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ABSTRACT: Several hypotheses have been proposed to explain the development of resistance to the anti-
HIV drug AZT. Clinical findings show that AZT resistance mutations in HIV-1 reverse transcriptase
(RT) not only reduce susceptibility to thymidine analogues but may also confer multi-dideoxynucleoside
resistance. In this report, we describe transient kinetic studies establishing the biochemical effects of
AZT resistance mutations in HIV-1 RT on the incorporation and removal of natural and unnatural
deoxynucleotides. While the physiological role remains to be elucidated, the largest biochemical difference
between wild-type and AZT resistant HIV-1 RT manifested itself during ATP-mediated deoxynucleotide
removal. Enhanced removal resulted from an increase in the maximum rate of chain terminator excision,
suggesting that mutated residues play a role in the optimal alignment of substrates for ATP-mediated
removal. The efficiency of pyrophosphorolysis was not increased by the presence of AZT resistance
mutations. However, a 2-fold decrease in the extent of inhibition caused by the next correct nucleotide
during pyrophosphorolytic cleavage of a D4TMP chain-terminated primer may illustrate how this mutant
can utilize pyrophosphate to enhance resistance. The inability of RT to catalyze removal of a chain
terminator from an RNARNA primer—template may show how slight changes in selectivity against
AZTMP incorporation during the initiation of DNA synthesis can contribute to high-level resistance.
Taken together, these results suggest that multiple modes of resistance may be conferred by these mutations.
Structure-activity studies of chain terminator removal suggest that analogues that form tight interactions
with residues in the RT active site may be more prone to resistance mechanisms mediated by removal.

Human immunodeficiency virus (HIV), the etiological polymerasey (5—8)] and the ability of the virus to mutate
agent of acquired immunodeficiency syndrome (AIDS), and acquire resistanc®)( Other factors that govern the
requires reverse transcriptase (RTd copy its single- efficacy of these inhibitors include uptake, transport, me-
stranded RNA genome into a double-stranded DNA copy tabolism, and incorporation of the drugs0J.
for integration into the host cell genome during the early  Several hypotheses have been put forth to explain the
stages of viral infection. Although almost all aspects of the decreased susceptibility of HIV to AZT following prolonged
HIV-1 life cycle have been targete@-{4), a majority of treatment. Some of these theories stem from cellular factors,
the drugs that have been effective are nucleoside reversencluding kinases {1—14), transporters1, 16), and exo-
transcriptase inhibitors (NRTIS) which lack &l8/droxyl nucleases 1(7, 18). While these factors potentially play
group and serve to chain-terminate viral transcripts. However, important roles in drug sensitivity, high-level AZT resistance
treatment with NRTIs is limited by their toxicity to the host  most likely resides within the virally encoded RT. The high
[often through their interaction with mitochondrial DNA
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rate_ of HIV replication_ and the lack of proofreading by RT Table 1: Sequences of Primers and Templates Used To Study
during reverse transcription lead to frequent mutatid®s-( Incorporation and Removal

22). One class of mutations includes those originally found

model system Name Sequence

to confer resistance to AZ128, 24). Later findings showed e — e e e G aae
that these mutations also decreased sensitivity to DAT in ‘ o
patients {3) despite little or no cross resistance in cell culture A 1o AZTAP" . & vee obe Tue Gee cac
(25). Their association with thymidine analogues led them ‘ -
to be termed thymidine-associated mutations (TAMs). Com- ) ) ,
mon TAMs include M41L, D67N, K70R, L210W, T215Y/ A somer ?1TeoR ag Tee ReE GRe e fee o
F, and K219Q 23, 26). Reports have suggested these o hee R T C
mutations cause resistance through slight decreases in the "Mamg P2 OM 51760C TeG ChG coe ee AAc can o
level of AZTMP incorporation during RNA-directed pro- DNA/RNA  DNA 23-dNMP 57-GCC TCG CAG CCG TCC RAC CAA CTY'
cesses 47, 28) and an increase in the extent of chain DNA 45-mer 37-C6G AGC GTC GGC AGG TTG GTT GN'G
terminator removal by ATP20) or pyrophosphate (PR30). TTG GAG CTA GGT TAC GGC AGG
Removal reactions release the chain terminator as either a RNA 45-mer 31-CGG AGC GUC GGC AGG UUG GUU GAG
nucleoside triphosphate or a nucleoside tetraphosphate linked UUG GAG CUA GGU UAC GGC AGG
to adenosine for RPor ATP-mediated removal reactions, Aberrant  DNA 30C 5/-GCC TCG CAG CCG TCC AAC CAA CTC
respectively 29). Although each of these hypotheses super- " aac crc ¢
ficially explains AZT resistance, there has been much DNA 45R 3'-CGG AGC GTC GGC AGG TTG GTT GAG
discussion about their individual contributions to resistance TTG CAG CGA GGT TAC GGC AGC
observed during clinical treatment. DNA 21-mer 5/~ TTG GTT GGA CGG CTG CGA GGC

Adding more complexity to the understanding of TAMs DNA 22-mer 3/-C AAC CAA CCT GCC GAC GCT CCG

is the finding that the presence of various combinations of

; ; i _ 2DNA 36-mer has the same sequence witll@oxyribonucleotides
these mutations correlates with the reduced activity of non and U's changed to 9.2 is AZTMP. © X is AZTMP, DATMP, dCMP

thymidine analogues, including abacavir, a prodrug of the (D23-mer), ddCMP, 3TCMP, or DACMP.Y is dCMP (D24-mer) or
guanosine analogue carbovir (CB\31L( 32), and PMPA, dCMPuS. ©N is A (D45). N is G (D45C).

an acyclic adenosine monophosphate analog8e I fact,
characteristic TAMs have been found in the resistance

mutation spectra for all NRTIs currently available in the accurate normalization of protein concentrations of different
clinic. Therefore, TAMs appear to be involved in multidrug . prote - )
mutants and protein preparations. It is imperative that an

resistance, and the prevalence of these mutations poses gccurate determination of protein active site concentration
serious threat to the efficacy of nucleosides already approvedbe carried out to allow for mpeanin ful comparisons between
by the Food and Drug Administration as well as those being 9 P

developed as future treatments. wild-type a_md m‘%ta"“ RT. .
. . o . : Nucleoside Triphosphatedatural 2-deoxynucleotides
This report is a quantitative exploration of the underlying were purchased from Amersham. AZTTP and DATTP were
mechanisms that govern the resistance of TAM-containing

