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Abstract

Human immunodeficiency virus (HIV-1) develops resistance to 3'-azido-2’,3"-deoxythymidine
(AZT, zidovudine) by acquiring mutations in reverse transcriptase that enhance the ATP-mediated
excision of AZT monophosphate from the 3’ end of the primer. The excision reaction occurs at the
dNTP-binding site, uses ATP as a pyrophosphate donor, unblocks the primer terminus and allows
reverse transcriptase to continue viral DNA synthesis. The excision product is AZT adenosine
dinucleoside tetraphosphate (AZTppppA). We determined five crystal structures: wild-type reverse
transcriptase—double-stranded DNA (RT-dsDNA)-AZTppppA; AZT-resistant (AZTr; M41L D67N
K70R T215Y K219Q) RT-dsDNA-AZTppppA; AZTr RT-dsDNA terminated with AZT at ANTP-
and primer-binding sites; and AZTr apo reverse transcriptase. The AMP part of AZTppppA bound
differently to wild-type and AZTr reverse transcriptases, whereas the AZT triphosphate part bound
the two enzymes similarly. Thus, the resistance mutations create a high-affinity ATP-binding site.
The structure of the site provides an opportunity to design inhibitors of AZT-monophosphate
excision.

The development of effective anti-HIV drugs and their use in combination therapies has been
estimated to have saved more than 3 million years of lifel. However, drug therapies do not
cure HIV infections, and drug therapy is life-long. Prolonged therapies lead to problems with
drug toxicity and drug resistance. Understanding the molecular mechanisms of resistance is
important for developing more effective drugs and treatment strategies. Many anti-AlIDS drugs

© 2010 Nature America, Inc. All rights reserved.
Eorrespondence should be addressed to E.A. (arnold@cabm.rutgers.edu)..

Present address: Department of Molecular Microbiology & Immunology, University of Missouri, Columbia, Missouri, USA

These authors contributed equally to this work.
AUTHOR CONTRIBUTIONS
X.T. carried out the research, did analysis and helped with writing the manuscript. K.D. advised on crystallographic studies and did
analysis, writing and editing of the manuscript. Q.H., J.D.B., X.H., B.L.G. and R.A.J. contributed special reagents. A.D.C. and Y.V.F.
carried out parts of the research. P.L.B. contributed special reagents and manuscript editing. S.H.H. carried out analysis and manuscript
writing and editing. S.G.S. designed the research and advised on experiments and manuscript editing. E.A. designed the research,
supervised the project and did analysis, writing and editing of the manuscript.

METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.

Accession codes. Protein Data Bank: Coordinates and structure factors for AZTr RT-dsDNA-AZTppppA’, wild-type RT-dsDNA-
AZTppppA’, AZTr reverse transcriptase N-site and P-site complexes, and apo AZTr reverse transcriptase have been deposited with
accession codes 3KLE, 3KLF, 3KLG, 3KLH and 3KLI, respectively.

Note: Supplementary information is available on the Nature Structural Molecular Biology website.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.


http://www.nature.com/nsmb/

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tuetal.

Page 2

target the viral enzyme reverse transcriptase (EC 2.7.7.49; gag-pol gene). HIV-1 reverse
transcriptase is a heterodimer of p66 and p51 subunits. The p66 subunit comprises the N-
terminal polymerase domain and the C-terminal RNase H domain2-3. The polymerase domain
resembles a right hand and has four subdomains: fingers, palm, thumb and connection. The
p51 subunit, which contains the N-terminal 440 amino acids of p66, has a structural role.

There are two broad classes of reverse transcriptase inhibitors, nucleoside (or nucleotide)
reverse transcriptase inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors
(NNRTIs). NNRTIs are allosteric inhibitors of DNA polymerization. All of the approved
NRTIs lack a 3' OH and, when incorporated into the nascent DNA primer strand by reverse
transcriptase, act as chain terminators. Resistant reverse transcriptases can discriminate against
NRTIs by two mechanisms. The exclusion mechanism is exemplified by (i) M184V or M1841,
which replaces a flexible side chain near the polymerase active sites with a -branched amino
acid that selectively discriminates against NRTIs with an oxathiolane ring but allows
incorporation of dNTPs with normal deoxyribose rings, thus reducing the incorporation of 2’
3'-dideoxy-3'-thiacytidine (3TC, lamivudine)*° and (ii) K65R, which forms a molecular
platform with the conserved Arg72; this platform allows reverse transcriptase to discriminate
tenofovir diphosphate from dATPS. In contrast, AZT-resistant’ HIV-1 reverse transcriptase
excises AZT monophosphate (AZTMP) from the blocked 3’ end of the DNA primer strand
(Fig. 1a), thus freeing the end of the DNA and allowing reverse transcriptase to continue DNA
synthesis®10. The primary excision substrate in vivo is ATP10:11,

