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ABSTRACT. We have solved the complete kinetic mechanism for correct nucleotide incorporation catalyzed
by the RNA-dependent RNA polymerase from poliovirusP3Drhe phosphoryl-transfer step is flanked

by two isomerization steps. The first conformational change may be related to reorientation of the
triphosphate moiety of the bound nucleotide, and the second conformational change may be translocation
of the enzyme into position for the next round of nucleotide incorporation. The observed rate constant for
nucleotide incorporation by 3P (86 s 1) is dictated by the rate constants for both the first conformational
change (300%) and phosphoryl transfer (520%3. Changes in the stability of the “activated” ternary
complex correlate best with changes in the observed rate constant for incorporation resulting from
modification of the nucleotide. With the exception of UTP, kg values for nucleotides are at least
10-fold lower than the cellular concentration of the corresponding nucleotide. Our data predict that transition
mutations should occur at a frequency of 1/15000, transversion mutations should occur at a frequency of
less than 1/150000, and incorporation of'ad2oxyribonucleotide with a correct base should occur at a
frequency 1/7500. Together, these data support the conclusion tRatiSRctually as faithful as an
exonuclease-deficient, replicative DNA polymerase. We discuss the implications of this work on the
development of RNA-dependent RNA polymerase inhibitors for use as antiviral agents.

One positive aspect of the human immunodeficiency virus this enzyme 1, 4—7) and has benefited from structural
(HIV)! pandemic was the realization that, given the ap- information available for HIV RT in the absence and
propriate effort, antiviral agents targeting enzymes required presence of substrates and/or inhibito8s-14). Kinetic
for virus multiplication can be developed. The first HIV- analysis of site-directed mutants of HIV RT has established
encoded enzyme that emerged as a tractable target was theome of the fundamental mechanisms employed by this
viral polymerase, reverse transcriptase (RT)-8). While enzyme to recognize its substrates, both nucleic acid and
most of the inhibitors of HIV RT currently in use are nucleotide, and to cooperate with other viral proteins during
nucleoside analogueg,(4), many nonnucleoside analogue the process of converting the viral single-stranded RNA
inhibitors of HIV RT have also been reporteti @). In all genome into double-stranded DNA @, 15, 16). In addition,
cases, however, an understanding of the specificity and/ormechanistic studies of HIV RT have suggested alternative
precise mechanism of action of these inhibitors has requiredstrategies to target regions of this enzyme distinct from the
evaluation of these compounds in the context of the completecatalytic center for the design of more specific, less toxic
kinetic mechanism for nucleotide incorporation catalyzed by anti-HIV therapeutics {7—22).

Given the success of the antiviral programs targeting HIV
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Knowledge of the mechanistic differences that exist between of primer/template and 31, along with any deviations from
the viral RARP and cellular polymerases should assist in thethe above, are indicated in the appropriate figure legend.
design of specific inhibitors of the viral enzyme. Rapid Chemical-Quench-Flow ExperimerRapid mixing/
The RdRP that we have chosen to study first is the enzymequenching experiments were performed by using a Model
from poliovirus, 30°. This enzyme can be produced in RQF-3 chemical-quench-flow apparatus (KinTek Corp.,
milligram quantities 24), its crystal structure is available Austin, TX). Experiments were performed at 3D by using
(25), and we have constructed structural models for its @ circulating water bath. 3B—sym/sub complexes were
complexes with primer/template and nucleoti@é)( More- assembled by mixing 3@ and sym/sub for 3 min at room
over, we recently solved the primary problem that has temperature and then rapidly mixed with the nucleotide
precluded mechanistic studies of BDnamely, the inability substrate. After mixing, reactant concentrations were reduced
to assemble 3®'—primer/template complexes and to monitor by 50%. Reactions were quenched either by addition of
enzyme activity by extension of end-labeled primet8)( EDTA to a final concentration of 0.3 M or by addition of
In this report, we describe the complete kinetic mechanism HCI to a final concentration of 1 M. Immediately after the
for single nucleotide incorporation catalyzed by poliovirus addition of HCI, the solution was neutralized by addition of
polymerase in the presence of Kg This study has 1 M KOH and 300 mM Tris (final concentration).
uncovered several mechanistic differences between the Product Analysis Denaturing PAGEAN equal volume
RdRP, RT, and cellular DNA polymerases that can be of Ioading buffer (90% formamide, 0.025% bromophenol
exploited in developing the RARP as a target for antiviral blue, and 0.025% xylene cyanol) was added tL®f the