. obtained from Moravek Biochemicals.
RT to AZT and other compounds. Using a pre-steady-state OI: onucleotidesl;/rimerls and t:am lates used for incor-
kinetic approach, we studied PBnd ATP-mediated deoxy- 9 P

nucleotide removal as well as AZTMP incorporation into a g?:r?golgNT(2)Igegl,oyvilr:tgdrﬁﬁeasriiesdhg\évgr:n ATatI)ils dléizgdse-l"
model initiation complex containing synthetic tRAR. 9 y PP y

Observations made during these studies suggest that ATpiEMS DNA synthesizer (Keck DNA synthesis facility, Yale

: : o . 0
and PRmediated deoxynucleotide removal, as well as Ugl'vséf'té’m:\éiwdeﬂz\tﬁ?ﬁ C-2| ;g?:trguzger}gsigsn'l?ﬁe 2;1/53-
increased selectivity against AZTMP incorporation during polyacry 99 P y ’

RNA-directed processes, may all contribute to high-level R36-, and R45-mers were synthesized and purified by New

resistance to AZT. Studies aimed at understanding how England Biolabs. Chain-terminated oligos were made by

structural features of the deoxynucleotide analogue affect Bﬁtxpoggtgplx\/lt?irETrb)\/NprrevlgsJ;JF?“y Lepl)oorltscjmr]n_erj\od}ls(
removal suggest that analogues with the potential to form a primers were -labere poly=

. X . . . nucleotide kinase (New England Biolabs) as previously
tsct)rcé?(gils?;iractmns in the RT active site may be more prone described 36). [y-3?P]JATP was purchased from Amersham.

Biospin columns for the removal of excess¥P]ATP were
MATERIALS AND METHODS purchased from Bio-Rad. Synthetic tRMX was T7 tran-

scribed from cut plasmid kindly provided by J. Pata and T.

Preparation of HIV-1 RTRTWT and RPZ'R clones were  A. Steitz (Yale University). Transcription was followed by

generously provided by S. Hughes, P. Boyer, and A. Ferris 5'- and 3-hammerhead ribozyme cleavage to create homo-
(Frederick Cancer Research and Development Center, Fregeneous ends by methods previously descritg(l 88).
derick, MD). The N-terminal histidine-tagged heterodimeric Synthetic tRNAY* was labeled witf¥?P by internal labeling
p66 and p51 enzymes were purified as previously describedduring transcription by the addition of 25@Ci of each
(34, 35). Protein active site concentrations were determined a-labeled NTP (1 mCi total). d-3?P]JATP, [a-*P]GTP,
using pre-steady-state burst experiments where the ptrimer [0-*P]CTP, and ¢-**PJUTP were purchased from Amer-
template (300 nM) is in slight excess over RT (100 nM total) sham.
and the amplitude of the initial exponential phase of product  Annealing of the DNA and RNA primeftemplates was
formation is correlated with the amount of active protein in carried out by adding a 1:1.4 molar ratio of purified primer

the experiment 36). This methodology allowed for the
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to template at 90C for 5 min, 50°C for 10 min, and CC turnover experiments were also used to study incorporation
for 10 min. The annealed primer and template were then into the synthetic tRNAYs as previously describe@7). This
analyzed using 15% nondenaturing polyacrylamide gel required the addition of both dCTP (2 mM) and varying
electrophoresis to ensure complete annealing. Concentrationgoncentrations of TTP or AZTTP. Control experiments
of the oligonucleotides were estimated by UV absorbance showed dCMP incorporation not to be rate-limiting (data not

at 260 nm using calculated extinction coefficients. shown). Products and reactants were then separated on a 10%
Pre-Steady-State Rewad AssaysATP- and PRmediated polyacrylamide gel containgn7 M urea and 40% formamide
removal were studied as previously describ&®) (by and visualized and quantitated using phosphorimaging.

measuring the decrease in the length of the primer either at  Data AnalysisData were fit by nonlinear regression using
a physiological concentration of PR25 uM) or ATP (3 the program KaleidaGraph (Synergy Software, Reading, PA).
mM) or by determining the dependence of concentration on Single-turnover incorporation and removal experiments were
rate by titrating the removing agent. Pyrophosphate exchangefit to single-exponential equations: [produet]A[1 — exp-
experiments for studying the removal of AZTMP were (—k..j]and [productl= Alexp(—kossd)], respectively, where
performed as described previous#0(41) by assessing the A is the amplitude of product formation andssg is the
exchange of?P-labeled PRnto an unlabeled pool of AZTTP  opserved rate at a specific substrate concentration. The
during the process of incorporation and removal by HIV-1 dissociation Constan]K(j) of the substrate (dNTP, PPRor
RT. The reaction mixture contained 250 nM B2245, 20 ATP) binding to the complex of RT and the primeemplate
uM AZTTP, 10 mM MgCh, 500 nM RT, and varying  during dNMP incorporation or removal was calculated by
concentrations of’P-labeled PP Formation of the labeled  fitting observed rate constants at different concentrations of
AZTTP was assessed by thin-layer chromatography usingdNTP to the hyperbolic equatidkpss = ko[ dNTP]/(Kg +
PEl-cellulose plates and 0.3 M potassium phosphate buffer[dNTP]), whereky is the maximum first-order rate constant
(pH 8.0) as a mobile phase. The products were visualizedfor JNMP incorporation ang is the equilibrium dissocia-
and quantitated by phosphorimaging on a Bio-Rad GS-525tjon constant for the productive interaction of dNTP with
Molecular Imager System. the EDNA complex. PPexchange rates were calculated by
The inhibition constanti;) for the next correct nucleotide  the previously derived equatiod2) Kexchange= { —[[PP]-
on removal was determined by examining; Pihding in [AZTTP)/([PP] + [AZTTP]D](1/T) In(1 — F)}/[complex],
the presence of different concentrations of the next correctwhereF is the fraction of isotopic equilibrium at timeand
nucleotide (dCTP). Two approaches were used to determine[complex] is the concentration of enzyme-bound DNA (250
the concentration necessary to inhibit ATP-mediated removal nM). A slope of the linear region from the plot of In(i F)
by 50% (IGs): (i) the decrease in primer length measured versusT is a function of the rate of isotope exchange.