The mutations commonly associated with excision-mediated AZT resistance are M41L, D67N,
K70R, L210W, T215Y, T215F, K219Q and K219E. We refer to the protein containing the five
mutations (M41L, D67N, K70R, T215Y and K219Q) used in this study as AZTr; these
substitutions are also widely referred to as thymidine analog mutations (TAMS). The primary
mutations (K70R and T215Y) appear at early stages and can confer resistance to AZT12, The
secondary mutations (M41L, D67N, L210W and K219Q) improve AZT resistance in
combination with one or two primary mutations. Additional mutations, for example the fingers
insertions, can enhance the ability of the mutant reverse transcriptase to excise other
NRTIs13-15 Mutations such as K65R and K70E reduce ATP-mediated excision6:17.
Pyrophosphorolysis, the pyrophosphate-mediated excision reaction that is equivalent to the
polymerization reaction run backwards, generates a nucleoside (or NRTI) triphosphate from
the 3’end of the DNA primer strand (Fig. 1a). In ATP-mediated excision, the  and y phosphates
of ATP take the place of pyrophosphate; if the DNA primer is terminated with AZTMP, the
excision reaction produces an AZTppppA, freeing the end of the DNA primer strand for
continued polymerization. Reverse transcriptase must exhibit higher preference for
polymerization than for pyrophosphorolysis to incorporate nucleotides efficiently; therefore,
mutations emerge that enhance the use of ATP as an excision substrate. The AZTr (or TAM)
mutations enhance the ability of the AZT-resistant reverse transcriptase to bind ATP and carry
out the excision reaction'! without affecting the incorporation of AZT triphosphate (AZTTP)
or dNTPs. The mutant reverse transcriptase has a higher binding affinity for AZTppppA than
for AZTTP as a substrate!®. The primary resistance mutation T215F or T215Y may have n-n
interactions with the adenine ring of ATP1L, Although the other AZT-resistance mutations may
participate in ATP binding, the exact roles of individual mutations and how they, in various
combinations, enhance AZT resistance are not well understood.

To elucidate the molecular basis of ATP-mediated excision, we determined five crystal
structures: wild-type and AZTr HIV-1 reverse transcriptases in complexes with a dideoxy-
terminated dsSDNA template-primer and a chemically synthesized excision product,
AZTppppA (Fig. 1b)1°; AZTr RT-dsDNA terminated with AZTMP at the dNTP-binding or
pretranslocation (N) and primer-binding or post-translocation (P) sites; and AZTr apo reverse
transcriptase. These structures reveal (i) why an ATP binds wild-type reverse transcriptase
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with low specificity; (ii) how AZTr (or TAM) mutations create an ATP-binding site distinct
from the ATP-binding site in wild-type reverse transcriptase and (iii) the specific interactions
of the mutated residues with ATP. Based on their specific roles in enhancing the excision, we
have categorized the fingers and palm mutations known to directly or indirectly support
excision as excision-enhancing mutations (EEMs; Table 1).

Structures of RT-dsDNA—-AZTppppA ternary complexes

We determined the structure of the wild-type excision product complex at a resolution of 3.15
A and refined to Ryyqk 0f 0.264 and Ryee Of 0.288 (Table 2). The structure of the AZTr HIV-1
reverse transcriptase excision product complex was determined at a resolution of 3.2 A and
refined to Ryyork OF 0.280 and Ryree 0f 0.308 (Table 2). The two excision product complexes
had HIV-1 reverse transcriptase cross-linked*20 to a 27:21-mer dsDNA template-primer and
a bound excision product, AZTppppA (Fig. 1b). Although the crystal unit cell parameters of
both excision product complexes were similar to that of a ternary complex crystal of HIV-1
RT-dsDNA-dTTP# that crystallized with the symmetry of space group P2;212;, our data
analysis and structure solutions revealed the breakdown of higher-order symmetry. Both
reverse transcriptase excision ternary complex crystals have the symmetry of the monoclinic
space group P24 with four independent RT-dsDNA-AZTppppA complexes per asymmetric
unit.

In both structures, all four noncrystallographic symmetry—related copies in an asymmetric unit
are nearly identical in the conformation of the enzyme and DNA, but they differ in their overall
structural order. In the crystals of the wild-type and AZTr excision product complexes, the four
noncrystallographic symmetry—related copies in the asymmetric unit vary in average
temperature factor (B,,) from 49 to 103 A2 and from 59 to 128 A2, for the best-to the least-
ordered copies, respectively. This wide range of structural order may explain the anisotropic
diffraction observed for the two excision product crystals (see Online Methods). Differences
in average isotropic temperature factors or amino acid conformations between
noncrystallographic symmetryrelated copies have been observed in the structure of an HIV-1
reverse transcriptase precatalytic ternary complex* and many other protein crystal
structures?1:22, Unless otherwise noted, all of the analyses were done with the best-ordered
copy from each of the crystals.

