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ABSTRACT: A single amino acid substitution from methionine-184 to valine (M184V) of HIV-1 reverse
transcriptase (RT) evokes the 1000-fold 3TC (Lamivudine) resistance by the HIV-1 virus observed in the
clinic. The M184V mutant HIV-1 RT was studied to assess its catalytic efficiency during single nucleotide
incorporation using a transient kinetic approach. The maximum rate of polymerizégign lfinding

affinity (Kq), and incorporation efficiencykgo/Kq) were determined for incorporating dCTP and 3TC-TP

by wild-type and 3TC-resistant HIV-1 RT. The 3TC-resistant HIV-1 RT showed a similar efficiency of
incorporation compared with the wild-type enzyme during DNA-dependent DNA polymerization; however,
the incorporation efficiency is reduced 3.5-fold during RNA-dependent polymerization. A dramatic 146-
and 117-fold decrease in incorporation efficiency was observed for 3TC-MP incorporation by M184V
RT for DNA- and RNA-dependent DNA polymerization, respectively, as compared with wild-type HIV-1
RT. While thekyo was slower and th&y was weaker for 3TC-TP incorporation by the M184V RT, the
decrease in the efficiency of incorporation is primarily due to a substantially reduced binding affinity for
the 3TC-TP to the enzymBNA (or RNA) complex poised for DNA elongation. The fidelity of M184V

RT was also examined to evaluate mispair formation since this mutant has been suggested to exhibit a
higher level of fidelity. The results of our studies indicate that there is a maximum 2.4nfolelasein

fidelity for M184V RT as compared with wild-type HIV-1 RT. Both the wild-type and 3TC-resistant
mutant RT showed higher fidelity using an RNA template as contrasted with the corresponding DNA
template. This mechanistic information provides insight into our understanding of the molecular mechanism
of 3TC-drug resistance and supports suggestions that increased RT fidelity and decreased fithess of the
M184V HIV-1 virus may be factors contributing to the strong antiviral effect of AZBITC combination
therapy.

Virally encoded human immunodeficiency virus type 1 500-1000-fold reduced susceptibility caused by a single site
(HIV-1) reverse transcriptase (RT)s essential for viral mutation at codon 184 of the RT gertg @. The 3STQR RT
replication and is the target of many clinically used drugs contains either an isoleucine (M184l) or a valine (M184V)
for treatment of acquired immunodeficiency syndrome at amino acid 184 instead of the methionine residue in the
(AIDS). Nucleoside analogues, such as AZT, ddC, ddl, and wild enzyme. In some cases, the M184I variant observed
3TC, serve as chain terminators after being phosphorylatedinitially in patients was outgrown by the M184V variant,
to their active triphosphate form by cellular kinases and that was also reported in cell culture studies under high
incorporated into DNA by HIV-1 RT. Though these ana- selective pressurel(2). At a structural level, the Met-184
logues have showed high potency initially in the clinic, residue is located in the highly conserved YMDD motif,
resistance to most of them develops rapidly due to the highwhich contains two of the three conserved aspartic acid
frequency of viral mutation. Both in vitro and in vivo studies  residues that comprise the RT polymerase active 8ite (
showed that the 3TC-resistant (3T)CHIV-1 virus has a  5). At a functional level, steady-state kinetic studies examin-
ing the polymerase activity have indicated that DNA- or

T This work was supported by NIH Grant GM49551 to K.S.A. RNA-dependent DNA synthesis of the M184V RT enzyme
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New Haven, CT 06520-8066. Phone: 203-785-4526. E-mail: karen.ander-tha assay conditions employe6i—<12). Moreover, virion-
son@yale.edu ticle-derived 3T€ HIV-1 RT exhibited a 28-fold d

1 Abbreviations: AIDS, acquired immunodeficiency syndrome; Particle-agerived 1€ - exhibited a co-lold de-
dATP, 2-deoxyadenosine’&riphosphate; dGTP,'2leoxyguanosine  creased susceptibility toward 3TC compared with that of
3’-tr|ph3?l(3jhateg dTTF’,’?eOﬁytpyfgg%, %t”phosrz%ate: gtC'MrT"Q wild-type HIV-1 RT (1). Clinical studies have demonstrated

eoxycytidine 5monophosphate; ;-Beoxycytidine 5triphos- - g :
phate; dNTP, 2deoxynucleoside'8riphosphate; EDTA, (ethylenedi- that 3_TC AZT c_:omblnatlon therapy results in a_s'grong and
amine)tetraacetate; HIV-1, human immunodeficiency virus type 1; RT, Sustained antiviral response, more than that anticipated from
reverse tragsacriptasefngdngPﬂ-D-(Jr)-Z’,3'-didegxa/-&thiacythidine: a simple additive inhibitory effect on HIV-1 RT18, 14.
3TC, 2,3-dideoxy-3-thiacytidine; 3TC-MP, 23-dideoxy-3-thiacy- i
fidine 5-monophosphate: 3TC-TP or JSAACTP j-L-(—)-23-dideoxy- CeI'I culturg studies suggested th'at the presence pf the M184V
3-thiacytidine 5-triphosphate; 3T& 3TC-resistant; Tris, tri(hydroxym- V?‘“ants_m'ght dellay.the generation of doubly resistant HIV-1
ethyl)aminomethane; WT, wild type. viruses in combination therapy,(15. Several hypotheses
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have been proposed to explain the role of M184V residue for incorporating dCTP or 3TC-TP for wild type versus
substitution on in vivo virus evolution. These include M184V mutant HIV-1 RT which may be linked to the
enhanced replication fidelity of the M184V HIV-1 RB) molecular mechanism of drug resistance? (2) Are there
decreased fithess of the mutant vira§)( and a requirement  differences in the incorporation efficiency during DNA-
of more sites of mutation to reach coresistance to both 3TC dependent, or RNA-dependent, DNA synthesis that may
and AZT ©). It is noteworthy that four or five amino acid affect viral fithess? (3) Does the 3R@®RT exhibit a higher
substitutions (M41L, D67Q, K70R, T215Y, K219N) have fidelity for misincorporation as compared with wild type
been associated with AZT drug resistant@&-20). during DNA-dependent, or RNA-dependent, DNA polym-