therapeutics. guenched reaction mixtures and heated to°COfor 2—5
min prior to loading 5«L on a denaturing 23% polyacryl-
EXPERIMENTAL PROCEDURES amide gel containing:t TBE and 7 M urea. Electrophoresis

) - ) ~was performed in ¥ TBE at 90 W. Gels were visualized
l\élzaterlals [y-*P]ATP (>7OO%ZC|/mmoI) was from ICN; by ysing a phosphorimager and quantified by using the
[o- PZ]ATP (3000 Ci/mmol), §-**P]JATP (3000 Ci/mmol),  |mageqQuant software (Molecular Dynamics).
and P?P]PR (6.4 Ci/mmol) were from New En.gla'nd Nuclear, Data AnalysisData were fit by nonlinear regression using
nucleoside 5triphosphates, 'Zdeoxynucleoside '&riphos- the program KaleidaGraph (Synergy Software, Reading, PA).

phates (all nucleotides were ultrapure solutions), and ad-Time courses at fixed nucleotide concentration were fit to
enosine 50-(1-thiotriphosphate) (AT&S) were from Am-

ersham Pharmacia Biotech, Inc.;-deoxyadenosine '5 [product]= Ae *¢ + C (1)
triphosphate (cordycepin) was from Sigma; 2-aminopurine
5'-triphosphate (2-APTP) was generously provided by Larry whereA is the amplitude of the bursk,s is the observed
C. Sowers (Department of Biochemistry and Microbiology, first-order rate constant describing the butss the time,
School of Medicine, Loma Linda University, Loma Linda, andC is a constant. The apparent binding const&atafp
CA); all RNA oligonucleotides were from Dharmacon and maximal rate constant for nucleotide incorporatlgg)(
Research, Inc. (Boulder, CO); T4 polynucleotide kinase was were determined using the equation:
from New England Biolabs, Inc.; poly(ethylenimine)
cellulose TLC plates were from EM Science; sodium _ kyINTP]
pyrophosphate was from American Bioanalytical; lithium Kobs = Kq app+ [NTP]
chloride, sodium acetate, and urea were from Fisher; all other ’
reagents were of the highest grade available from Sigma, The pulse-quench data were fit to an equation describing a
Fisher, or VWR. two-step, irreversible process:

Expression and Purification of 3D. Expression and

urification of 3D were performed as described previousl!
?2 4. P P 4 [product]= Al

(2)

—kat —kot
ke ™ —ke ™

1+ S — ) 3)
1 2
Purification, 5-32P Labeling, and Annealing of sym/sub
RNA oligonucleotides were purified, labeled, and annealed whereA is the amplitude of the bursk; is the rate constant

as described previous|y2g). for the first phasek; is the rate constant for the second phase,
3Dro! AssaysReactions contained 50 mM HEPES, pH 7.5, andt is the time. The value for the equilibrium constant
10 mM 2-mercaptoethanol, 5 mM Mg&br MnCl,, 60 uM across the conformational-change step was determined using

