new band having retarded mobility (p66-DNA), accompanied by reduced intensity
of the p66 band itself.
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of the cysteine by one additional turn along
helix H resulted in a further one—base pair
decrease in the optimal number of polymer-
ization cycles (Fig. 2C, third panel). Wild-
type RT failed to cross-link the thiol-tethered
template:primer under identical reaction con-
ditions (Fig. 2C, fourth panel). Of the three
cysteine-engineered mutants studied here,
RT(Q258C) exhibited the greatest degree of
positional selectivity in disulfide cross-link-
ing to DNA, and it was therefore chosen for
structural analysis (20) (Table 1). The cova-
lent trapping strategy described here may be
useful with other protein-DNA complexes.

DNA Conformation and Protein
Contacts

The DNA duplex binds along a groove,
about 60 A in length, stretching from the
polymerase active site to the RNase H ac-
tive site (Fig. 3A). The DNA has an A-like
structure in the region of the polymerase
active site, but with a distinctly wider ma-
jor groove and smaller base pair tilt than
the standard A conformation. Between base
pair n-5 (the site of the covalent cross-link
to the thumb) and n-11 (for numbering
scheme, see Fig. 3B), the structure becomes
gradually more B-like, but the major
groove remains unusually deep for B DNA
and the base pairs retain some tilt with
respect to the helix axis. The A- to B-form
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transition is accompanied by an overall
bend of about 40°, centered near base pair
n-7. These features were seen in the DNA
of the previously studied Rtetemplate:
primereFab complex (6).

The S5'-template overhang bends away
from the duplex and extends across the face
of the fingers subdomain (Fig. 4A). Nucleo-
tides n+2 and n+3 pack against the other-
wise solvent-exposed residues Trp?*, Pro®,
Phe®!, and 1le%®. The course of the template
overhang resembles that seen in the crystal
structure of bacteriophage T7 DNA polymer-
ase in template:primer complexes (/2). It
does not conform to the original suggestion
that the template strand might pass through
the cleft between fingers and thumb. Indeed,
base n+1, the template nucleotide paired
with an incoming dNTP, is wedged beneath
the side chain of Leu’ and against the back-
bone of Gly!'*2, and these contacts clearly
prevent the polynucleotide chain from con-
tinuing in a helical path (Fig. 4A).

The DNA duplex contacts mainly the p66
subunit of the RT heterodimer (Fig. 3B). The
only direct interactions with bases occur in
the minor groove, at positions n to n-3. There
are van der Waals contacts with Pro'>7 and
Met!# (base pair n) and with Ile®* (base pairs
n-2 and n-3), and hydrogen bonds between
Tyr'®* and G(n-1). The prevalence of van der
Waals contacts, even with hydrogen-bond ac-

U kes w03

R72 ]
Y115 . mcA114 ’

K395(p51)

Fig. 3. The structure of the HIV-1 RT catalytic complex. (A) A

view of the RT catalytic complex with the polymerase active site

on the left and the RNase H domain on the right. The domains asoo
of p66 are in color: fingers (red), palm (yellow), thumb (orange),
connection (cyan), and RNase H (blue); p51 is in gray. In the two [ror i
chains, the domains have very different relative orientations.
The DNA template strand (light green) contains 25 nucleotides,
and the primer strand (dark green), 21 nucleotides. The dNTP is
in gold. (B) Interactions between RT and its substrates. Assigned
hydrogen bonds are solid red lines; other interactions are dashed
black lines. Main-chain contacts are abbreviated “mc.” Asterisks

G358
Has
Y501
Ta7T3
K476
K451

Phosphate solvent
accessibility

0 100%

indicate the position of the disulfide cross-link. The numbering

scheme’ for the template:primer is shown along the sugar phosphate backbone. The base pair
containing the 3'-primer terminus is labeled n. Bases in the 5'-template extension are numbered
n+1 to n+3, where n+1 is the templating nucleotide. ( Template bases n+4 and n+5 are not
ordered in this crystal structure.) Base pairs in the duplex are numbered from n to n-20, and there
is a single-base overhang at n-21 at the 3’ end of the template strand. See (76) for amino acid

abbreviations.
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ceptor atoms, recalls the minor-groove inter-
action made by TATA binding protein (TBP)
(21) and differs from the hydrogen-bond net-
works seen in corresponding regions of other
DNA polymerase complexes (11, 12, 22).
Between nucleotides n and n-3, the sugar-
phosphate backbone of the template strand
contacts residues in the fingers and palm.
These are largely van der Waals interactions,
as might be expected for a contact along
which the DNA backbone must move.