Our laboratory 21—24) and othersZ5—27) have used a  €fization? The results in this study provide a quantitative
pre-steady-state kinetic analysis to establish the reactiondescription of the interactions of dCTP and 3TC-TP with
pathway for HIV-1 RT. The reaction pathway is ordered in Wild-type and 3T€ RT during DNA-directed and RNA-
which the enzyme first binds to the DNA (or RNA) substrate directed DNA synthesis as well as mispair formation. The
to form a tight enzyme@©NA complex with aKq value in mechanistic information presented here provides a detailed
the nanomolar range. The binding of the correct nucleoside kinetic and thermodynamic description of the wild-type and
triphosphate (dNTP) follows this step. After forming the M184V RT reaction pathway and insight into understanding
initial enzymeDNA-dNTP complex, the enzyme checks for 3TC drug resistance at a molecular level.
the proper base-pairing geometry and then undergoes a
slower conformational change, which limits chemical ca- MATERIALS AND METHODS

talysis. The maximum rate of incorporatidgs, is governed Overexpression and Purification of Wild-Type and 3TC-
by this conformational change. The last and also the slowestgggistant HIV-1 RTHIV-1 RTs were purified as previously
step in the overall reaction pathway involves the dissociation yescribed 21, 23. The protein concentration of purified RT

of the elongated DNA substrate from the enzyme. In contrast,, 535 measured spectrophotometrically at 280 nm using an
to a steady-state kinetic analysis which only reflects the oyiinction coefficient €250 = 260450 M! cml The
slowest step in the overall reaction pathway, a transient ¢oncentration of active RT was determined as previously
kinetic approach allows one to examine each of the individual yescriped with pre-steady-state burst experiments that gave
steps in the pathway including the identification of enzyme st amplitudes in the range of 460%. The experiments
intermediates and conformational changes which might be gescribed in the current study were performed using the
associated with chemical catalysis. corrected active site concentration.

A pre-steady-state kinetic analysis comparing th}8{TC- Nucleotide Triphosphates and Other Materiad$l dNTPs
TP interaction with wild-type and mutant forms of RT has \yere purchased from Pharmacia LKB Biotechnology Inc.
been reportedg). This study indicated that there was little  pr R, F. Schinazi (Emory University, Atlanta, GA) kindly
with wild-type and mutant RT, although up to a 36-fold (>9994) was verified by HPLC analysis as well as LC/ESI
decrease ik, was noted 28). TheKq values for 3STC-TP  mass spectrometryy {22P]ATP was purchased from Amer-

measured in this study were suprisingly high {43 1M) sham. Biospin columns for the removal of excess nucleotide
considering the observed potency in other stud2®s-G2). were purchased from Bio-Rad.

We have recently used a transient kinetic approach to  Synthetic OligonucleotidesThe DNA oligonucleotides
examine the incorporation of natural and modified cytidine (18- and 36-mer) shown in Table 1 were synthesized on an
analogue¢dCTP; ddCTPp-p-(+)-2',3-dideoxy-3-thiacy-  Applied Biosystems 380A DNA synthesizer (DNA synthesis
tidine [(+)SddCTP]; ang3-L-(—)-2',3-dideoxy-3-thiacyti- facility, Yale University) and purified using denaturing
dine [(~)SddCTP, (3TC-TP}]in an effort to understand the  polyacrylamide gel electrophoresis (16% acrylamide, 8 M
mechanistic basis of inhibition of HIV-1 RT by 3TC-T93) urea)_ The RNA O|igonuc|eotide (36-mer, Table 1) was
The present study was designed to examine the effect of asynthesized and gel-purified by New England Biolabs.
single amino acid substitution at codon 184 (methionine 0 The guplex 18/36-mer DNA/DNA and DNA/RNA primer-
valine) on the incorporation of the natural substrate, dCTP, templates were formed by annealing an approximately 1:1.3
and the active triphosphate (3TC-TP) form of the 8T&Y  mglar ratio of pure 18- and 36-mer at 8G for 4 min and
used c!inically. We used a t_ransient.kinetic approach t0 50 °C for 30 min. The duplex mixtures were analyzed by
determine thdgo, Kq, and efficiency of incorporatiorkie/  nondenaturing polyacrylamide gel electrophoresis (15%) to
Ky for dCTP and 3TC-TP by the wild-type and M184V  gngre that proper annealing had taken place. Concentrations
mutant HIV-1 RT. Furthermore, since the 3TRT has been  f the oligonucleotides were estimated by UV absorbance
suggested to exhibit higher fidelitg(11, 12, 34, 3h we 4t 260 nm using the following calculated extinction coef-
extended this analysis to examine misincorporation oppositeficients: DNA 18-mer,e = 170 000 M cm % DNA 36-

a template deoxyguanosine and guanosine for DNA and RNA e « = 388 000 Mt cml; RNA 36-mer,e = 396 000
substrates during single nucleotide incorporation. Specific pj-1 cprt.