ZnCl, nucleotide, sym/sub, and 3® Reactions were the equations7):
performed at 30C. 3D was diluted immediately prior to

use in 50 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, Keporm= kpolAle (4)
60uM ZnCl,, and 20% glycerol. Zi was added to increase Eops— 1

the stability of the enzyme; however, the level of2Zn

employed is insufficient to support nucleotide incorporation. K, = 1 (5)
The volume of enzyme added to any reaction was always A —1

less than or equal to one-tenth the total volume. Reactions

were quenched by addition of EDTA to a final concentration K. — @ 6)
of either 50 mM or 0.3 M or by addition of HCI to a final 2 k_,

concentration of 1 M. Immediately after the addition of HCI,
the solution was neutralized by additioh M KOH and Kenem is the rate constant for the chemical stég, is the
300 mM Tris (final concentration). Specific concentrations maximal rate constant for nucleotide incorporations the
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maximal elemental effectz,ps is the observed elemental A
effect, andk,, and k_, are the forward and reverse rate

constants for the conformational-change step, respectively.

The trueKy value for ATP dissociating from the 3B—sym/

sub—ATP complex was determined using

Kd = Kd,ap;(]- + KZ) (7)

[11-mer RNA] (nM)

. . . . . . . . 0 0.03 006 0.09 0.12
Kinetic Simulation.Kinetic simulations were performed

. . . . . ; Time (sec)
by using KinTekSim Version 2.03 (KinTek Corp., Austin, B 80
TX). All rate constants were determined experimentally,
except where noted. The agreement between the experimental 60 .

data and kinetic simulations was determined by visual
inspection.

40

kabs (S-l)
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RESULTS o
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In this paper, we describe a series of experiments that have [ATP] (uM)
led to the solution of the complete kinetic mechanism for F . o . .

: . . . IGURE 1: Determination oKy appandkye for AMP incorporation
single nucleotide incorporation catal_yze_d by the RNA- .o sym/sub. (A) 2«M 3DP° was incubated with M sym/sub
dependent RNA polymerase from poliovirus, 8DThese (1 uM duplex) and rapidly mixed with either 60, 120, 240, 360,
studies have benefited from the development of a sym- 480, or 600uM ATP (final concentrations) as described under
metrical primerferplate substrate (symisub) of defined Sipernen Frosedues, The ol e eprssen e e
sequence that permlts .the evalugtlon of single and .multlple parameters shown in Table 2 for AMP incorporation into sym/sub
cycles of nucleotide incorporation2§). Our combined  py 3ppol ot ATP concentrations (final) of 608), 120 (), 240
biochemical and biological studies of 8Dhave demon- (W), 360 (0), 480 (a), or 600 () uM. (B) kos @s a function of
strated that 3B"'—sym/sub complexes recapitulate a biologi- %TP cc?%c??sér?gg?egg;atl;nfhdef;ictmgfttr;]% r(;eaat::iti?onz ﬂs;grriggg ivr\]/i t(hA)a
cally relevant elongation complef€). Therefore, it is likel € so
thatyinsight gleanged from aﬁaly?is of the mechanisr)rlw of KaappfOr ATP 0f 1342 18 4M and akeo 0f 86.7:+ 3.7 52,
nucleotide incorporation in vitro is likely to be relevant to
this reaction in vivo. It should be noted that binding of sym/ observed rate constant for AMP incorporation into sym/sub
sub to 30° is slow; however, this initial 3B'—sym/sub was plotted as a function of ATP concentration, and the data
complex isomerizes into a very stable, catalytically competent were fit to a hyperbola (eq 2) which gives an apparent
complex with a half-life of at lea2 h (23). Therefore, in dissociation constank ap) of 134uM for loss of ATP from
the experiments described herein, neither binding nor dis-the 3D°—sym/sub-ATP complex and a maximal rate
sociation of sym/sub is considered. constant of 87 s for AMP incorporation into sym/sub