Between nucleotides n-1 and n-4 of the
primer strand and n-5 and n-8 of the tem-
plate strand, the minor groove faces the
thumb (Fig. 3). The primer strand contacts
the loop between palm and thumb [Met?3°
and Gly23!: the “primer grip” (6)], and both
strands interact with residues in helices H
and 1. The backbone of the template lies in
a positively charged groove between the
COOH-terminus of helix I and strand 318
of the connection domain. The covalent
cross-link joins residue 258 in helix H to
G(n-5) of the template. Electron density for
the cross-link is relatively weak, suggesting
that the three-carbon linker adopts multiple
conformations. The distance between the
terminal carbons of the tether, 4.8 A, is less
than the maximum distance of about 7.5 A
(23), showing that the tether fits comfort-
ably into the space between RT and DNA.
Moreover, the segment of helix H and the
DNA base pairs in the immediate vicinity
of the cross-link exhibit normal structural
parameters. Finally, the global features of
the cross-linked complex, especially the B-
to A-form transition of the template:primer
and the presence of a metal-ligated ANTP
in the active site, appear in various poly-
merase structures (6, 11, 12). We therefore
conclude that the cross-link exerts little,
if any, effect on the structure of the
RTetemplate:primeredNTP complex, but
merely acts to prevent dissociation of the
components.

Near the RNase H active site, the position
of the template backbone appears to be close
to the expected catalytic configuration for an
RNA strand, even though a DNA duplex is
not the correct substrate for the ribonuclease
activity. In particular, there is a Mg ion bound
by Asp**, Asp®*°, and phosphate n-17,
which lies between GIn*’® (mutated from Glu
to inactivate the RNase H) and His>*® [essen-
tial for activity in homologous enzymes
(24)). Arginine-448 inserts into the minor
groove in the same region.

Conformational Changes in p66

Binding of the template:primer and dNTP
induces significant conformational changes
in parts of p66 (Fig. 5). The outer part of the
fingers domain shifts significantly with re-
spect to its base, bringing the “fingertips”
closer to the palm. The palm moves slightly

1671



1672

RESEARCH ARTICLES

Fig. 4. The active site. (A) View
into the dNTP pocket, formed
by closure of the fingers do-
main (upper left, foreground)
against the palm (center, back-
ground) and toward the thumb
(lower right). The orientation
corresponds to viewing from
the right in Fig. 5A. Template
and primer strands and dTTP
are in stick representation; the
protein is a surface rendering
(red and blue indicate negative
and positive electrostatic po-
tential, respectively); Mg ions
are yellow spheres. (B} Stereo
view of polymerase active site.
Template and primer strands,
light and dark green, respec-
tively; dT TP, gold; Mg ions, yel-
low spheres; assigned hydro-
gen bonds and metal ligand in-
teractions, dashed lines.