Superposition of the structures of both excision product ternary complexes showed
considerable overall similarity with an r.m.s. deviation of 0.8 A for all Ca atoms; the
polymerase active sites and the individual sites of the resistance mutations in the two structures
superimpose well. The ternary complex of wild-type RT-dsSDNA-dTTP# also superimposes
well on both structures of AZT excision complexes (Supplementary Fig. 1); the AZTTP portion
of the AZTppppA superimposes well with dTTP, the natural nucleotide counterpart, as do the
surrounding residues. The facts that (i) the AZTr mutations have no noticeable effect on the
binding of AZTTP versus dTTP and (ii) the mutated residues have no direct interaction with
AZTTP explain why the AZTr mutations have no appreciable effect on either the binding of
AZTTP or its incorporation23-25,

Binary complexes of AZTr RT with AZTMP-terminated dsDNA

To understand the preexcision states of reverse transcriptase, we determined crystal structures
of AZTr HIV-1 reverse transcriptase in complexes with an AZTMP-terminated dsDNA; the
primer-terminating AZTMP was positioned either in the pretranslocated or the post-
translocated sites in the N-site and P-site structures, respectively. The structure of AZTr RT-
dsDNA P-site complex was determined at a resolution of 2.9 A and refined to Ryyori of 0.260
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and Ryree 0f 0.294 (Table 2). This structure was determined in the presence of the monoclonal
antibody fragment Fab? and resembles the structure of wild-type RT-dsSDNA-AZTMP-
terminated P-site complex29. An AZTMP at the P site is not accessible for excision and the
AZTr mutations have no direct or substantial indirect effect on AZTMP at the P site. The
AZTMP must reside in the N site for excision to occur, thus an ATP must bind to the N-site
complex.

We determined the crystal structure of the binary complex of AZTr reverse transcriptase with
AZT-terminated (N-site) dsDNA at a resolution of 3.7 A and refined it to an Ry of 0.312
and Rgree 0 0.350 (Table 2). Even at this moderate resolution, the electron density maps clearly
define the position of the mobile 33-p4 fingers loop of p66 (Supplementary Fig. 2). In contrast
to all known structures of reverse transcriptase-DNA binary complexes, including our reported
wild-type RT-dsDNA-AZTMP-terminated N-site complex?? and the AZTMP P-site complex
discussed above, the structure of the N-site complex has the p66 fingers subdomainina ‘closed’
configuration, which is analogous to that observed in ternary polymerase complexes and the
excision product complexes of reverse transcriptase. The structure suggests that (i) the closed-
fingers subdomain helps the fingers to interact with the AZTMP at the primer terminus, and
(ii) the ATP excision substrate could bind to the closed-fingers N-site complex. Structural
similarities among the N-site complex and the reverse transcriptase ternary complexes (both
with closed fingers) permit a direct comparison between the pre- and post-incorporation and
pre- and post-excision states of reverse transcriptase (Fig. 1a). The N-site complex represents
the state after incorporation and before excision for AZTMP, whereas the AZTr RT-dsDNA-
AZTppppA ternary complex represents the post-excision state.

Structure of apo AZTr reverse transcriptase

We also determined the crystal structure of apo AZTr HIV-1 reverse transcriptase at a
resolution of 2.65 A and refined to Ryyork Of 0.260 and Ryyee 0F 0.294 (Table 2). The overall
structure closely resembles the structure of wild-type apo reverse transcriptase25. A comparison
of AZTr apo reverse transcriptase, P-site, and excision product complexes shows that the side
chains of primary mutant residues Arg70 and Tyr215 assume different conformations before
and after ATP binding (Supplementary Fig. 3). The side chains of Tyr215 and Pro217 are
stacked in the apo AZTr reverse transcriptase structure. This stacking opens up during ATP
binding, creating the ATP-binding cleft in the structure of the AZTppppA-bound AZTr reverse
transcriptase ternary complex (Fig. 2).

DISCUSSION

AZTr mutations have no effect on binding or incorporation of AZTTP

The binding of the AZTTP part of AZTppppA is markedly similar to the binding of dTTP to
reverse transcriptase (Supplementary Fig. 1), and both are incorporated in the same catalytic
DNA polymerization reaction. AZTTP has a characteristic 3'-azido group that is substituted
for the 3' OH of dTTP. Comparison of the eight conformations of AZTTP (four independent
reverse transcriptase complexes in each of the wild-type and AZTr structures) shows that the
azido group can adopt different positions; the azido group is disordered in three of the four
noncrystallographic symmetry—related copies. The ordered azido group is positioned over an
a-helix and interacts primarily with the helix residues Alal14, Tyr115 and Phel16 (Fig. 2b).
The ‘Q151M complex’ (Q151M, A62V, V751, F77L and F116Y)27:28 causes resistance to
AZT by an exclusion mechanism; Q151M and F116Y may interfere with the binding of the
azido group and thereby discriminate AZTTP from dTTP.