Assembly of 3B'—sym/sub Complexe$n each experi- (Figure 1B, Table 1). The ability to fit the data to a hyperbola
ment, unless indicated otherwise, theP3Bsym/sub com-  was consistent with the minimal mechanism for nucleotide
plex was formed by mixing ZM 3DP° with 1 «M sym/sub incorporation shown in Scheme 1. Similar observations have
duplex, yielding approximately 0.3ZM complex (see been made for all polymerases that have been evaluated in
Experimental Procedures for details). This value is in this manner§, 27—30).
excellent agreement with that predicted by our previously  Rate-Limiting Steps for Incorporation of AMP into sym/
published mechanism for 3B—sym/sub complex assembly  suh With the DNA polymerases and reverse transcriptases,
(23). The inability to bind all of the sym/sub in the mixture the rate-limiting step for nucleotide incorporation is a
is due to thermal inactivation of 3B during the assembly  conformational change of the polymeraggimer/template-
process Z3). The amount of complex employed in each nucleotide complex?7, 28, 31). Evidence for a rate-limiting,
reaction is reduced by a factor of 2 relative to that assembledconformational-change step can be obtained by determining
as a result of dilution upon addition of the nucleotide whether a nucleotide substrate containing a phosphorothioate
substrate(s). at thea position gives rise to a change in the observed rate

3Dro-Catalyzed Incorporation of AMP into sym/sulye constant for nucleotide incorporation. For this experiment,
first evaluated the dependence of the rate of AMP incorpora- we employed a pure solution of ti isomer of ATRxS.
tion into sym/sub on the concentration of ATP. In each Comparison of the kinetics of AMP incorporation into sym/
experiment, the 3B'—-sym/sub complex was rapidly mixed sub to that of AMR.S incorporation showed an elemental
with ATP (60-600uM final) and the reaction quenched at effect of 3.8 (Figure 2). Evaluation of the concentration
various times (5100 ms) by addition of EDTA (0.3 M dependence of AM&S incorporation into sym/sub showed
final). Product was resolved from substrate by electrophoresisthat the reduction in the observed incorporation rate was not
through a denaturing polyacrylamide gel, visualized by due to a change in the apparent dissociation constant for
phosphorimaging, and quantified by using the ImageQuant ATPaS relative to ATP (Table 1) and revealed that the
software (Molecular Dynamics). Product was plotted as a maximal elemental effect was 4.2.
function of time, and the data (Figure 1A) were fitto asingle  If phosphoryl transfer is the rate-limiting step, then an
exponential (eq 1) in order to determine the observed rate elemental effect between 4 and 11 should be obseR@8d (
constant K.p9 for AMP incorporation into sym/sub at each Because the value of 4.2 determined above is so close to
concentration of ATP employed (data not shown). The the lower end of the theoretical limit, it was necessary to
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Table 1: Kinetic Constants for 38-Catalyzed Nucleotide
Incorporatiod

Biochemistry, Vol. 43, No. 18, 20046129

A Pulse-s Zuench

3DP°sym/sub Quench

substrate kinetic parameter At
nucleic acid nucleotide Kg app(tM) Kpol (S71) ©)
sym/sub-U [0->2P]ATP
GCAUGGGCCC ATP 134t 18 86.7+ 3.7
CCCGGQJACG ATPaS 89+ 24 20.6+ 1.6 Pulse-Chase
ATPP 7.8+1.0 0.83+£0.01 )
ATPaSP¢  NDC 0.58+ 0.05 3DP”-sym/sub ATP  Quench
2-dATP  284+£59 0.80+0.06 At 4 30 sec
2-dATPaS® NDd 0.13+0.01 (0)
2-APTP® 85+ 23 1.95+ 0.17
3-dATP 317451 1.4+0.1 [0-32P]ATP
GTP 208+ 66 0.010+
0.001 B
GTPuS 204+ 16 (4.%3: 0.3)x S 12
sym/sub-UA i 0.9
GCAUGGGCCCA UTP 407443 318+ 18 §
ACCCGGGWACG x 06 ]
sym/sub-A b S
GCUAGGGCCC uTP 982 266+ 2 g 03
CCCGGRAUCG = o o
sym/sub-C - &
GAUCGGGCCC GTP 3807 57+3 0 00z 004 0.06 0.08 0.1
CCCGG@UAG Time (sec)
sym/sub-G FIGURE 3: Intermediate identification by puls€hase analysis. (A)
CAUGCCCGGG CTP 193 157+ 8 Experimental design. 4M 3D was incubated with 20M sym/
GGGCCASUAC sub (10uM duplex) and rapidly mixed with 13aM [o-32P]ATP