n

A

Fig. 5. Conformational dif-
ferences among various
HIV-1 RT crystal structures.
(A) The catalytic complex
of RT (red) compared with
the unliganded enzyme
(green) (70) and a nevirap-
ine complex (blue) (8), by
superposition of the struc-
turally invariant core (70).
In unliganded RT, the thumb contacts the fingers and partially occludes the cleft. The binding of
NNRTIs such as nevirapine causes the thumb to rotate away from the fingers and also induces a
small shift in the fingers-palm unit. In the catalytic complex, the fingers domain closes in toward
the palm, and the palm itself shifts slightly with respect to the core of the heterodimer in
unliganded RT. In addition to these large-scale differences, there are local conformational changes
within the palm domain itself. The segment of the palm between residues 88 and 94, where p66
contacts the template backbone, becomes better ordered, and there are also modest shifts in the
stretch between 220 and 235, including the so-called “primer grip” around Met?3°, The turn that
contains the YMDD motif gamino acids 183 to 186) moves inward toward the base of the domain,
and the side chain of GIn"®2, which supports it in the unliganded structure, rotates toward Arg'7Z,
(B) Comparison of the fingers domain conformations in the catalytic complex (red) and nevirapine
complex (blue). Here, the base of the fingers domain is used for superposition. The outer part of
the domain rotates with respect to the base. Hinge points for the three projecting loops are near
residues 21/45, 58/77, and 130/144.

unliganded
nevirapine bound
template/primer/dTTP bound

(about 1 A) toward the core, but most of the
domain is essentially unchanged (Fig. 5A).
The conformations of tyrosines 181 and 188,
which rotate in response to NNRTI binding,
are unperturbed with respect to unliganded
RT (10). The position of the thumb agrees
well with the one seen in the published com-
plex with DNA and Fab (6).

The closure of the outer part of the fingers
domain is similar to a bending inward of
fingertips toward the palm by about 20° (Fig.
5B). This bending results in a relatively uni-
form distortion of the hydrophobic core of the
fingers domain and in a displacement of the
outermost parts of the domain by more than
5 A. As a result, a number of residues are
brought into contact with the incoming nu-
cleoside triphosphate. Indeed, the large gap
between fingers and palm seen in previous
RT crystal structures is significantly closed
off by the closure of the fingers, and what
was a cleft in the NNRTI complexes is now
almost a blind pocket for the ANTP. The outer
loops of the fingers are relatively disordered
in the “open” RT structures, and in most
places they assume better defined positions in
the catalytic complex. These loops contain
sites of certain mutations that confer resis-
tance to nucleoside analog inhibitors of RT.

Closure of the fingers is also a noteworthy
feature of ANTP binding in members of both
the DNA polymerase I (Pol I) and terminal
transferase families (71, 12, 25). These en-
zymes have domains labeled fingers, thumb,
and palm, but only the palm in the Pol I
family has a fold related to the corresponding
domain in RT. The O helix of the Pol 1
fingers is analogous in function and similar in
position to the B3-B4 loop of RT.

The dNTP Site

The incoming nucleoside triphosphate—dTTP
in this structure—pairs with the templating
base. It remains unattacked because of the
2’ 3'-dideoxyribonucleotide at the primer
terminus. The base of the dTTP stacks on
the terminus of the primer strand almost as
in a continuous DNA strand, and the side
chains of Arg’? and GIn'>' pack against its
outer surface (Fig. 4). The triphosphate
moiety is coordinated by Lys®>, Arg’?,
main-chain -NH groups of residues 113 and
114, and two metal ions (Mg). In our mod-
el, the guanidinium group of Arg’?, which
lies flat against the dNTP base, donates
hydrogen bonds to the a-phosphate, and the
g-amino group of Lys®® donates hydrogen
bonds to the y-phosphate (Fig. 4B). Both of
these side chains move into position as a
result of the fingers closure described in the
preceding section. The triphosphate wraps
around one of the Mg ions (designated B),
for which there is strong density in the map.
A nonbridging oxygen from each of the
phosphates (pro-R, for o and ) contributes

27 NOVEMBER 1998 VOL 282 SCIENCE www.sciencemag.org



to the octahedral coordination of this metal;
a backbone carbonyl (111) and side chains
from aspartates 110 and 185 complete its
shell. Density is weaker at the site for metal
ion A, which would contact the 3'-OH of
the primer terminus; the lower occupancy is
probably due to the missing 3'-OH ligand.
The likely octahedral coordination shell of
this ion would include, in addition, all three
aspartic acid side chains, the pro-R , oxygen
on the a-phosphate of the dNTP, and prob-
ably a water molecule. Overall, the confor-
mation and metal ligation of the nucleoside
triphosphate very closely resemble those of
the dNTP in the T7 DNA polymerase rep-
lication complex, which has been studied at
substantially higher resolution (/2). A 3'-
OH of the primer terminus would be in
position for in-line attack on the a-phos-
phate, catalyzed by a two-metal mecha-
nism, as expected from studies of numerous
polymerases (25, 26).