;:]Llllesti_ong thles;z\ sturc]iies wre]:re designehd tok_address include the Buffers All experiments using HIV-1 RT were carried out
ollowing: (1) Are there changes in the kinetic parameters in 50 mM Tris-HCI, 50 mM NacCl buffer at pH 7.8 and at a

temperature of 37C. All experimental procedures were

2The abbreviation 3TC is used to refer to the unnatural (—) carried out using sterile buffers, reagents, and glassware
isomer, (-)SddC. These are often used interchangeably. While we have where feasible.
used the common nomenclature in the literature, the most appropriate  _, 5, . .
chemical nomenclature is-{-cis-1-[2-(hydroxymethyl)-1,3-oxathiolan- _5' P-Labeling of 18/36-mersBefore annealing, both
5-yllcytosine. primer and template strands of the DNA/RNA and DNA/
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DNA 18/36-mer were Sradiolabeled with T4 polynucleotide
kinase (New England Biolabs) according to previously
described procedurel).

Rapid Quench Experiment®RRapid chemical quench

experiments were performed as previously described with a 3

KinTek Instruments Model RQF-3 rapid-quench-flow ap-

paratus 21, 23. Unless noted otherwise, all concentrations

refer to the final concentrations after mixing.
Pre-Steady-State Burst and Single-TureoExperiments.

A combination of pre-steady-state burst experiments and

single-turnover experiments was used in this transient kinetic

Feng and Anderson

Table 1: Sequence of Oligonucleotide Substrates
DNA/DNA 18/36-mer:

5'-*G TCC CTG TTC GGG CGC CA-3'
'-CGA AAG TCC AGG GAC AAG CCC GCG GTG ACG ATC TCT*-5'

DNA/RNA 18/36-mer:

5'-*G TCC CTG TTC GGG CGC CA-3'
3'-CGA AAG UCC AGG GAC AAG CCC GCG GUG ACG AUC UCU*-5'

a An asterisk indicates'5%P-labeling of the oligomer.

analysis. The pre-steady-state burst experiments were used

to examine the incorporation of the next correct nucleotide
into a DNA/DNA or DNA/RNA duplex at 37C during the
first enzyme turnover as well as subsequent turnovasp (
This analysis was conducted under the conditions in which

and DNA/RNA substrate, is calculated by fitting the data to
the following hyperbolic equationkepsa = Koo[dNTP]/(Kg

+ [dNTP]), where kyo is the maximum rate of dNTP
incorporation, [dNTP] is the corresponding concentration of

the duplex concentration was 3 times greater than the enzym&INTP, andK, is the equilibrium dissociation constant for

concentration. The reaction was carried out by mixing a
solution containing the preincubated complex of 100 nM
HIV-1 RT and 3-labeled 300 nM DNA/RNA or DNA/DNA
duplex with a solution of 10 mM MY and varying
concentrations of dNTP (in the range of Bl to 7 mM).
Polymerization was quenched with 0.3 M EDTA at time
intervals ranging from 3 ms to 20 s. DNA polymerization
products were quantified by sequencing gel analysis. The
product formation occurred in a fast phase followed by a

slow phase. The data were fitted to a burst equation (see

Data Analysi$. Single-turnover experiments which are
conducted under conditions in which enzyme is in excess
over radiolabeled oligonucleotide allow one to examine
chemical catalysis during a single enzyme turno@e€y.(Due

to the low rate of the incorporation for 3TC-TP, single-
turnover experiments were used to determinekthandkyo
values for incorporation of 3TC-TP into a DNA/DNA or a
DNA/RNA primer-template. Single-turnover experiments
were performed in a manner similar to that described above
except that enzyme (400 nM) was used in excess of
5'-labeled DNA/DNA or DNA/RNA duplex (100 nM). The
misincorporation studies were all carried under single-
turnover conditions37). In the cases where long reaction
times were required (as in the case for dATP and dGTP

incorporation), manual quench experiments were undertaken

in which the two solutions (primer-template preincubated
with RT and dNTP-Mg?*") were mixed and incubated at 37
°C, and at regular time intervals, 3@ of the reaction
solution was removed and quenched with EDTA.

Product Analysis The products were analyzed by se-
quencing gel electrophoresis (20% acrylamig@é/ urea, 1
x TBE running buffer), and the products were quantified
using a Bio-Rad GS525 Molecular Imager (Bio-Rad Labo-
ratories, Inc., Hercules, CA).

Data Analysis Data were fitted by nonlinear regression
using the program KaleidaGraph version 3.09 (Synergy
Software, Reading, PA). Data from burst experiments were
fitted to a burst equation: [product All — exp(—Kobsd)

+ ksd], whereA represents the amplitude of the burst which
correlates with the concentration of enzyme in active form,

the interaction of dNTP with the DNA complex.