The AZTTP moiety of AZTppppA does not interact with any of the EEMs (Table 1) or AZTr
mutations, suggesting that AZTr mutations do not affect the binding or incorporation of
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AZTTP. The AZTr mutation M41L is proximal to Glu44 and Phe116, which interacts with the
azido group of AZT; M41L is 3.9 A and 3.4 A away from Phe116 and Glu44, respectively.
The side chain of Phe116 is about 3.1 A and 3.0 A away from the side chain of GIn151 and
the 3’-azido group of the AZT, respectively. A leucine at position 41 may stabilize the
interactions of Phe116 and surrounding residues with the 3'-azido group (Fig. 2b); the
interaction with the 3’-azido group would make AZTMP more likely to occupy the N site after
itis incorporated. In contrast to AZTMP excision, an incorporated 3'-azidopurine analog is not
excised efficiently?%. Notably, the interactions of the 3’ azido (Fig. 2b) seem to be accessible
for an incorporated AZTMP but not for a 3’-azidopurine analog. Apart from M41L, the other
AZTr mutations do not have any noticeable structural impact on binding of the AZTTP portion
to reverse transcriptase.

ATP binds differently to wild-type and AZTr reverse transcriptase

The excision product AZTppppA is a two-headed nucleotide with AZTTP on one end and ATP
on the other; both nucleotides share the two middle phosphate groups (Fig. 1b). To avoid
confusion, hereafter we refer to the ATP part of AZTppppA as ATP’. The AMP’ moiety is
positioned quite differently in the two excision-product complexes (Fig. 3a,b); the
conformational switching primarily occurs by torsional rotations about the bonds linking the
B’ and o’ phosphates, which position the two AMPs ~10 A apart.

In the wild-type excision product complex, ATP’ is located away from the sites of the AZTr
mutations and there are no distinctive interactions between the AMP’ and reverse transcriptase
(Fig. 3c). In fact, the conformation of the AMP’ shows large positional variations when the
four independent wild-type RT-dsDNA-AZTppppA’ complexes in the crystallographic
asymmetric unit are compared (Supplementary Fig. 4). The binding of ATP’ seems to rely on
the interactions of the B’ and y” pyrophosphates with metal ion B and with reverse transcriptase
(Fig. 3c). This explains why wild-type reverse transcriptase shows no appreciable selectivity
among nucleoside triphosphates, nucleoside diphosphates and pyrophosphate in vitro excision
reactions®.

All the AZTr mutations, except M41L, surround the AMP’ of AZTppppA’ in the AZTr RT-
dsDNA-AZTppppA’ structure (Fig. 2a). The primary resistance mutations T215Y and K70R
interact extensively with the AMP’, and thereby substantially enhance the binding of
AZTppppA’ to AZTr reverse transcriptasel8:30. Thus, the AZT-resistance mutations do not
alter a preexisting ATP’-binding site (site 1), but rather create a new binding site that has
additional interactions with the ATP’ moiety (site I1). The secondary AZTr mutations
contribute to the binding of ATP’ to the new site created by the primary mutations. This explains
why the secondary mutations do not, by themselves, confer appreciable resistance to AZT.
ATP’ can bind to both sites in AZTr reverse transcriptase, but because of the additional
interactions with the mutated side chains it preferentially binds to site 1. However, the positions
of the B” and y’ phosphates, which chelate the catalytic metal ions, remain unchanged even
though the AMP’ part binds differently to AZTr reverse transcriptase than to wild-type reverse
transcriptase. This common mode of metal ion chelation and the spatial positioning of the
pyrophosphate moiety of the ATP’ (Fig. 3a) suggest that the excision reaction follows a
common catalytic reaction path for both AZTr reverse transcriptase and wild-type reverse
transcriptase using either ATP or pyrophosphate as the excision substrate. In this common
catalytic platform, the efficiency of excision depends on the ability of reverse transcriptase to
bind and appropriately position the excision substrates to carry out the pyrophosphorolytic
reaction.

AZTr reverse transcriptase can use ATP as an excision substrate more efficiently than wild-
type reverse transcriptase; this is the basis of AZT resistance. Two kinetic studies31+32 have
reported increased catalytic efficiency in the AZTr (or TAM) background, however no
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appreciable enhancement in ATP-binding affinity was detected. The efficiency of catalysis
must depend on proper positioning of the pyrophosphate moiety, which is favored in AZTr
reverse transcriptase. AZTr reverse transcriptase interacts better with the AMP part (Fig. 3c,d).
The binding of ATP has several structural requirements, including having the primer-
terminated AZTMP at the N site, closing of the 33-4 loop, opening of Tyr215 and Pro217
stacking (Supplementary Fig. 3b), and precise metal-ion chelation. These events may
contribute to the measured lower and inconsistent binding affinity31:32 of ATP to AZTr reverse
transcriptase; for example, a higher probability that the primer-terminating NRTI occupies the
P site would result in lower ATP-binding affinity. However, once a primer-terminating
AZTMP is at the N site and the AZTr mutations stabilize ATP binding, the excision is favored.

AZTr mutations create a new binding site for ATP

In the AZTr reverse transcriptase complex, AMP’ interacts extensively with the side chains of
primary mutant residues Arg70 and Tyr215 (Figs. 2 and 3d). The guanidinium group of Arg70
forms hydrogen bonds with the 3’ OH and 5’ O atoms of the ribose ring and the o’ phosphate.
The n-x stacking of Tyr215 with a purine base would be more extensive than with a pyrimidine
base, which may explain why ATP and GTP are favored substrates for AZTMP excision10:
11 Pro217 makes hydrophobic contacts with the ribose ring. Tyr215 and Pro217 help position
the adenosine moiety of ATP’ at site II.