directly (as described above) or (i) a “limited rescue” 14 yetermine the mechanism of inhibition of,rRediated
mbethoddolfogy (gescnbed Ee:jovl")' _Comparllscan .of.lthe rattlas removal by the next correct nucleotide, hyperbolic curves
obtained from the two methodologies revealed similar results \y e e fit to the rate of PPRysis removal versus concentration

(data not shown). For limited rescue, 240 TTP was added for the data generated in the absence or presence of

as Iwell_ das varr]yin.gl co_nclentrations c_)f th? next correct increasing concentrations of the next correct nucleotide. A
nucleot de' Ap yls,lo ogica cloncr(]antratmn of ATP (3 'EM) , significant increase in thi¢; or decrease in thi indicated
was used to stimulate removal. The ATP was pretreated with o heitive or noncompetitive mechanisms of inhibition,

pyrophosphatase to ensure that therg was no Contaminatingespectively. Consistency was observed for the mechanism
PR that would complicate interpretation of results. These . jynibition at differing concentrations of the next correct

experiments allowed for the quantitation of dNMP removal ,jeqtide for a specific RT enzyme and chain-terminated
by assessing the elongation of the primer. A distinct oimer template substrates; values were determined by
advantage of the limited rescue methodology over direct gying the data generated in the presence of inhibitor to the
measurement of removal by decreased primer length Washyperbolic binding equation for competitivéonss = (Koo

that the reactions were found to go to completion, allowing [ANTP]/[[ANTP] + Kol + [IJ/K™)]}, noncompetitive

for more precise quantitation. This method also eliminated = dNTPIV/(1 + NIV K"o/(Ky + [dNTP
possible interference from the presence of all four dNTPs Enkf;gij in[(hliqtj)?t[ion {K]isg — [[(me[ldlilnl'l(:’];/(l E_ il 2}1&)(]);

and/or the addition.of a separate polymerase for _elonggtion.[[dNTP] + Ko(1 + [I/ Kom]}. Brackets denote concentra-
The 1G; was obtained by plotting the percent inhibition tion, and [I] equals the concentration of inhibitor at which

versus the concentration of next correct nucleotide and fitting 1, binding curve was determined. Reported errors represent
the data to hyperbolic curves. the deviation of points from the curve fit generated by

Pre-Steady-State Single-Tuwy Incorporation EXperi-  ajeidaGraph or were calculated by standard statistical
mentsRapid chemical quench experiments were performed analysis 43).

as previously described with a KinTek Instruments model

RQF-3 rapid-quench-flow apparatu®4( 36). A pre-steady- RESULTS

state kinetic analysis was used to examine incorporation. The

reactions were carried out by rapidly mixing a solution  Mechanism of Nucleotide Rewad by HIV-1 RT.The first
containing the preincubated complex of 250 nM HIV-1 RT step in understanding AZT resistance is to fully define the
(active site concentration) and 50 nKAl&beled duplex with mechanism of nucleotide incorporation and/or removal by
a solution of 10 mM MgGl and varying concentrations of RT. Previous reports provide information about the forward
the next correct dNTP in the presence of 50 mM Tris-HCI and reverse reactions catalyzed by HIV-1 RB3b,(44—46).
and 50 mM NacCl at pH 7.8 and 3TC (all concentrations  The small changes with respect to incorporation for AZT
represent the final concentration after mixing). Single- resistant RT (RT2TR) (27, 28, 47, 48) further focus attention
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Scheme 1: Models for the Kinetic Mechanism of; Release after ANMP Incorporation by HIV-1 RT

Model 13 Appijysis = Kppi exchange- PPilysis rates are valid

dNTP Chemical PP;

step
[ —_—

! 1 1
RT-p/t ‘7— RTp/tdNTP ——— RT 'P+]/t'PPi —~——— RT']r;r /t'PPi‘T RT'};r /t
N J
dNTP Y PP,
k

pyro

Model 2 kppirysis < Appi exchange: PP; ¢an bind to an activated form of the enzyme just after incorporation
and pyrophosphorolysis rates may represent an irrelevant conformational change.

dNTP Chemical PP;
step
N\ - — v+l vt —_— +1
RT-p/t RTp/A-dNTP = RT'p’ /t'PPi‘T RTp '/t —s—— RTp '/t
; k

ANTP pyre

PP,
Table 2: Phosphorothioate Effect for the Forward versus Reverse A & S HRE AN EEED ¢ P
Reaction and RBsis versus PPExchange by R¥T LB B o 0 R el s
reaction forwardkopsa(s™1) : :
D23+ dCMP 1.7+0.1 | ®AZTTP
D23+ dCMPoS 1.3+ 0.1
reaction reverse initial velocity (nM72)a diidiadii ,
W <~
D24 — dCMP 0.28 3 ! ¥y
D24 — dCMPoS 0.043 i ; ; Wi
reaction Kobsd (S74) 0.2 prprere e 02 prrrrpreer e
PRlysis® 0.010+ 0.002 0 . ]
PR exchange 0.014+ 0.001 s 3
aThe velocity before the rapid attainment of equilibriuni?Rlysis E-u 4 E
and PR exchange reactions were carried out in the presence of 125 = ]
uM PR, 08 E
08 -
on the reverse reaction as a possible means of resistance -1 bbb, RN T P TR e
One aspect of the mechanism of removal that has not beer ~ © 1000 2000 3000 4000 0 100 200 300 400 500
Time (sec)) Time (sec.)

thoroughly addressed is whether a rate-limiting step precedes o
or occurs after pyrophosphate (PRelease after the incor-  FIGURE 1: Determination of the RRxchange rate. (A) Products

; ; : _from a PR exchange reaction in whicR2P-labeled PP was
Egﬂatli?]?e?;gt?ﬁxygggéiosgdgé?:;ﬁmiol)th';ﬂos_?l rizn;SérEOten exchanged into an unlabeled pool of AZTTP during rounds of
y 9 ' 9 p incorporation and removal were separated using thin-layer chro-

template complex in an activated form may allow for more matography. The positions of PRZTTP, and contaminating; P
rapid removal. This faster step could be masked by earlier are labeled. (B) Rate of PExchange for RTT (®) and RP?TR

slower steps in experiments that were done with pre-chain- (O) in the presence of 126M PR. The rates of exchangde()