RESULTS

In this report, we compared the activities of wild-type with
3TCR (M184V) RT in terms of correct incorporation of dCTP
and 3TC-TP into a DNA/DNA or DNA/RNA primer-
template, along with their activities in carrying out misin-
corporation. The 36-mer DNA or RNA template used in this
study is identical to a region of the HIV-1 RNA genomic
sequence, and the 18-mer DNA primer is complementary to
the primer binding site (PBS). This 18/36-mer primer-
template (Table 1) was chosen as a substrate for study due
to its physiological relevance for HIV-1 viral replication and
also to avoid problems which have previously been encoun-
tered with blunt-ended substrate38( 39. A series of pre-
steady-state burst and single-turnover experiments were
conducted to determine the kinetic parameters for correct
incorporation of dCTP and 3TC-TP during DNA-directed,
and RNA-directed, DNA synthesis by wild-type and 3¥C
RT. These kinetic parameters include the following: the
maximum rate of incorporatiork,; the equilibrium dis-
sociation constanig; and the incorporation efficiencipo/

Kg. This information is important to provide a quantitative
basis for understanding how alterations in the interactions
of dCTP and 3TC-TP with the 3TCRT relative to wild-
type RT confer drug resistance to 3TC.

These kinetic parameters were also measured for the
incorporation of an incorrect dNTP (dTTP, dATP, and dGTP)
opposite a DNA template (@leoxyguanosine) or an RNA
template (guanosine), and the corresponding fidelity estimates
were calculated as I{;(oI/Kd)correct + (kpoI/Kd)incorrec]/(kpoI/
Ka)incorrect This information will allow a detailed assessment
of whether there are changes in fidelity with 3T®T
relative to wild-type RT during DNA-dependent and/or
RNA-dependent DNA polymerization.

Kinetics of Correct Incorporation

Incorporation of dCTP into DNA/DNA 18/36-mer Primer-
Template by Wild-Type or 3TGIV-1 RT. Our first step in

kobsd is the observed first-order rate constant for dNTP defining the kinetic of correct incorporation was to conduct
incorporation, andkss is the observed steady-state rate a pre-steady-state burst experiment with wild-type andBTC
constant. Data from single-turnover experiments were fit to RT. In this type of experiment, the DNA substrate is in
a single exponential. ThKy, the dissociation constant of excess of enzyme such that the first enzyme turnover as well
dNTP binding to the complex of RT and 18/36 DNA/DNA as multiple turnovers can be examined. Our previous studies
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Ficure 1: Pre-steady-state kinetics of incorporation of dCMP with
wild-type (@) and 3T (O) HIV-1 RT. (A) Pre-steady-state kinetics
of incorporation of dCMP into a homoduplex DNA/DNA 18/36
primer-template by wild-type HIV-1 RT were measured by mixing
a preincubated solution of wild-type RT (100 nM) and 18/36 DNA/
DNA homoduplex (300 nM) with dCTP (1@M) and Mg+ (10
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FIGURE 2: Concentration dependence of dCTP upon the observed
rate,konsg for dCMP incorporation into a DNA/DNA 18/36 primer-
template by wild-type®) or 3TCR (O) HIV-1 RT. The first-order
rates were plotted against dCTP concentration, and the @ata (
O) were fit to a hyperbola (solid line) to yieldl& value of 3.4+
0.2 uM and a maximum rate of incorporatiokyg) of 15.7+ 0.3

s~1 for the wild-type ®) RT and aKq of 7.0 + 0.6 uM and ko of
30.5+ 0.8 s'* for the 3TC} (O) HIV-1 RT, respectively.

A complete study of the dNTP concentration dependence
on the observed burst rate of incorporation provides mea-
surements for the dissociation constiggtthe maximum rate
of dNMP incorporatiork,e, and the efficiency of incorpora-
tion kyo/Kg. Figure 2 shows the [dCTP] dependencekggq
for incorporation into the DNA/DNA 18/36-mer primer-

mM) under rapid quench conditions. The reactions were quenchedtemplate using wild-type®) and mutant RT ©). The Ky

at the indicated time and analyzed by sequencing gel electrophoresi
The solid line represents the best fit of the da# o a burst
equation with an amplitudd = 113 + 5 nM, an observed first-
order rate constant for the burst phdsgq= 12+ 1 s%, and an
observed rate constant for the linear phkge= 0.11+ 0.03 st

for the wild-type @) HIV-1 RT. (B) Pre-steady-state kinetics of
incorporation of ACMP into homoduplex DNA/DNA 18/36 primer-
template as described in (A) using 3TRT. The kinetic parameters
areA = 104+ 4 nM, kopsq= 17 £ 2 s'1, andkss= 0.17 £ 0.03

st for 3TCR (O) HIV-1 RT.

with wild-type enzyme have shown a burst of product
formation, an important diagnostic experiment indicating that
product release limits the overall reaction pathway. To

Svalue for dCMP incorporation by 3TRRT (30.5+ 0.8 s9)

is 2-fold higher than that of the wild-type (154 0.3 s'%);
however, theKq value for the 3TE€ is also 2 times higher
than wild-type RT, indicating a slightly weaker binding of
dCTP to the EDNA complex. A complete summary @,

Ka, andkyo/Kg values for each dNTP with wild-type or 3RC

RT is shown in Table 2 for the DNA/DNA 18/36-mer
primer-template substrate. The compensatory changes in the
Koo and Ky values result in very similar values for the
incorporation efficiencies for wild-type and 3R@RT.