The 3'-OH of the dTTP projects into a small
pocket, lined by the side chains of Asp!!3,
Tyr!'®, Phe!'®, and GIn'®!, and the peptide
backbone between 113 and 115. The 3’-OH
accepts a hydrogen bond from the main-chain
-NH of Tyr''® and may donate one to the pro-S,,
B-phosphate oxygen. Because most of the nu-
cleoside analog drugs have modifications at the
3’ position, this “3' pocket” is of particular
significance for understanding structure-activi-
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ty relations and for analyzing resistance muta-
tions. The pocket can probably accommodate
two or three water molecules in addition to the
3'-OH, and it clearly has room for the azido
group of AZTTP. The side chain of Tyr!!S is
also important for modifications at the 2’ posi-
tion of the dNTP. As proposed previously from
the structure of a fingers-palm fragment of
Moloney murine leukemia virus RT (27) and
demonstrated by mutation of the homologous
residue (a phenylalanine) to one with a smaller
side chain (28), Tyr!'® prevents incorporation
of a ribonucleoside by interfering with a 2'-OH.

Steps in the Polymerase Reaction
Cycle
HIV-1 RT binds its substrates in an ordered
mechanism—the template:primer first, fol-
lowed by the dNTP. Kinetic analysis indi-
cates that after dNTP binding an apparent
conformational change in the enzyme takes
place, leading to attack by the 3’-OH of the
primer terminus on the dNTP a-phosphorus
and formation of a product complex (29). The
postulated conformational change is the rate-
limiting step in the forward reaction. We
propose that our structure is likely to be a
“snapshot” of the stage just after the rate-
limiting step, in which the 3’-OH of the
primer terminus is poised to attack the
a-phosphorus.

The structure of unliganded HIV-1 RT

probably represents another defined stage in the
normal catalytic pathway, but only during ini-
tiation or reinitiation and not during processive
synthesis. The position of contact between
fingers and 5’ template extension in the
present structure is near the contact between
fingers and thumb in unliganded HIV-1 RT
(10). Release of the fingers-thumb interaction
that occurs in the unliganded molecule ex-
poses Trp?* and Phe®! (contacts for the tem-
plate extension, Fig. 4A), as well as the face
of helix H. Movement of the thumb away
from the fingers is not sufficient to cause
rearrangement of the fingertips, however, as
shown by their open position in both the
previously described DNA complex [without
dNTP (6)] and the NNRTI complexes (3, 8,
9). The nucleoside triphosphate itself, which
interacts directly with two fingertip residues
(Lys® and Arg’?), may induce the closure.
The closing down of the fingertips traps
both the template strand, by the interaction
of Leu’ with the templating base, and the
dNTP (Fig. 4A). It is likely that after the
reaction the fingertips will bend back to
their open position, leading to release of
pyrophosphate and allowing the enzyme to
bind the next ANTP. The reported structure
of HIV-1 RT in complex with template:
primer and Fab (6) is likely to be close to
an “open” state of the enzyme after trans-
location to the next register but before