: . sy . were 0.014+ 0.001 and 0.01% 0.001 s for RTWT and RT4TR,
terminated primertemplates, yielding data irrelevant to the respectively. (C) PRexchange in the presence of 1 mM; PR,

physiologically pertinent removal reaction. equaled 0.073t 0.002 and 0.063t 0.001 s* for RTWT and
A comparison of the rates of pyrophosphorolysis;l{2iz) RTAZTR  respectively.

and PRexchange has proven to be useful in addressing the

mechanism of the reverse reaction for other DNA poly- of PR exchange by R¥" and RT™R were found to be
merases40, 41). To distinguish between the two models, similar (Figure 1A-C). These results further suggest that
the PRysis rate for AZTMP removal was compared to the studies looking directly at the removal reaction from chain-
rate of exchange of?PR with unlabeled AZTTP during terminated primers used throughout this paper were valid.
rounds of both incorporation and removal with D2R245 Large phosphorothioate elemental effects have previously
(primers and templates shown in Table 1). The similarity in been thought to indicate a rate-limiting chemical stéf, (
rates of PRysis and PPexchange (Table 2) suggests that, 49), although results call into question the expected magni-
as for T7 DNA polymerased() and DNA polymerase K1), tude of the rate chang®&(@). Experiments were carried out
the rate-limiting step occurs before RFBlease, suggesting in an effort to examine the effects of a nonbridging sulfur
that model 1 correctly reflects the mechanism followed by atom on single-turnover incorporation andli?§s in the
RTVT. To determine if mutations in RF'R caused any presence of dCT®#S and dCMRS-terminated primer,
changes in the rate of M&sis or PR exchange, similar  respectively. An excess of enzyme and high concentrations
experiments were carried out with the mutant enzyme. Ratesof both enzyme and primettemplate were used to limit the
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Table 3: Kinetic Parameters for AZTMP Removal during Various Stages of Replication

primer—template substrate protein Krem (5732 Kg(mM) efficiency Konys (S71)¢
DNA—-DNA PR WT 0.15+ 0.02 0.97+ 0.36 0.15 0.017
AZTR 0.224+0.03 4.2+ 1.2 0.052 0.0064
ATP WT 0.00056+ 0.00004 0.870.23 0.00064 0.00043
AZTR 0.0028+ 0.0002 0.32:0.10 0.0088 0.0025
DNA—RNA PR WT 0.098+ 0.006 1.8+ 0.3 0.054 0.0064
AZTR 0.014+ 0.001 0.21+ 0.04 0.067 0.0052
ATP WT 0.00017+ 0.00001 —d —d 0.00015
AZTR 0.0022+ 0.0003 1.3t05 0.0017 0.0015
RNA—RNA PR/ATP WT/AZTR no removal observed after 3 h

2 kemis the maximum rate of nucleotide removaEfficiency equalsen/Kq and is expressed in units of'lsmM 1. ¢ ks is the calculated rate
of removal at a physiological concentration of the appropriate substrate(d2, or 3 mM ATP). ¢ The kinetic parameter could not be accurately
determined because of insufficient amplitude.

60 T T T
e 50 B A
5 40 : ° - i
T -

E 30 ]
A
oy 20 s
o™~ L -
e 1o i
o [ gl 110
1] 100 200 300 400 500 0 1000 2000 3000 4000 5000 6000
Time (s) Time ()
o7 T T T T T T L o e e LA B B B

0.0025
0.002
0.0015

T oo01

_| o.oo0s

3 4 5 6 7 0 1 2 3 4 5 & 7
[PP)(mM) (ATP] (mM)

FiGUrRE 2: Removal of AZTMP from the DNA'DNA primer—template by RW¥T and RP4TR, (A) Family of curves for the removal of
AZTMP by RTA?TR and 0.125@), 0.5 ), 1 (»), 2.5 (x), and 6 mM PP(+). (B) Family of curves for the removal of AZTMP by RFTR
by 0.1 ©), 0.25 @), 1 (»), 2.5 (x), and 6 mM ATP ). (C) Dependence of the first-order rate const&pis for AZTMP removal on
PR concentration for RT" (®) and RT*4™R (O). Data fit to hyperbolic curves giving maximum rates of remowal.j of 0.154 0.02 and
0.224 0.03 s and dissociation constant&d) of 0.974 0.36 and 4.2 1.2 mM for RT"T and RP4TR, respectively. (D) Dependence of
kobsafor AZTMP removal on ATP concentration for RT (@) and RP4™R (O). kem Values were 0.0005& 0.00004 and 0.002& 0.0002

s 1 andKq values 0.87+ 0.23 and 0.32+ 0.10 mM for RTVT and RT4TR, respectively.

possibility of large phosphorothioate binding effects observed RTVT (Figure 2B,D). During both RPand ATP-mediated
with other polymerases, further confounding mechanistic removal, no AZTMP excision was observed from an RNA
conclusions 41). Phosphorothioate effects of 1.3- and 6.5- RNA primer—template.
fold were observed during incorporation and removal, AZT resistant RT mutations can be selected by, and are
respectively (Table 2). These data tentatively suggest dif- cross resistant to, D4T5(). To understand the kinetics of
ferences in the rate-limiting steps for catalysis in the forward D4ATMP removal by RT?™R, similar removal studies were
and reverse direction. carried out with PPor ATP and a DNA-DNA primer—
Equilibrium Binding Constant (§ and Maximum Rate  template (Table 4). Only small differences in the kinetic data
of Remeal (kem) for PP- and ATP-Mediated Rernal by were noted between DATMP and AZTMP removal. Both had
RTVTand RTP4™Rduring Different Stages of HIV-1 Replica- similar efficiencies of removal and predicted physiological
tion. The PRand ATP concentration dependence on the rate removal rateskny, suggesting that, in the absence of other
of removal of a terminal AZTMP from different RNA and factors, they are similarly removed by resistant virus®RT
DNA primer—template substrates was determined fo™RT  once again had kinetic values similar to those ofRdiuring
and RP4™R in an effort to further understand the mechanistic PRlysis but was 1 order of magnitude more efficient during
consequences of D67N, K70R, T215Y, and K219Q muta- ATP-mediated removal. For both DATMP and AZTMP
tions within the AZT resistant quadruple mutant on removal removal, thekyhys (rate constant for removal determined at
(Table 3 and Figure 2). The kinetic data show that'\RT physiological concentrations of P& ATP) values of PP
is slightly impaired during DNA- and RNA-directed PP lysis were greater than the rate of ATP-mediated removal
mediated removal compared to BT(Figure 2A,C). Con-  for either R™T or RTA?TR,
versely, during ATP-mediated removal from both DNA Physiological Role for ATP-Mediated Renab. (i) The
DNA and DNA—RNA primer—templates, an as much as 10- observation that ATP-mediated removal is catalyzed bYRT
fold increase in rate led R¥™R to be more efficient than  (29) and (i) inhibition of blunt-ended addition by P& ATP
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Table 4: Parameters for DATMP Removal by ATP- angRBdiated Removal