a Experiments were performed as described in the legend to Figure (3-8 Ci/mmol) (final concentration) as described under Experimental

1. Determined at a pH value of 4.5The observed rate constant for
nucleotide incorporation was determined at a concentration of 1 mM
nucleotide 9 Not determined® 2-Aminopurine triphosphate.

Scheme 1: Minimal Kinetic Mechanism for 3®-Catalyzed
Nucleotide Incorporatich

Kd,app k[m[
ER, +NTP == ER,NTP —» ER,:,

a Abbreviations: ER 3DP° sym/sub complex; NTP, nucleotide;
ER\NTP, ternary complex; ER:PR, product complex.

Procedures. At the indicated times, reactions were either chased
by addition of ATP to a final concentration of 20 mM or quenched
by addition of HCI to a final concentration of 1 M. After addition

of the chase solution, the reaction was allowed to proceed for an
additional 30 s, at which time the reaction was quenched by addition
of HCl to a final concentration of 1 M. Immediately after addition
of HCI, the solution was neutralized by additiohloM KOH and

300 mM Tris (final concentration). (B) Kinetics of pulsehase

(®) and pulse-quench Q) from the reactions described in (A).
The solid lines represent the kinetic simulation of the data fit to
the mechanism shown in Scheme 2 with the kinetic parameters
shown in Table 2. The simulated curve of the puigeiench data
predicts the rate of formation of allR-containing species; the

§ 0.18 simulated curve of the pulsechase data predicts the rate of

f 0.14 formation of *ER\NTP and all R+;-containing species.

<

E 0.09 .

5 than that measured at pH 7.6, suggesting that the confor-

g 005 mational-change step becomes even more rate limiting at

= 0 low pH. It is worth noting that reactions performed at the
0 005 01 015 02 lower values of pH accumulated an intermediate that could

Time (sec) not be quenched by using EDTA. Therefore, HCI was

Ficure 2: Elemental effect on the pre-steady-state rate of AMP
incorporation. 2uM 3Dr° was incubated with M sym/sub (1
uM duplex) and rapidly mixed with either 50eM ATP (@) or
500 uM ATPaS (O) (final concentration) as described under

Experimental Procedures. The solid lines represent the fit of the

data to a single exponential withka,s for ATP of 66.7+ 1.7 st
and akgys for ATPoS of 17.6+ 0.4 s,

obtain a true value for the elemental effect in order to

employed as a quench for these experiments.

Concurrent with the evaluation of 3®-catalyzed nucleo-
tide incorporation in the presence of Kigwe were also
performing similar studies in the presence of #nThis
work is described in detail in the accompanying pa3d).(
Interestingly, in the presence of ¥ phosphoryl transfer
was shown to be the rate-limiting step for nucleotide
incorporation. Under these conditions, an elemental effect

interpret our data. We reasoned that by reducing the pH of of 7.9 was observed. Therefore, we conclude that a confor-
the reaction, chemistry should become the rate-limiting step, mational change is at least partially rate limiting for
thereby permitting direct measurement of the elemental nucleotide incorporation in the presence of g

effect. We first analyzed the kinetics of nucleotide incorpora-

To obtain additional evidence for the existence of an

tion at pH values ranging from 4.5 to 8.5. These data gave isomerized ternary complex, we performed a ptigeench/