Incorporation of 3TC-TP into DNA/DNA 18/36-mer
Primer-Template by Wild-Type or 3R®T.Pre-steady-state

establish that the mechanistic pathway has not changed withburst experiments examining the incorporation of 3TC-TP
3TCR RT, we compared the mutant enzyme with wild type into a DNA/DNA primer-template also revealed the biphasic
in a pre-steady-state burst experiment as described undepurst of product formation for both wild-type and 3T&T

Materials and Methods. Representative time courses for the(data not shown) indicating a similar mechanism. The rate
incorporation of dCMP (1@M) into the homoduplex DNA/  of incorporation of 3TC-TP, in each case, was rather slow

DNA 18/36-mer primer-template by wild-type (panel A) or relative to the natural substrate dCTP; therefore, single-
3TCR RT (panel B) are shown in Figure 1. turnover experiments were performed to determine the kinetic

] . S ) parameters as described under Materials and Methods. The

A biphasic burst of product formation is observed in both 37c_TP concentration dependence upon the observed rate
cases. The solid lines represent the best fit of the data to &(kops9 Of incorporation of wild-type®) and 3TC (O) HIV-1
burst equation and give the following values: an amplitude RT provides the maximum rate of polymerizatidg,, as
A =113+ 5 nM, an observed first-order rate constant for shown in Figure 3. For the wild-type enzyme, the highest
the burst phaséesa = 12 = 1 s, and an observed rate  concentration of 3TC-TP chosen without observing an
constant for the linear phase; = 0.11+ 0.03 s* for the inhibitory effect was 1.25(M. The Ky curve for the wild-
wild type (@) andA = 104+ 4 nM, kohsa= 17+ 2s*, and  type RT was replotted to scale and is shown in the inset. As
kss= 0.174 0.03 s'* for 3TCR (O) HIV-1 RT. Clearly, the seen in our earlier studies, 3TC-TP is incorporated more
observation of a burst of product formation during single- slowly than the dCTP, but binds more tightly to theDRA
nucleotide incorporation by mutant RT indicates that the complex than the natural substrat83), The 3T RT
mechanistic pathway has not changed. incorporates 3TC-TP with & value 2-fold slower than
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Table 2: Kinetic Differences between Wild-Type and FTIV-1 RT in DNA- or RNA-Dependent Incorporation of dCTP or 3TC-TP

primer/template nucleotide RT Kpol (573 Kg (uM) KpolKa (uM~1s71)a selectivity facto?

DNA/DNA dCTP WT 15.7£ 0.3 3.4+ 0.2 4.6+ 0.3 13
3TC-TP WT 0.046+ 0.002 0.13+ 0.02 0.35+ 0.06
dCTP 3TR 30.5+ 0.8 7.0+ 0.6 44+ 04 1830
3TC-TP 3TR 0.024+ 0.003 10+ 3 (2.44+0.7)x 1073

DNA/RNA dCTP WT 37t 1 8.7+ 0.9 42+04 20
3TC-TP WT 0.051 0.003 0.24+ 0.03 0.21+ 0.03
dCTP 3TR 63+ 4 52+ 8 1.2+0.2 670
3TC-TP 3ITR 9.2+ 0.6)x 1073 5.2+0.9 (1.84£0.3)x 1073

aErrors in the values okyo/Kq Were calculated using standard metho83).(° Defined as Koo/ Ka)actd (Kool Kd)atc-Te.

0.0 - . - . - T - . the results described above, pre-steady-state burst experi-
005 —— ) ments showed that there was no change in mechanism
between wild-type and mutant enzyme in incorporating 3TC-
TP into a DNA/RNA substrate (data not shown). Single-
turnover experiments were performed under conditions
0.08 002 1 1 A described under Materials and Methods. Similar to what we
0.01 1 | have observed in the DNA-dependent DNA polymerization,
00— o 3TC-TP has a slowdd,, but a tighter affinity to the ERNA
R § 00 02 04 06 08 10 12 14 4 complex than dCTP. The mutant enzyme incorporates 3TC-
TP almost 120 times less efficiently than the wild-type RT,
001 % S N due to a 6-fold sloweky, and a 22-fold weaker binding
3 affinity (Kq) for 3TC-TP.

0.04 - 0.04 - 1 A
003 @ g

kobsd (s l)

0.00 ; ' ; ' ; ' ; : Kinetics of Misincorporation
0 5 10 15 20

3TC-TP (uM) Misincorporation of dNTP into DNA/DNA 18/36-mer
FiGURE 3: Concentration dependence of 3TC-TP upon the observed Primer-Template by Wild-Type or 3F®&T. The kinetics of
rate, kopsg for 3TC-MP incorporation into a DNA/DNA 18/36  misincorporation of the three deoxynucleoside triphosphates,
primer-template by wild-type®) or 3TC? (O) HIV-1 RT on the dTTP, dATP, and dGTP, into the homoduplex DNA/DNA
concentration of 3TC-TP. The first-order rates were plotted against 18/36-mer were determined. The experiments with dTTP