primer—template substrate RT Krem (5792 Kg (MM) efficiency Konys (S71)¢
DNA—DNA PR WT 0.17+ 0.02 1.4+ 04 0.12 0.014
AZTR 0.23+0.03 1.3+ 04 0.18 0.020
ATP WT 0.00025+ 0.00001 0.16t 0.07 0.0016 0.00024
AZTR 0.00304+ 0.0003 0.43+ 0.15 0.0070 0.0026

2 kemis the maximum rate of nucleotide removaEfficiency equalder/Kq and is expressed in units of'smM2. ¢ kynysis the rate of removal
at a physiological concentration of the appropriate substrate 4M2%R or 3 mM ATP).

Table 5: Inhibition by the Next Correct Nucleotide (dCTP) on-RP ATP-Mediated Removal

PR ATP
Kinon Kicom |C50phys |C5d3hys
D22-dNMP-D45 RT (uM)? (uM)® (uM)ed uM)®
D4TMP WT - 8.2+ 0.72 8.8 7.2:0.8
AZTR 39+ 16 36+ 12 17 99+1.8
AZTMP WT 1130+ 165 — 1200 >500 (18+ 19)
AZTR 522+ 244 - 520 >500 (39+ 1°)

aK; for noncompetitive inhibition? K; for competitive inhibition.¢ Concentration necessary to inhibit removal 50% at AR5 PP, or 3 mM
ATP. 9 Calculated® Determined with D19-AZTMP-D36 primer-template and dGTP as the next correct nucleotide.

have led to the hypothesis that ATP-mediated removal may
have a physiological roléb@). As a first step in elucidating

this role, experiments were designed to determine the effects 02
of PR and ATP on several different model systems of

0.25

<, 015
aberrant replication, to provide a quantitative assessment of VE o
the catalytic activities. The effect on either blunt-ended =
addition or removal from the'alunt end or 3-overhang 0.05
sides of the D24D22 primer-template was studied in the 0 &
presence and absence ofiBPATP. No effect with either
PR or ATP was observed on the slow process of blunt-ended
addition (approximately 10% product formation after 3 h), 014
and neither PPor ATP was able to remove the product of 0.12

0.1
v, 0.08
Eoos
0.04
0.02

blunt-ended addition (data not shown). Studies with the
D30C—-D45R primer-template showed physiological con-
centrations of PRr ATP to be unable to remove a mismatch.
Direct examination of misincorporation in the presence of
PR or ATP was complicated by the comparable rates ¢f PP
lysis and misincorporation. To avoid the shortening of the
primer during the process of misincorporation, a primer (PP J(mM)
gﬂ)ﬂ?tel?ﬁghm?smésorrﬁéfgtiitn tgﬁjrfrx\g;;;ﬁdw(ig]% i/n d Ficure 3: Inhibition by the next correct nucleotide on AZTMP
: ! ' : and D4TMP PPRmediated removal by R¥TR, (A) Determination

to be unaffected by physiological concentrations of ATP or of the inhibition constantk;) for the next correct nucleotide on
PR. PR was also found to have no effect on correct single- DATMP removal. Hyperbolic curves were generated for the rate

nucleotide incorporation of a natural dNTP at physiological dependenc$0c:) ?%T(g;’ feg‘gga:vl%ncﬁgb(xe?ﬂaﬁon in the
: presence o , , an u . e curves are
concentrations (data not shown). consistent with mixed inhibition with a noncompetitive inhibition

Inhibition by the Next Correct Nucleotide on Remb  constantk of 39-+ 164M and a competitive inhibition constant
Previous work has shown that the next correct nucleotide (Kcom) of 36 & 12 M. (B) Determination oK; for the next correct
can inhibit ATP-mediated chain terminator remo&2,(53). nucleotide on AZTMP removal. Hyperbolic curves were generated

Furthermore, it has been suggested that a decreased level dpr the rate dependence of AZTMP removal on Béhcentration
next nucleotide inhibition of AZTMP rem(_)val rel_ative to :jnct{_lg gfs(ggli/engggoqr)ﬁple?it(isg’ir?r?ib(ﬁi)c;nl\?vgs%)étggtdeio%e’g"
DATMP removal may account for AZT having a dispropor- \yas equal to 522= 244 uM.

tionately greater decrease in activity than D4T when tested

in cell culture with AZT resistant virus 5—55). To to be competitively inhibited by the next correct nucleotide
determine the effect of AZT resistance mutations on the while RT"?"R showed data consistent with mixed inhibition
magnitude and nature of inhibition by the next correct (Figure 3A). Unlike during DATMP removal, both RT and
nucleotide during the pyrophosphorolytic removal of AZTMP RTA?TR showed noncompetitive inhibition by the next correct
and DATMP, binding curves for PRere determined in the  nucleotide during AZTMP removal, and inhibitory concen-
presence of varying concentrations of the next correct trations were found to be in great excess over expected
nucleotide (Figure 3). Differences in competitive and non- cellular dNTP concentrations (Figure 3B). In studies compar-
competitive inhibition by the next correct nucleotide were ing ATP-mediated dNMP removal by R3™R with D22-
noted between DATMP and AZTMP as well as'RTand DATMP—DA45 and D22-AZTMP-D45 primer-template, it
RTA4TR (Table 5). During DATMP removal, RT was found was observed that at low concentrations of the next correct
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Ficure 4: Inhibition by the next correct nucleotide on AZTMP
and D4TMP ATP-mediated (3 mM) removal by RTand RT?TR,

(A) Comparison of the rates of dNMP removal from the D22-
AZTMP—D45 (filled bars) or D22-D4TMP-D45 substrate (empty
bars) by RT4TR at different concentrations of the next correct
nucleotide (dCTP). (B) Percent inhibition of the next correct
nucleotide on ATP-mediated AZTMP removal from the D19-
AZTMP—-D36 substrate by RYT (¢) and RP4R (@). The
hyperbolic fits gave 16 values of 18+ 1 and 39+ 1 uM for
RTWT and RP?TR, respectively.