The secondary AZT-resistance mutations also contribute to binding of ATP’. The side chain
of the mutated GIn219 is ~3.1 A away from the O4’ of the ribose ring (Fig. 3d) and the
interaction may help stabilize the position and conformation of the ribose ring. The exact role
of D67N is not clear from the structure. This residue is at the tip of the flexible p3-34 loop with
its side chain facing the ATP’ (Fig. 3a). D67N could provide a better environment for the
binding of ATP’ by eliminating the negatively charged environment of the original Asp67. In
the B3-p4 fingers loop, 69-insertion and A67-deletion mutations emergel3-16:33,34 that enhance
the ability of the enzyme to excise other NRTIs. These mutations destabilize the dead-end
complex formed with an incoming dNTP, allowing the mutant reverse transcriptases to excise
a broad array of NRTIs1®:34, Also, rearrangement of the fingers may facilitate stronger
interactions between ATP’ and primary AZTr mutations.

L210W occurs incombination with T215Y/, and the addition of L210W to reverse transcriptases
carrying T215Y substantially augments AZT resistance3®:3¢. Modeling based on the AZTr
excision product complex shows that the aromatic side chains of Trp210 and Tyr215 stack;
this would enhance the n-x stacking between Tyr215 and ATP’ on the opposite face of Tyr215
(refs. 11:35) E44A and E44D are strongly associated with the primary mutation T215Y but not
with K70R37-39, In the AZTr excision product complex, the Glu44 side chain is ~3.6 A from
the N6 atom of adenine (Fig. 3d). Tyr215 and Glu44 lie on opposite sides of the adenine ring
of ATP’, and E44A and E44D could disrupt the interaction of Glu44 with the adenine,
permitting more favorable n-n stacking between the adenine and Tyr215.

K65R and K70E interfere with excision

The four independent copies of the AZTr excision complex in the asymmetric unit provide
different snapshots of the interactions of Lys65 and Arg70 side chains with

AZTppppA’ (Supplementary Fig. 5). The different sets of interactions of Lys65 with the
phosphates of AZTppppA’ in the different copies provide direct structural evidence for the
antagonistic relationship between K65R and K70R8:40:41 |n the first and fourth copies, Arg70
interacts with the o’ phosphate of ATP’, whereas Lys65 is primarily disordered. The second
copy has relatively weaker electron density and a weaker interaction of Arg70 with the o’
phosphate, whereas Lys65, with stronger electron density, interacts with B phosphate of ATP’.
In the third copy, both Arg70 and Lys65 interact with AZTppppA’, however with a different
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hydrogen-bonding pattern than in the second copy (Supplementary Fig. 5). These snapshots
show that (i) Arg70 is not required for ATP’ binding if T215Y is present and (ii) the interaction
of Arg70 with the o’ phosphate interferes with the interaction between Lys65 and the
phosphate, and vice versa. K65R was originally isolated from patients treated with
dideoxycytidine (ddC) or dideoxyinosine (ddl), and confers resistance to tenofovir and
foscarnet16:42:43 K65R forms a molecular platform by guanidinium stacking with Arg72 (ref.
6) and is antagonistic to ATP-mediated pyrophosphorolysis#?:41, The interplay between the
positioning of Arg70 and Lys65 in the current structures confirms that the K65R-induced
molecular platform (Arg65 and Arg72)’ would interfere with the positioning of Arg70 and
vice versa. K70E impairs ATP-mediated excision in association with the AZTr mutations
(M41L, L210W and T215Y)Y7. It seems that a K70E substitution (an oppositely charged,
shorter substitution than K70R) would reposition the phosphates away from their catalytically
relevant positions even if the base of ATP’ were well accommodated in site 1l (Figs. 2a and
3).