Fig. 6. Sites of mutations conferring resistance to various nucleoside
analog drugs. (A) “Front” view, corresponding to the orientation in Fig. 4.
The polypeptide backbone of the fingers and palm domains (residues 1 to
235) is shown as a red worm, and locations of resistance mutations are
indicated by colored squares. The substrates are shown in Corey-Pauling-
Koltun representation, with colors as in Fig. 3. The color code for
mutations is as follows: light blue for resistance to ddl, ddC, and 3TC;
blue for resistance to AZT; and violet for cross resistance to AZT and ddl
or ddC. The location of the NNRTI binding site is shown by an arrow. Side
chains of the residues at which mutations affect dideoxynucleotide
sensitivity project forward: L74 bears on the templating base, and V at
this position will also shift Q151 and R72 and hence the dNTP itself;
M184 contacts the backbone and base at the primer terminus, and
mutation to | or V will also generate a contact to the sugar ring of the
dNTP; K65 contacts the y-phosphate; and T69D (resistance to ddC)
can probably best be explained by assuming a conformational effect
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on the fingers loop, transmitted to the dNTP by contacts from other
fingers residues. (B) “Back” view, from the direction opposite to the
one in (A). Side chains of AZT resistance mutations project toward
this surface. One of the earliest mutations that appears in patients on
AZT monotherapy is K70R. The Lys”® residue projects directly out-
ward in the current model, but mutation to arginine (with five
hydrogen-bond donors in fixed orientations on the guanidinium
group) could readily induce side-chain reorientation, with contacts to
Asp™'3 or the y-phosphate. Subsequent appearance of T215Y/F con-
fers higher levels of resistance. This mutation, likely to affect the rear
of the 3' pocket, is frequently “tuned” by appearance of others:
K210W (which probably stabilizes the alteration at 215), M41L, and
D67N and K219Q (which likely affect the interaction of fingers and
palm and hence the formation of the 3’ pocket during the polymer-
ization cycle) (76). Figure 4A was prepared with GRASP (50), and Figs.
3, 4B, 5, and 6, with RIBBONS (57).

1673



1674

binding of the dNTP. Flexing of the finger-
tips from open to closed must occur in
synchrony with successive steps in the
overall mechanism, as also suggested for
enzymes of the Pol I family (/2).

Mutations Conferring Resistance to
Nucleoside Analog Inhibitors

The nucleoside analog inhibitors in current
clinical use are chain terminators, modified at
the 3 position of the sugar ring. One (AZT)
has a nonhydroxyl substituent at the 3" posi-
tion. The others (ddI, ddC, d4T, 3TC) have
no 3’ substituent, and two have additional
alterations in the sugar ring. Patterns of viral
resistance have been studied in clinical iso-
lates from early monotherapy trials as well as
from more recent combination trials (30-32).
Certain mutations are sufficient by them-
selves for drug resistance; others appear to
“fine tune” or reinforce the effects of a pri-
mary event (33) (Fig. 6). We can now corre-
late these data with the crystal structure of a
catalytic complex.

Two broad conclusions can be drawn
from examination of the present structure.
First, the point mutations sufficient for resis-
tance [K65R, K70R, L74V, Q151M, M184l/
V, and T215Y/F (16)] are all in the neigh-
borhood of the incoming nucleotide, whereas
many of the reinforcing changes are at a
greater distance. The primary mutations are
likely to affect directly the position, stability,
or reactivity of the bound analog itself or
additionally the templating base or primer
terminus. Second, the sites of mutations con-
ferring resistance to the dideoxy class of in-
hibitors (including 3TC) nearly all impinge
on the dANTP from the “front” (Fig. 6A),
whereas sites for resistance to AZT (with a 3’
substituent larger than a hydroxyl group) im-
pinge on the 3" pocket from the “rear” (Fig.
6B). The multinucleotide resistance mutation
at position 151 is in the middle, directly
across the bound dNTP. Thus, key mutations
are localized according to the chemistry of
the inhibitor to which they provide resistance.
This observation helps explain patterns of
cross-resistance and resensitization.