3TC-TP concentration, and the da®, ©O) were fit to a hyperbola : : e ;
(solid line) to yield aKq value of 0.13£ 0.024M and a maximum using either wild-type or STCRT were performed using a

rate of incorporationkye) of 0.046+ 0.002 s wild-type @) RT rapid chemical quench apparatus while those for dATP and
and aKg of 10+ 3 uM andkyg of 0.024+ 0.003 st for the 3TXR dGTP were conducted using manual quenching mett8Ws (
(O) HIV-1 RT, respectively. Inset: The data for wild-typ@) Single-turnover experiments were performed to measure the
HIV-1 RT were replotted to scale to provide a better view of the . under selected concentrations of the dNTPs. Substrate
curve fit. R . . .
inhibition occurred with dNTP concentrations in excess of

the wild-type RT, and, more interestingly, this mutant has a 3—7 mM as previously observedl, 37. All products
77-fold weakeiK for the affinity of 3STC-TP (1QuM versus formed were quantitated. The kinetic parameters for incorrect
0.13 uM). The combined effects oky, and Kq lead to a incorporation into the homoduplex DNA/DNA 18/36-mer
dramatic 146-fold difference in the efficiency of incorpora- primer-template are summarized in Table 3. The DNA-
tion, kpo/Ka, between the wild-type and 3TQRT (0.35uM? dependent DNA replication fidelity was estimated from the
s tversus 2.4x 102 uM~1s1) (see Table 2). ratios of incorporation of the second-order rate constants for

Correct Incorporation of dCTP into DNA/RNA 18/36-mer correct to incorrect, as calculated by the expression shown
Primer-Template by Wild-Type or 3R®T. Pre-steady-state  in Table 3.
burst experiments were performed under conditions described For the 3T® RT, the fidelity estimates for the d@T,
under Materials and Methods. A biphasic burst of product dG-dA, and dGdG mismatches were 4000, 86 000, and
formation was observed in both RT enzymes (data not 150 000, respectively. In contrast, the fidelity estimates for
shown), indicating that the kinetics of RNA-dependent DNA the wild-type RT for misincorporation involving the dG
polymerization by mutant RT are mechanistically similar to dT, dGdA, and dGdG mismatches were 1700, 77 000, and
those of the wild-type RT. A complete study of the dCTP 85 000, respectively, for the wild-type RT. Thus, there is
concentration dependence on the observed burst rate otlearly a >2-fold increasein fidelity for the 3TQ? RT
incorporation was conducted, and the kinetic parameters arecompared with wild type in forming a purine-pyrimidine 6G
shown in Table 2. The high rate of dCMP incorporation by dT mismatched base pair. Less substantial differences
3TCRRT (634 4 s1) versus that of the wild type (3% 1 between wild-type and mutant enzymes were noted with the
s1) is compensated by the fact that tg value for 3T® purine-purine mismatches.
(52 4+ 8 uM) is much higher than that of wild-type RT (8.7 Misincorporation of dNTP into DNA/RNA 18/36-mer
+ 0.9uM). This translates into a-34-fold higher efficiency Primer-Template by Wild-Type or 3R®T. The kinetics of
of incorporation ky,./Kg) for wild-type RT as compared with  misincorporation of the three incorrect deoxynucleoside
3TCR RT during RNA-dependent DNA synthesis. triphosphates, dTTP, dATP, and dGTP, into the heteroduplex

Correct Incorporation of 3TC-TP into DNA/RNA 18/36- DNA/RNA 18/36-mer opposite a template guanosine were
mer Primer-Template by Wild-Type or 3T&T. Similar to also examined. The experiments were performed in a manner
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Table 3: Misincorporation by Wild-Type and 3RGIV-1 RT into D18/D36 Primer-Template

nucleotide RT Kpol (571 Kqg (uM) Kool Kg (uM 1 5732 fidelity®
dCTP WT 15.7+£ 0.3 3.4+ 0.2 4.6+ 0.3
3TCR 30.54+0.8 7.0+ 0.6 4.4+ 0.4

dTTP WT 1.11+ 0.06 410+ 60 (2.7£0.4) x 1078 1700

3TCR 1.00+£ 0.04 890+ 100 (1.1+£0.1)x 10°3 4000

dATP WT 0.124+0.01 2000+ 300 (6.0+£0.9)x 10°° 77000

3TCR 0.066+ 0.005 130G+ 200 (5.1+£0.9)x 10°° 86000

dGTP WT (5.9£0.2) x 1078 110+ 10 (5.4+0.5)x 105 85000

3TCR (6.4+0.2) x 103 220+ 20 (2.9+0.3)x 10°5 150000

2Errors in the values okyo/Kq Were calculated using standard metha8i3).(° Calculated as Kpo/Ka)correct + (Kool Ka)incorrec! (Kpo Kd)incorrect

Table 4. Misincorporation by Wild-Type and 3RGIV-1 RT into D18/R36 Primer-Template

nucleotide RT Kool (572 Kq (uM) Koo/ Kg (uM 1 571)2 fidelity®
dcTP wWT 37+ 1 8.7+ 0.9 42+04
3TCR 63+ 4 52+ 8 1.2+0.2

dTTP WT 2.6+ 0.1 19004 200 (1.3£0.1) x 1073 3200

3TCR 0.90-+ 0.07 4200+ 700 (2.1+ 0.4) x 107 5700

dATP WT 0.028+ 0.001 2500t 100 (1.1+£0.1) x 105 380000

3TCR 0.04+ 0.01 10000+ 5000 (4+2)x 10°¢ 300000

dGTP WT (4.5+ 0.1) x 10°3 280+ 20 (1.6+ 0.1) x 10°5 260000

3TCR (4.440.2) x 10°3 650+ 80 (6.8+ 0.9) x 107 180000

2Errors in the values oyo/Kq Were calculated using standard metho8t3).(° Calculated as Koo/Ka)correct + (KoolKa)incorrecl/ (Kool Kp)incorrect