Excision versus DNA polymerization by reverse transcriptase

The catalytic reactions of both polymerization and excision (Fig. 1a) are carried out by the
same catalytic triad: Asp110, Asp185 and Asp186. We compare the crystal structures of the
AZT excision complex and the N-site complex (Fig. 4) to elucidate excision and its relationship
to DNA polymerization by HIV-1 reverse transcriptase (Fig. 5). A superposition of the N-site
structure on that of the excision complex shows that the a-phosphorus atom of AZTTP shifts
~1.4 A after incorporation (Fig. 4), while maintaining the metal ion coordination of the a-
phosphate oxygen. On the basis of the relative positions of N-site AZTMP and the ATP’ part
of AZTppppA’ obtained based on the above superposition (Fig. 5a), we created a structural
model of the reverse transcriptase ternary complex preceding the excision of AZTMP by
ATP’ (Fig. 5b). The coordination environment for excision is similar to that for
polymerization?4; there is almost perfect octahedral coordination geometry for metal ion B
involving a y’-phosphate oxygen of the ATP’ and a phosphate oxygen of terminal AZTMP;
the other four coordinating atoms are from Asp110, Asp185, carboxyl of Val111 and B’
phosphate of ATP’. The plane of coordination for metal ion B is defined by the oxygen atoms
from Asp110, Asp185 and B’ and y’ phosphates of ATP’. The phosphate oxygen from AZTMP,
which occupies an axial position in the metal ion B coordination environment, should also
coordinate with metal ion A. Our analysis suggests that the overall catalytic mechanism (Fig.
5b) in the ATP-mediated excision is the reverse of the catalytic mechanism of DNA
polymerization by reverse transcriptase. The model shows that attacking y’-phosphate oxygen
of ATP’ is ~3 A from the phosphorus of AZTMP at the DNA-primer terminus; the attacking
v’-phosphate oxygen is almost collinear with the scissile phosphate bond of AZTMP (Figs. 4
and 5a). The catalytic reactions of polymerization (forward) and excision (backward) by
reverse transcriptase should follow the same transition states, but in reverse order. Excision is
accessible only when an incorporated NRTI (like AZT) is at the N site and when a phosphate
oxygen of an excision substrate (ATP or pyrophosphate) acts as a nucleophile (Fig. 5b).

In general, viral polymerases lack a proofreading mechanism, and the AZTr reverse
transcriptases do not have higher fidelity than wild-type reverse transcriptase?®, suggesting
that excision or pyrophosphorolysis is not a standard mechanism to correct nucleotide
misincorporations. However, pyrophosphorolysis has been observed for hepatitis B virus
(HBV) reverse transcriptase, which has polymerase active site structure*® similar to that of
HIV-1 reverse transcriptase; HBV reverse transcriptase is inhibited by selected HIV-1 NRTI
drugs. 3TC-monophosphate (MP) is not excised by either HIV-1 or HBV reverse transcriptase,
but HBV reverse transcriptase can excise 2’-3'dideoxycytidine (ddC)-MP at physiological
concentrations of pyrophosphate*’. The RNA-dependent RNA polymerase NS5B of hepatitis
C virus (HCV) also exhibits pyrophosphorolysis of chain-terminating nucleotides at
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physiological concentrations of pyrophosphate8. Studies on EEMs and relevant structures of
these polymerases will help elucidate excision-based resistance by other viral polymerases.

The structures presented here help to elucidate the molecular basis of ATP-mediated AZTMP
excision by HIV-1 reverse transcriptase, a story that has been developing through nearly two
decades of biochemical, biophysical and virological investigations*® since AZT-resistance
mutations were first identified in patients’. The structures of excision product complexes show
that the AMP’ part binds differently to AZTr reverse transcriptase than to wild-type reverse
transcriptase; the AMP’ part binds to a new site created by the AZT-resistance mutations. The
AZTTP part of AZTppppA’ and dTTP share a common mode of binding and divalent metal
cation chelation, suggesting that wild-type and AZTr reverse transcriptase share a common
catalytic mechanism for the excision reaction that is the reverse of the incorporation of AZTTP
or dTTP by reverse transcriptase.

The structure of the N-site AZTr reverse transcriptase binary complex demonstrates that the
fingers subdomain can assume a closed conformation if the primer-terminated AZTMP is at
the N site, which also facilitates the binding of an ATP. AZTppppA is a better substrate for
AZTr reverse transcriptase than AZTTP18:30, suggesting that appropriately designed excision-
product (AZTppppA) mimics would bind AZTr reverse transcriptase with high affinity and
also inhibit dNTP binding. Small molecules targeting only the AMP’-binding site would inhibit
the excision reaction; such inhibitors could be used as co-drugs with excision-susceptible
NRTIs like AZT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ONLINE METHODS

Protein expression and purification

Recombinant HIV-1 reverse transcriptases were produced by coexpressing the p66 and p51
subunits in Escherichia coli strain BL21(DE3)(pLysE). Expressed reverse transcriptases were
purified by nickel-affinity and anion exchange chromatograph. In AZTr reverse transcriptase,
the p66 subunit contained five AZT-resistance mutations (M41L, D67N, K70R T215Y and
K219Q), along with C280S and Q258C. The p51 subunit contained C280S and was truncated
at GIn428; a GGHHHHHHH tag was added after GIn428 for nickel-affinity purification. The
wild-type reverse transcriptase had C280S and Q258C in p66 and C280S in p51. Six histidines
and an HRV14 C3 protease cleavage site were added at the N terminus of p51 in the wild-type
reverse transcriptase construct; this tag was proteolytically removed after the DNA cross-
linking and nickel-affinity purification.
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Synthesis of cross-linkable DNA primer and AZTppppA

The cross-linkable DNA primer was synthesized as described®6. The primer sequence is 5'-
ACAGTCCCTGTTCGGG*CGCC-3' (G* has a thioalky! tether covalently attached to the
N2 group of the guanosine). AZTppppA was synthesized by reaction of AMP with a
trimetaphosphate derivative of AZT19,

Preparation and purification of RT-dsDNA complex

The reverse transcriptase complexes were trapped using a strategy of covalent cross-linking
of DNA to reverse transcriptase®®. The cross-linkable primer was first annealed with a 27-mer
template at an equimolar ratio. The sequence of the template for making excision product
complexes and the N-site complex is5'-ATGCATGGCGCCCGAACAGGGACTGTG-3". The
sequence of the template for making the P-site complex is 5'-
ATGCTAGGCGCCCGAACAGGGACTGTG-3'.