0

nucleotide DATMP was removed more rapidly than AZTMP
by RTA?™R (1.5-fold faster at uM dCTP). Conversely, at
higher next nucleotide concentrations, the rate of AZTMP
removal by RT4™R surpassed that of D4ATMP (2.6- and 3.6-
fold greater at 25 and 100M dCTP, respectively; Figure
4A). These data illustrate the decreased sensitivity of an
AZTMP-terminated primer relative to the D4TMP-terminated
primer with respect to inhibition by the next correct nucle-
otide during PR and ATP-mediated removal by RT and
RTAZTR_

A comparison between RT and RT¥™R showed that
RTWT was slightly more sensitive to the next correct
nucleotide than R?™R during both PR and ATP-mediated
D4TMP removal (Table 5). During AZTMP removal, neither
RTVT nor RT4"R was inhibited by the next correct nucleotide
at concentrations of<500 uM when using the D22-
AZTMP—D45 primer-template. Interestingly, as dCTP

Biochemistry, Vol. 42, No. 29, 2008837

Table 6: Initial Velocity for the Removal of Cytidine Analogues
from a D23-D45 Primer-Template by RT™™® and PRor ATP

initial velocity (nM/sy

chain terminator PP ATPP
AZTMP 0.22 0.036
D4TMP 0.52 0.039
ddCMP 0.054 0.002
D4CMP 0.20 0.015
3TCMP 0.032 0.0004

aThe velocity before the rapid attainment of equilibriuhPRlysis
reactions were carried out in the presence of AR5 PR and ATP
removal reactions in the presence of 3 mM ATP, except for ATP
removal of AZTMP and DATMP which were carried out at 2.5 and 2
mM ATP, respectively.

D24 mer (nM)

0 500 1000 1500

Time (sec.)

2000

D24 mer (nM)

25 L .
0 2000 4000 6000 8000 110*1.210%
Time (sec.)

FIGUrRe 5: Structure-activity relationship for the removal of
cytidine analogues. Removal studies were carried out with aD23
D45 primer-template where the'@erminal nucleotide was either
ddCMP (v), DACMP @), or 3STCMP (). (A) Removal by RT#TR

in the presence of 126M PR. The initial velocities of nucleotide
removal were 0.054, 0.20, and 0.032 nMjsrespectively. (B)
Removal by RTZ™R in the presence of 3 mM ATP. The initial
velocities of nucleotide removal were 0.002, 0.015, and 0.0004 nM/
s1, respectively.

resistance. A considerable effort has been made to obtain a
detailed structureactivity relationship for the incorporation
of cytidine analogues by both RT (35, 56, 57) and RT184V
(57, 58). Here we studied the rate of removal of three

concentrations were increased, an enhancement in the ratstructurally diverse cytidine analogues by R and

of AZTMP ATP-mediated removal was observed, perhaps
demonstrating dCTP’s ability at high concentrations to
catalyze the removal reaction (Figure 4/A9|. Thus, to
assess if there is a difference in the sensitivity to inhibition
by the next correct nucleotide between'RTand RTP?TR

for ATP-mediated removal of a chain-terminating AZTMP,

physiological concentrations of P& ATP. To avoid error

in comparisons due to the differential establishment of
equilibrium, removal is represented by the initial velocity
derived from a line tangent to the initial phase of the
exponential decay curve. DACMP was found to have initial
velocities of removal similar to those found with AZTMP

a different sequence context was used. During removal fromand D4ATMP (Table 6). All compounds that were studied for

an HIV genomically derived D19-AZTMPD36 primer-
template, RT™R was found to be 2-fold less sensitive to
the next correct nucleotide (dGTP) than ¥RT(Figure 4B).
Structure-Activity Relationships Based on Renab of
Cytidine AnaloguesThe association of TAMs with multidrug

removal showed 727-fold faster rates of R¥nediated than
ATP-mediated removal with RF™R, except 3TC where RP
mediated removal was 80-fold faster than ATP-mediated
removal. The order of effectiveness for removal of cytidine
analogues was found to be as follows: D4CMRIACMP

resistance makes it evident that an understanding of how> 3TCMP (Figure 5).

nucleotide structural features interact with42™R is critical

Efficiency of TMP and AZTMP Incorporation by ®Tand

for the creation of new drugs that are less susceptible to RT"*"Rduring the Initiation of HIV Reerse Transcription.
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Table 7: Kinetic Constants for Binding and Incorporation of TTP
or AZTTP with a Synthetic tRNAYS—R36 Primer-Template and
RTWT or RTA?TR

RT nucleotide koo (s1)  Kg (uM) efficiency?  selectivity?

WT TTP 0.46+ 0.02 84+ 13 0.0055+ 0.0009 3.4+ 0.7
AZTTP 0.27+0.01 170+ 20 0.0015+ 0.0002

AZTR TTP 0.64+ 0.06 130430 0.0049+ 0.0013 4.9-1.4
AZTTP 0.244+0.01 240+ 20 0.00104+ 0.0001

2 Efficiency equalks,o/Kq and is expressed imnsuM 1. P Selectivity
= efficiency ™/efficiency*?T™.
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0.4 ¥
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0.2k 4
01 L 4

D—1 v
0 100 200 300 400 500 60O

[TTPI{pM)
0.25 — T T T T 1
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Ficure 6: Dependence of the first-order rate constdggsf for
incorporation into a synthetic tRN&s—R36 primer-template on
TTP (A) or AZTTP (B) concentration for RY" (@) and RP4TR

Ray et al.

experiments revealed data that were very similar to those
found with the R18-mer primer used previousI27),
suggesting that the rest of the tRNA sequence does not
enhance selectivity between TTP and AZTTP in the presence
of synthetic tRNAYS,