The orientation of the incoming dNTP is
critically affected by a set of protein side-
chain contacts as well as by the two metal
ions. Small changes in the contacting resi-
dues can markedly influence the rate of nu-
cleotide incorporation (or the rate of pyro-
phosphorolysis, which has been proposed to
contribute to AZT resistance). The dNTP can
also be influenced by residues that position
the templating base or the primer terminus.
The L74V mutation, which reduces sensitiv-
ity to ddI and ddC (31), affects a residue that
locks the templating base tightly in place
(Fig. 4). Leucine-74 also contacts the side
chains of Arg’? and GIn'®!, which in turn
stack on the base of the dNTP. The mutation
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is therefore likely to influence dNTP binding
directly, as well as through an effect on the
template. The K65R mutation confers cross
resistance to ddC, ddI, and 3TC (34). The
lysine side chain contacts the y-phosphate of
the dNTP and stacks over Arg’? (Fig. 4).
Substitution of Lys®® by arginine will thus
induce packing rearrangements in precisely
the same region as L74V. The M184V mu-
tant, which appears rapidly in monotherapy
trials with 3TC and exhibits some cross re-
sistance to ddI and ddC (35), can influence
both the dNTP and the primer terminus. The
methionine side chain contacts the sugar and
base of the 3’ nucleotide in the primer, but
introduction of a B-branched side chain (iso-
leucine or valine) also creates a contact with
the dNTP sugar ring. Modeling the correct (-)
enantiomer of 3TC into our structure shows
that interference with an isoleucine or valine
at position 184 is enhanced (with respect to
a conventional dNTP) by the configuration
of the oxathiolane ring, accounting for the
strong effect of these mutations on 3TC
inhibition.

Understanding the molecular basis of
AZT resistance is complicated by the absence
of any measurable effect of resistance muta-
tions on inhibition by AZT in vitro (36).
Clustering of these mutations in the neigh-
borhood of residues that create the 3’ pocket
(Fig. 6B) argues for a direct effect on how the
pocket accommodates the azido group of the
drug, rather than for an indirect effect of
some intracellular or viral cofactor. The im-
portant T215Y/F mutation, which confers
high levels of resistance to AZT, involves a
two-base change. Thus, presence of the phe-
nyl ring of tyrosine or phenylalanine must be
crucial for resistance, rather than elimination
of the threonine. The bulky aromatic side
chain is likely to contact the segment of
polypeptide backbone containing Asp!''.
Methionine-41, which frequently mutates to
leucine in viruses harboring the change at
position 215 (37), bears on Phe!!'®. Both
Asp'!'? and Phe!’¢ in turn contribute to the 3’
pocket, and changes in this pocket will influ-
ence its capacity to accept an azido group.
The ddI and 3TC resistance mutations L74V
and M1841/V partially restore AZT sensitiv-
ity to T215Y/F mutants, but the effect is not
reciprocal (31, 38). The way front-face
changes influence the position or stability of
bound AZTTP may compensate for rear-face
changes that reduce its efficiency of incorpo-
ration. Because they lack a 3’ substituent, the
dideoxy analogs are likely to be insensitive to
changes in the 3’ pocket.

Several resistance mutations map to the
extreme tip of the $3-B4 loop, which is poor-
ly ordered in our structure. These include
T69D, associated with ddC insensitivity (39),
and K70R, a primary site of AZT resistance
(32). Studies of mutant complexes will be

required to see what structural alterations
such changes provide (see also caption to
Fig. 6).

The Q151M mutation arises in a subset of
patients on dual therapy trials (AZT and ddI
or ddC) (30, 40). It affects both a contact to
the dNTP and the character of the 3" pocket.
The mutation conserves the presence of a
long side chain that can stack on the base of
the dNTP; the hydrogen-bonding functions of
the glutamine are evidently not essential for
RT activity. The Q151M mutation is often
followed by A62V, V751, F77L, and F116Y.
The first three changes probably modify the
hydrophobic core of the fingers to adjust the
orientation of the methionine. F116Y appears
to restore a hydrogen-bond donor to the car-
bonyl of residue 73, just where it has been
lost by the glutamine-to-methionine substitu-
tion. The residues in the polymerase of hep-
atitis B virus homologous to 116 and 151 are
indeed tyrosine and methionine, respectively.

In summary, the pattern of nucleoside an-
alog resistance mutations in HIV-1 RT fits
logically with the structure of the closed com-
plex. The clustering of mutations correlates
well with cross resistance. Most of the current
drugs in clinical use have no group to occupy
the 3’ pocket, and cross resistance is common
(41). Only AZT falls in the class with 3’
groups larger than -OH. Our analysis prompts
further study of analogs with a sterically ac-
ceptable 3' substituent.
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