For the excision product complexes, the annealed nucleic acid substrates were reacted with
reverse transcriptase in a 3:1 ratio in the presence of 150 mM NacCl, 50 uM B-mercaptoethanol,
100 uM dideoxy-ATP and 50 mM Tris-HCI, pH 8.0. Polymerization was initiated by addition
of 5 mM MgCly, and the reaction was allowed to proceed for 2 h at room temperature. After
dideoxy-AMP incorporation, 2 mM AZTppppA was added to the reaction mixture, and then
incubated overnight at 4 °C; this produced higher cross-linking efficiencies, typically 70-90%.
For the pretranslocation and post-translocation complexes, the cross-linking reaction and
purification were carried out as reported20,

Crystallization and data collection

Crystallization of wild-type and AZTr HIV-1 reverse transcriptase excision product complexes
was done as follows. The initial crystallization samples contained 8-10 mg mI~1 RT-dsDNA,
75 mM NaCl, 5 mM AZTppppA and 10 mM Tris-HCI, pH 8.0. Crystallization sample (2 pl)
was mixed with 2 pl of reservoir solution containing 50 mM Bis-Tris propane, pH 6.8, 10—
11% (w/v) PEG8000, 0.3 M (NH,4)2S04, 5% (v/v) glycerol, 5% (w/v) sucrose, 20 mM
MgCl, and 5 mM spermidine. Crystals were grown at 4 °C using the hanging drop vapor
diffusion method. Crystals of both the excision product complexes appeared as fragile thin-
plate clusters. Crystals were carefully separated and stabilized in a holding buffer (the reservoir
solution with PEG8000 concentration elevated to 12% (w/v)) for 5 min. Crystals were then
soaked with cryoprotective solution (holding buffer containing 20% (v/v) glycerol) for ~30 s
and flash-cooled in liquid nitrogen.

In contrast to the reported wild-type HIV-1 reverse transcriptase N-site complex?, the AZTr
HIV-1 reverse transcriptase N-site complex was crystallized without the antibody fragment
Fab. AZTTP was incorporated into the cross-linked primer by in vitro polymerization as
described?0. The initial crystallization samples contained 8-10 mg ml~1 RT-dsDNA, 75 mM
NaCl and 10 mM Tris-HCI, pH 8.0. Crystallization sample (2 ul) was mixed with 2 pl of
reservoir solution containing 50 mM Bis-Tris propane, pH 6.4, 10-11% (w/v) PEG8000, 0.3
M (NH4)2S04, 5% (v/V) glycerol, 5% (w/v) sucrose and 20 mM MgCls. Crystals were
stabilized in a holding buffer (the reservoir solution with PEG8000 concentration elevated to
12% (w/v)) for 5 min, and then soaked with cryoprotective solution (holding buffer containing
20% (v/v) glycerol) for ~30 s and finally flash-cooled in liquid nitrogen.

The crystallization and cryocooling conditions for the AZTr reverse transcriptase P-site
complex and apo AZTr HIV-1 reverse transcriptase have been described20:26, Diffraction data
were collected using synchrotron radiation and processed, reduced and scaled using HKL2000
(ref. 57 Table 2). Indexing of the diffraction patterns was challenging and ellipsoidal truncation
and anisotropic scaling®® was applied.
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Structure determination and refinement

References

All crystal structures were solved by molecular replacement (Table 2). For the excision product
complexes and the N-site complex, the reported wild-type ternary polymerization complex
(PDB 1RTD*) was used as the starting model. For the P-site complex and apo AZTr reverse
transcriptase, the reported wild-type HIV-1 reverse transcriptase P-site complex (PDB 1N5Y)
and apo wild-type reverse transcriptase (PDB 1DLO) were used as starting models,
respectively. Rotational and translational searches were carried out using Phaser as
implemented in CCP4 (ref. 59). Structure refinement was conducted using CNS®0. Rigid body
refinement involved three stages. First, the whole asymmetric unit was treated as a rigid body;
second, each molecule was treated this way; and third, each complex was subdivided into
multiple rigid bodies according to subdomains, domains and DNA. For the excision product
complexes and N-site complex, because the asymmetric unit contained multiple copies,
noncrystallographic symmetry restraints were applied throughout refinement.
Noncrystallographic symmetry—restraint groups were set up as follows. For low-resolution
structures, main chain noncrystallographic symmetry restraints were separated from those of
side chains because main chains are generally better defined than side chains. Main chains and
side chains were divided into multiple noncrystallographic symmetry—restraint groups
according to domains, subdomains and DNA. Each noncrystallographic symmetry—restraint
group was assigned a weight according to the quality of the electron density map for the
corresponding region. At the beginning, tight noncrystallographic symmetry restraints were
used and as refinement progressed, these restraints were gradually relaxed. The ensuing
refinement involved several rounds of torsion angle annealing, energy minimization, density
modification, noncrystallographic symmetry averaging and iterative model building. The
planarity of the bases and Watson-Crick base-pairing geometry were used to restrain DNA
stereochemistry. The maximum likelihood refinement target was usually MLF (amplitudes);
in the structure refinement process, the phases were sometimes constrained using Hendrickson-
Lattman coefficients calculated from improved phases and figures of merit from density
modifications by solvent flipping using CNS6?,
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Chemical reactions of DNA polymerization and ATP-mediated pyrophosphorolytic excision