DISCUSSION

Mechanism of Remal of Nucleotides by RAT and
RT*™R The comparison of RRsis and PPexchange for
RTWT and RT?™R suggests that HIV-1 RT, like other DNA
polymerases, has a rate-limiting step for the reverse reaction
that occurs after RPbinding. The lack of a difference
between RYT and RT4™R in PRlysis and PPexchange
suggests that TAMs do not have any marked effect on the
rate or the mechanism of the reverse reaction whensPP
responsible for the removal of the terminal dNMP. Studies
were also carried out to further identify the rate-limiting step
of the reaction through experiments using a nucleotide in
which one of then-phosphate oxygens is substituted with a
sulfur. A much larger phosphorothioate effect was noted
during removal in comparison to incorporation [where it is
believed that a rate-limiting step precedes chemisg)](
suggesting that chemistry is rate-limiting during removal.
However, the elemental effect has been illustrated as an
unreliable indicator of rate-limiting chemistry by the mea-
surement of a smaller elemental effect for a reaction closely
related to polymerization 50). Issues surrounding the
elemental effect have been discussed at length in other papers
(59, 60). In light of these arguments, it can only be suggested
that the rate-limiting step in the reverse reaction is the
chemical step, and in Scheme 1 (model 1), the rate-limiting
step koyro) is l00sely defined as either the chemical step or

(O). The observed rates of dNMP incorporation into the model
initiation complex were plotted against the concentration of ANTP
and fit to hyperbolic equations. The fit showed that TMP was

a preceding conformation change which includes the RT
primer—templatePR complex. From the slow relative rate

incorporated with maximum ratek,() of 0.46+ 0.02 and 0.64t
0.06 st and binding constant¥() of 84 + 13 and 130+ 30 uM
for RTWT and RT?TR, respectively. AZTMP haé, values of 0.27
4+ 0.01 and 0.24t 0.01 st andKy values of 170+ 20 and 240+
20 uM for RTWT and RP?TR, respectively.

Slight changes in the incorporation efficiency for ®Tand

of removal in comparison to the rate of primgemplate
release, it can also be inferred that the rate of primer
template release and reassociation may also play a critical
role in dictating the maximum rate of removal. These
parameters have been found to be affected by TAMs and a
chain-terminating AZTMP&1), and changes in the dissocia-

RTA2™R during RNA-directed processes have been observedtion rate of chain-terminated primetemplates from RT have

in previous work by our laboraton2{, 28). Incorporation

been suggested as a mechanism for enhancing removal by

studies with a model 18-mer RNA primer representing the mutants resistant to abacavg9j.

priming sequence from tRN&s and a 36-mer RNA template Comparison of Remal Kinetics for AZTMP and D4TMP
containing the primer binding site found that low-level by RT™T and RP4™R Using either PR or ATP-Mediated
selectivity against AZTMP incorporation was conferred by Remaal during Different Stages of Viral Replicatiokinetic