similar to those studies described above which evaluated the Mechanistic Basis of 3TC Drug Resistan@ur studies
use of a DNA/DNA 18/36-mer primer-template. Substrate have shown dramatic differences in the kinetic parameters
inhibition occurred with dNTP concentrations in excess of for incorporating 3TC-TP by 3T€RT as compared with
3—7 mM as previously observe®1, 37. In the case of  wild-type enzyme. The incorporation efficiencies for 3TC
dATP incorporation by 3TERT, it became difficult to get ~ RT are 117- and 146-fold lower during RNA-dependent and
an accurate measurement because the substrate inhibitioDNA-dependent DNA synthesis, respectively. While the
occurred at a concentration lower than the prospedtive = maximum rate of polymerization is lower and the affinity is
The kinetic parameters for incorrect incorporation into the weaker, the decreased incorporation efficiency primarily
heteroduplex DNA/RNA 18/36-mer primer-template are reflects a substantial change in tKe value. The ratio of
summarized in Table 4. For the 3T(RT, the fidelity efficiency values for incorporation of the natural substrate,
estimates for the r@T, rG-dA, and rGdG mismatches were  dCTP, versus the nucleoside analogue, 3TC-TP, defines the
5700, 300 000, and 180 000, respectively, in comparison to selectiity of RT. A comparison of the selectivities for wild-
3200, 380 000, and 260 000 for the wild-type RT. type (a factor of 13) and 3TCRT (a factor of 1830) reveals
The weaker binding affinity of dTTP to the 3F®RT and that the mutant enzyme now has a 141-fold higher selectivity
its slower incorporation rate lead to a 6-fold lower (misin- for dCTP over 3TC-TP during DNA-directed DNA synthesis
corporation) efficiency for the mutant RT compared with (Table 2). Similar results are observed for RNA-directed
the wild-type RT, however, the fidelity increase for the ZTC DNA synthesis. These altered kinetic parameters for the
RT is only 1.8-fold because of its lowelk,(/Ka)correc 3TCRRT are most likely responsible the 1000-fold resistance
efficiency in correct incorporation. of 3TC observed in vivo and in cell culturd,(2, 46-42).

The structural basis of the drug resistance and altered
DISCUSSION kinetic parameters for the M184V mutation has not yet been
In this paper, we have examined the kinetics for the correct resolved. The methionine 184 is part of the YXDD region
incorporation of dCMP and 3TC-MP and the incorrect that is highly conserved among reverse transcriptases, and
incorporation of dTMP, dAMP, and dGMP into a DNA/DNA  most retroviral RTs have a methionine residue as amino acid

and DNA/RNA primer-template catalyzed by both wild-type X (43, 44. While functional studies have shown that the
and 3TC-resistant (M184V) HIV-1 RT. Our studies have two Asp residues are a part of the catalytic triad and directly
focused on identifying altered kinetic parameters for incor- involved in the chemical catalysis, the function of Tyr-183
porating dCTP or 3TC-TP for wild-type versus 3T@utant and Met-184 in HIV-1 RT is not clearly understood. A recent
HIV-1 RT in an effort to understand the molecular basis for study showed that loss of polymerase activity due to a Y183F
the M184V amino acid substitution that confers drug (Tyrto Phe) substitution could be compensated by a second
resistance to 3TC. A related goal was to distinguish featuresM184V mutation 45). The recently solved three-dimensional
of the reaction kinetics such as changes in the incorporationstructure of the DNAHIV-1 RT)-dNTP complex shows that
efficiency during DNA-dependent, or RNA-dependent, DNA M184YV is located in the hairpin turn that connegtsheets
synthesis that may be underlying factors in impacting the 9 and 10 §). The methionine side chain contacts the base
viral fitness for wild-type versus 3Tvirus. An additional and the sugar moiety of theé-8ucleotide in the primer, as
focus was to use a detailed transient kinetic analysis to would be expected for thé-branched side chain of a valine
discern whether the 3TORT exhibits a higher fidelity for ~ substitution as well. When a 3TC-TP was modeled into the
misincorporation as compared with wild-type enzyme, and, structure, a greater interference was expected compared to
if so, which mispairs are involved. a natural dNTP §). If 3TC-TP binds in a conformation
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similar to the natural substrate, dCTP, it must adopt an type RT, but is 3.5-fold lower than the wild-type enzyme in
appropriate conformation to maintain proper base pairing. RNA-dependent incorporation. While we cannot rule out
Since 3TC-TP has the unnaturat)¢L-configuration, the differences in sequence specificity between wild-type and
ribose ring must be positioned in the opposite orientation, mutant RT, very similar results were obtained when an
with the CH and 3-S pointing toward the '3end of the entirely different sequence was used. In that study, the
primer and the O atom pointing in the opposite direction, incorporation of dCTP into a random sequence D23/D45
causing increased distortion and/or steric hindraB8g Pue primer-template 33) by mutant RT was as efficient as the
to the close proximity of the M184 residue to the polymerase wild-type enzyme; however, for the RNA-dependent incor-
active site, it has been speculated that the methionine mayporation, mutant RT is 3.7-fold less efficient than the wild-
have multiple interactions with the primer-template, dNTP, type RT (data not shown). Although the actual values for
and the surrounding amino acid residues comprising theincorporation efficiency may be sequence-dependent, the
dNTP binding pocket45). general trend of lower incorporation efficiency for mutant

Thus, the structural consequences of the M184V mutation RT during RNA-dependent DNA synthesis was observed in
could render the incorporation of 3TC-TP unfavorable, as both of the sequences we tested.
reflected in the substantially weakened affinity for the E Mutational studies have shown that there is a direct
DNA complex discerned in our mechanistic studies. correlation between RT polymerase activity (hence incor-