catalyzed by HIV-1 reverse transcriptase (RT). (a) DNA polymerization incorporates

nucleotides and NRTIs into the DNA primer strand (top row). Incorporated NRTIs can be
removed by pyrophosphorolysis, a reverse reaction of polymerization, in which the ATP-
mediated excision of AZTMP (pAZT) produces AZTppppA and unblocks the DNA primer
strand (bottom row, right to left). (b) Chemical structure of AZTppppA. The two-headed

nucleotide AZTppppA was chemically synthesized!® and used for structural studies of

excision-product complexes of wild-type and AZTr reverse transcriptases; ATP portion, ATP’;

B’ and y’ phosphates of ATP’ are y and p phosphates of AZTTP, respectively.
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Figure 2.

Binding of AZTppppA’ to AZTr HIV-1 reverse transcriptase. (a) Interactions of
AZTppppA’ (carbons, green; phosphates, orange) with the mutated residues (cyan) and with
the active site residues; hydrogen bonds, dotted lines; nucleic acid, thin lines. (b) Molecular
surface representing the azido-binding cleft at the N site. (¢) n-x stacking between Tyr215 and
the adenine ring, and the hydrophobic interaction between Pro217 and the ribose ring stabilize
the binding of ATP’ to AZTr reverse transcriptase. (d) Primary mutation K70R enhances ATP’
binding by interacting with the ribose ring and a phosphate. Structure images were made using

PyMOL (http://www.pymol.org/).
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Figure 3.

AZTppppA’ binds differently to AZTr reverse transcriptase than to wild-type reverse
transcriptase. (a) Superposition of the wild-type HIV-1 RT-dsDNA-AZTppppA’ structure
(gray) on the AZTr HIV-1 RT-dsDNA-AZTppppA’ structure (cyan). The AMP’ portion of
AZTppppA’ binds differently to AZTr reverse transcriptase (yellow) than to wild-type reverse
transcriptase (gray). (b) Molecular surface of AZTr reverse transcriptase showing ATP’-
binding sites. Site I, where ATP’ binds to wild-type reverse transcriptase, remains almost
unchanged in AZTr reverse transcriptase; however, a new ATP’-binding site (site I1) is created
by AZTr mutations that substantially enhance the binding of ATP’ to AZTr reverse
transcriptase. (¢) Summary of interactions of AZTppppA’ (blue) with wild-type HIV-1 reverse
transcriptase. (d) Summary of interactions of AZTppppA’ with AZTr HIV-1 reverse
transcriptase. Hydrogen bonds and metal coordinations, dotted lines. Ribbon and molecular
representations were drawn using Schrodinger (http://www.schrodinger.com/).
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Figure 4.

Superposition of AZTr reverse transcriptase excision product complex (yellow) and AZTr
reverse transcriptase—template-primer—AZTMP (N site) complex (gray) structures.
AZTppppA’ has green carbon and orange phosphorus atoms. The AZT portions superimpose
well; the a-phosphorus atoms are ~1.4 A apart in the two superimposed structures, indicating
the position of the o phosphate before and after AZTTP incorporation; the metal coordination
of an a-phosphate oxygen is maintained before and after incorporation of AZTMP. Figure
generated using PyMOL.
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Figure 5.

Mechanism of ATP-mediated excision by HIV-1 reverse transcriptase. (a) Stereo view
showing relative locations of DNA-primerterminated AZTMP and the ATP excision substrate;
locations based on superposition (Fig. 4) of structures of AZTr RT-dsDNA-AZTppppA’ and
AZTr RT-dsDNA (with AZTMP at the primer terminus occupying the N site). The metal A
position was not observed in the current structures, therefore only metal B is shown. (b) Scheme
for ATP-mediated excision. Catalysis involves two Mg?* ions, on the basis of our structural
results and the reported coordination geometry at the catalytic active site of HIV-1 reverse
transcriptase®#4. The catalytic reactions of polymerization and excision should use the same
cations (A and B) in the identical coordination environment. Planes and axes of coordination
for both metal ions are gray boxes and lines, respectively. The excision substrate (ATP’) and
the product (AZTppppA’) are blue; the prepyrophosphorolysis state was derived by positioning
ATP’ in N-site complex structure, and the excision-complex structures represent the post-
pyrophosphorolysis state.
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