AZT resistance mutations. This finding led to the hypothesis constants for the removal of AZTMP and D4TMP were
that increased selectivity on the part of HIV-1 TR during found to be very similar. For both analogues, the maximum
initiation may play a part in AZT resistancg®). To further rate of PRysis (kem) and the physiologically expected rate
test this hypothesis, pre-steady-state single-turnover experi-of removal kny9 Were always faster than the corresponding
ments were used to compare the incorporation of TMP with rates of ATP-mediated removal, independent of the protein
AZTMP by RTVT and RP4'R into a model initiation system  that was used. However, the rate oflists was not increased
that included a synthetic tRN®® primer and an R36 by TAMs, while the rate of ATP-dependent removal was
template. The observed rates from single-turnover experi- enhanced as much as 10-fold. On the basis of the observed
ments were plotted against ANTP concentration to determinebiochemical differences of the removal reaction between
the maximum rate of incorporatiokyf) and binding constant ~ RTWT and RTP4'R, it may be suggested that ATP is the
for productive complex formatiorg), and these values were  relevant mediator of resistance. It was notable, however, that
used to calculate the efficiency of incorporation in the with RTWT under estimated physiological concentrations of
presence of either TTP or AZTTP (Table 7 and Figure 6). PR (125uM) or ATP (3 mM), PRlysis occurs at a rate 40-
Only slight differences were recognized betweertRand to 60-fold faster than the rate of ATP-mediated removal for
RTAZTR but consistent with previous results, AZTMP was AZTMP and D4TMP removal (calculated from values
less efficiently incorporated by RF'R than by RTT. These presented in Tables 3 and 4). This difference was only
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reduced for RT?™R where PRysis was on average 5-fold  most likely by causing RT to translocate to a position one
faster than ATP-mediated removal of AZTMP and DATMP nucleotide past the chain terminator, no longer allowing for
(taking into account the values for cytidine analogues cleavage of the newly formed phosphodiester bobg). (
presented in Table 6, we determine the average is 20-fold). Consistent with previous dat®&4), AZTMP was found to
Results showing that the AZT resistant virus is more sensitive be 50-fold less sensitive to inhibition by the next correct
to foscarnet 23, 62), a PR analogue, would also be nucleotide than DATMP during both pyrophosphorolysis and
seemingly unexplained without the involvement of; RP ATP-mediated removal by either RT or RT*?™R (Table 5
the resistance mechanism. In light of the faster rate ¢f PP and Figure 4A). These results illustrate RT’s sensitivity to
lysis and the enhanced sensitivity of the resistant virus to nucleotide analogue structural features during removal
foscarnet, it is reasonable to believe that both removal (discussed further below).
substrates are responsible for resistance and perhaps other Decreased sensitivity to the next correct nucleotide may
biochemical properties mediate RBRole in AZT resistance.  also serve as a mechanism for increasing resistance of RT
Most of the research that has been done to date has focusechutants by allowing them to more efficiently remove chain
on the effects of TAMs on removal of nucleotides from a terminators in a cellular environment where the next deoxy-
DNA—DNA primer—template. However, removal during nucleotide is present. Residues 215 and 219 have been
RNA-directed incorporation would be critical in resistance implicated in altering the interaction with the incoming
caused by TAMs. Comparison of the efficiencies of removal nucleotide through biochemicab¥), molecular modeling
of AZTMP from a DNA—DNA, DNA—RNA, and RNA- (65), and crystallographics, 67) findings. Data presented
RNA primer—template shows that removal is less efficient here show changes in the interaction ofRT® with the chain
during RNA-directed processes, and no analogue removalterminator as well as the incoming next correct nucleotide
was observed from our model RNA19-AZTMR36 initia- during removal. The decreased level of inhibition of the next
tion system. These results are consistent with the lack of correct nucleotide on Rfhediated removal of DATMP by
removal observed with a tRN¥® chain-terminated primer ~ RTA?™R may illustrate how, in the absence of large changes
by others 63) and illustrates that AZT resistant virus may in rate or binding of PP PRlysis may play a role in
be more sensitive to chain termination during the RNA- resistance. Although sequence-dependent differences were
directed process, especially initiation. apparent, decreased sensitivity due to mutations present in
A Physiological Role for ATP-Dependent Rewladuring RTA™R during ATP-mediated removal of D4TMP and
Normal Viral Replication?t is unclear whether ATP may  AZTMP were also obtained. These data are consistent with
influence RT fidelity either by decreasing the extent of results showing a decreased level of inhibition by the next
aberrant incorporation or removing its products. It has been correct nucleotide during ATP-mediated removal of AZTMP
suggested that ATP-dependent removal may play a role inand ddAMP in response to TAMs by others3]. Taken
limiting blunt-ended addition52). The slow rate of blunt-  together, these results suggest that a decreased level of
ended addition, however, raises doubt about its physiologicalinhibition by the next correct nucleotide may allow mutant
relevance. Results presented in this paper also show ATP toRT to utilize the more rapid process ofRRediated removal
be unable to directly affect blunt-ended addition or remove to enhance resistance as well as minimize inhibition of ATP-
a 3-overhang. An alternative explanation for the results mediated removal in a cellular environment.
observed previously is that a decreased level of blunt-ended Structure-Activity Relationships for the Remal of
addition was due to an inhibition of processive synthesis Cytidine AnaloguesThe removal of structurally distinct
caused by PPor high concentrations of ATP. This would cytidine analogues showed that like DATMP chain-terminated
also be consistent with an overall inhibition of multiple primers, DACMP chain-terminated primers are also prone
incorporations observed by others in the presence pbPP  to efficient removal by R#R with either PRPor ATP. From
ATP (64). these results, a structurectivity relationship begins to
TAMs Play a Critical Role in the Optimal Alignment of a emerge for ribose ring modifications which are more prone
Chain-Terminated PrimerTemplate and ATP Rather than to RT*?™® removal. Kinetic assays have shown the planar
Increasing the Extent of ATP Bindindhe kinetic data  unsaturated analogues DATMP, DACMP, and CBVMP are
summarized in Table 3 illustrate that TAMs cause the greatestsubject to efficient removal. In a recent report, we have
effect on the rate of removal, suggesting that ATP is more hypothesized that the correlation between abacavir resistance
effectively positioned for catalytic attack of the terminating and TAMs may be due to CBVMP forming strong hydro-
dNMP. An early report suggested that the mutations at phobic interactions in the active site, causing it to remain in
positions 67 and 70 are important in dictating the enhanceda position competent for removad9). Both DATMP and
rate of ATP-mediated removalb8), and perhaps these D4CMP may also form strong—s stacking interactions
residues are responsible for positioning ATP and the chain-with Tyr115 and be more likely to occupy the RT active
terminated primertemplate for effective removal. Our data site in a favorable position for removal to take place.
are not consistent with the hypothesis that ATP is bound AZTMP, however, does not have the same potential for
more tightly by RT?™R (52). During DNA—DNA removal hydrophobic interactions within the active site, but its large
of AZTMP, RTA2TR only bound 2.7-fold tighter to ATP than  azido group may allow for many electrostatic and hydrogen
RTWT (Table 3), while during DATMP removal, 2.7-fold  bonding contacts within theBiydroxyl pocket of the active
weaker binding was observed (Table 4), showing no con- site. These could act to improve positioning for the removal
sistent trend. reaction as well as anchor AZTMP in the active site,
Effects of TAMs on the Inhibition of Repab by the Next disfavoring translocation and inhibition by the next correct
Correct Nucleotidelt has been shown that the next correct nucleotide. The potential for these interactions is evident in
incoming nucleotide can inhibit chain terminator removal the recently reported crystal structure of RT with AZTMP
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in the nucleotide binding site68). It has also been 3.
hypothesized that the azido group sterically hinders the next
incoming nucleotide52) and this and/or tight binding may
cause AZTMP chain-terminated primers to be superior
substrates for removal and less sensitive to inhibition by the
next incoming dNTP.

Increased Seleatity by RP*?"™Rduring Incorporation into
a Model Initiation SystemSimilar to previous studies on
RNA-dependent incorporation, a slight increase in selectivity
was seen for RF™R in our model initiation systen?2(, 28).
The similarities between the kinetic constants determined
with the full tRNAsYS sequence and those determined with
an 18-mer RNA 27) suggest that interactions with the
additional nucleotide sequence do not play a role in
resistance. It is possible that other factors present in the
initiation complex, including modified nucleotides present
in natural tRNA"S, the virally encoded nucleocapsid protein
(69—71), or the phosphorylated state of RT2j, may
modulate AZT resistance. Further in-depth studies may yield
interesting information about the initiation process and its
potential role in NRTI resistance. Data showing the inef-
ficient removal of chain terminators during RNA-directed
processes illustrate the potential importance of even slight
selectivity advantages in allowing resistant virus to replicate
in the presence of nucleotide analogues.

11.

12.

13.

14.
15.

16.

17.

CONCLUSIONS

Our studies have shown that AZT resistance mutations
cause a more effective positioning of substrates for the
catalysis of ATP-mediated removal. It was also found that a
decreased level of interactions with the next correct nucle-
otide during DATMP removal by RFR may illustrate how
PR can play a role in resistance despite no marked increase 24.
in the pyrophosphorylitic rate of removal. Decreased sensi- 25.
tivity to the next correct nucleotide was also shown to serve 2
as a potential mechanism for an increased level of ATP-
mediated removal. Because of RT's weakened ability to 27.
remove nucleotide analogues during RNA-directed processes,
the slight differences in selectivity noted during AZTMP
incorporation might be an important factor in enhancing 29
resistance. Indeed, our data illustrate that increased selectiv-
ity, PRlysis, and ATP-mediated removal may all contribute 30
to the overall magnitude of resistance observed in a cellular 5,
system. An initial structureactivity relationship suggests
that nucleotide analogues with the potential to form strong 32.
interactions with the RT active site may be more prone to
resistance both by being better substrates for the removal
reaction and perhaps by having their removal less inhibited
by the next correct incoming nucleotide. A deeper under- 34.
standing of the effects of nucleotide features on removal may
allow for the rational design of new and more effective agents 34’
against resistant HIV.

33

37.
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