Efficiency of IncorporationThe efficiency of nucleotide  poration efficiency) and the virus replication levéb). The
incorporation Kno/Kq) reflects the catalytic efficiency to carry  level of viral replication is often expressed in terms of virus
out DNA-directed or RNA-directed DNA polymerization. infectivity in which the level of virus antigen capsid protein
The in vitro activity of the M184V mutant enzyme has been p24 (CA-p24) is monitored during cell culture. A comparison
studied in many different assay systems to determine whetherof wild-type HIV-1 with the 3T virus using this approach
the incorporation efficiency is higher or lower relative to has shown that the levels of infectivity are similar, although
wild-type enzyme. In most cases, this usually involved a delay in replication was observed for the mutant vi)s (
assessing the polymerase activity under steady-state condiAnother indicator to assess the replication ability of wild-
tions by quantifying the amount of product formed with a type versus mutant virus involves measuring viral fitness.
fixed concentration of substrates, and the activity of mutant In this approach, the fitness of the mutant virus is measured
RT was reported as a percentage relative to the wild-type by growth competition assays, in which a mixture of wild-
RT. This type of approach has been inconclusive since thetype and mutant virus would result in the eventual selection
activity of M184V RT has been reported in the range of40  of the fittest virus. The virus containing the M184V mutation
280% in different systems( 7, 9, 10, 4% suggesting that  has been show by this type of assay to have a lower level of
the efficiency is lower in some cases and higher in others. fithess relative to wild type 9, 14. Moreover, DNA
For instance, using homopolymeric primer-templates, a sequencing studies have shown that the high level of
steady-state kinetic analysis revealed that the efficiency of resistance to 3TC in vivo is due to the Met to Val substitution
the polymerization reactiork{x/Krm,) for M184V RT varied at codon 184 of the HIV-1 RT gene&@—42). It is likely
from 0.75- to 3.2-fold that for the wild-type RT using an that the decreased level of viral fithess for the M184V virus
RNA template and 23-fold using a DNA templatel(l). is linked to the decreased polymerase activity and a cor-
The major disadvantage with a steady-state kinetic analysis,respondingly lower incorporation efficiency in the 184V RT
especially in addressing mechanistic issues related to poly-(9). Thus, our in vitro, detailed mechanistic studies on the
merases, is that., values reflect the slowest step in the M184V RT suggest that a reduced incorporation efficiency
overall pathway an&n, is a complex parameter, which may during RNA-directed DNA synthesis may contribute to the
or may not be equal to thi€y value. lower viral fithess observed in cell culture.

Our studies have focused on using a transient kinetic Fidelity of DNA SynthesiHIV-1 RT is a highly error-
approach to directly measure the maximum rate of polym- prone reverse transcriptase due to a lack & -proofreading
erization,kyq, and binding affinity Kq, for dCTP and 3TC-  exonuclease activity. Although there are host cellular poly-
TP using physiologically relevant DNA and RNA substrates merases involved in HIV-1 virus replication, HIV-1 RT is
which contain HIV-1 genomic sequences. The rdtjg/Kq generally believed to be the major cause of high mutation
thereby defines the incorporation efficiency. As we have seenrate in HIV @7, 48. This genetic variation of HIV-1 virus
in other studies where completely different sequences werehinders the host immunological response and the long-term
used, the incorporation of the natural substrate dCTP is muchefficacy of anti-HIV therapy 48). HIV-1 RT can make a
faster than the analogue 3TC-TB3|. However, 3TC-TP number of errors, including misincorporation, mispair-
exhibited a higher affinity (loweKg) toward the complex  extensions, and slippage-mediated frameshift errdg3. (
E-DNA (or E‘-RNA) than dCTP. For both dCTP and 3TC- Also, the effect of a mutation on one of these different error
TP, a higherky, is almost always observed in RNA- types does not necessarily have a synergistic effect on the
dependent DNA polymerization than in a DNA-dependent others, and in some cases, it may even be counterbalanced
one, as reported in earlier studiexl( 23, 33, 3Y. In our by the effects on another error typgQj.
study, we found that for both DNA- and RNA-dependent  Several studies have shown that the M184V variant of
dCMP incorporation, 3T€ RT showed a nearly 2-fold HIV-1 RT has a higher fidelity than that of the wild-type
increase irkyo. However, this does not directly translate into  RT. Using a DNA template, M184V RT showed higher
a higher efficiency of incorporation for 3TC as it was fidelity in several mispair formation studies, and was reported
significantly compromised by the reduced affinity of dCTP as 2-17-fold (8), 6-fold (34), and 25-45-fold (11) increases
for the mutant RT. Overall, the efficiency of DNA-dependent compared with the wild-type enzyme. A-39-fold decreased
DNA polymerization by 3TE€ RT is similar to the wild- error frequency was also reported for M184V RT in mispair-
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extension assays using an RNA templdi®) (Read-through  a basis for interpreting 3TC drug resistance at a molecular
assays designed to reflect both misincorporation and mispair-level and provides insight into underlying mechanistic factors
extension efficiencies suggested that M184V RT had a lowerin the M184V HIV-1 RT that may contribute to a more
read-through efficiency, which could suggest a higher fidelity detailed understanding of AZT3TC combination therapy.
for M184V RT. However, the interpretation of this result
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