a pH-independent rate of 188 3 s ! and two K, values:

pulse-chase experiment (Figure 3ARTY, 31, 34). This

7.0+ 0.4 and 8.0+ 0.4. We chose to evaluate the reaction experiment evaluates the kinetics of incorporation of an
further at pH 4.5. TheKqapp and kyo vValues decreased by  a-*2P-labeled nucleotide into unlabeled primer/template. In
17- and 104-fold, respectively (Table 1). Unexpectedly, the the first experiment, the reactants are mixed, and at various
elemental effect observed at this pH was 1.4, a value lowertimes after mixing, the reaction is quenched. In the second
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experiment, the reactants are mixed, and at various times A
after mixing, a chase solution (150-fold molar excess of sprt  [0-PJATP MgCl, PP, + ATP Quench
unlabeled nucleotide) is added; after a time sufficient for _\mn;ed 180 sec J, 30 sec J, At J,
incorporation of any trapped, labeled nucleotide (30 s), the
reaction is quenched. If an isomerized ternary complex does sym/sub
not exist, then the kinetics of nucleotide incorporation will
be the same in both experiments. However, if an isomerized B
ternary complex does exist, then during the chase, additional .
product will be produced owing to the inability of the labeled *11-mer —p-
nucleotide associated with this complex to be diluted by the 10-mer —P
unlabeled nucleotide. The result of this experiment is shown
in Figure 3B. The data are consistent with the presence of
an isomerized ternary complex.

The pulse-quench experiment showed a lag in product
formation, consistent with a rate-limiting conformational
change preceding phosphoryl transfer. In addition, the
observation of a lag suggests that the rates of the confor-
mational change and phosphoryl transfer are similar. We
performed the pulsequench experiment at three different
concentrations of ATP (50, 100, and 13®!) and obtained
the same results (data not shown). By fitting the ptilse
guench data to an equation describing a two-step, irreversible
process (eq 3), we obtained two apparent rate constants. One [-2PIATP — B
apparent rate constant changed as a function of ATP 123 456780910
concentration and the other constant did not. We assigned
the ATP concentration-independent rate to the chemical step,
whose rate constant was 520200 s*. Analytical fits of
the isotope-trapping experiment then provided estimates for
k2 and k3. Kinetic simulation was then used to identify
k_,, leading to a value of 0.6 fdKs.

An alternative approach to determine the valuekpwas
also employed. Given the maximal rate constant for nucle- 2000 4000 6000 8000
otide incorporationky, the observed elemental effeBtys Time (sec)
the rate constant for the chemical stkejem and the maximal
elemental effecto, it was possible to use eqs—4 to
calculate the value for the equilibrium constant across the
conformational-change step. This value was also 0.6. There-
fore, two approaches, one that was independent of interpreta-
tion of the phosphorothioate effect and one that was 0
dependent on the interpretation of the phosphorothioate 005
effect, yield the same value fét, and provide compelling
evidence that the maximal phosphorothioate effect in the Fgure 4: Single-turnover pyrophosphorolysis. (A) Experimental
presence of M is 7.9. This information permitted us to  design. 2uM 3DP° was incubated with tM sym/sub (1uM
use eq 7 to calculate the trig value for ATP dissociating ~ duplex) for 180 s, at which point 0.36M [a-3?P]ATP (3000 Ci/

ol_ < thi mmol) was added to the reaction. 180 s after additionoe¥?P]-
fr&m E?ellsDj[' TymtﬁUb_AgPt complg()j(, thtﬁ valuer\f{Eri]S 2f14 ATP, supplemental MgGlwas added to the reaction such that upon
pM. - Lollectively, these data provide three o € 10U addition of PRPand ATP the final concentration of free MgQias
constraints necessary to describe the results of the pulse 5 mMm. After addition of MgC), the reaction was initiated by

quench/pulsechase experiment. Kinetic simulation was addition of 100uM ATP and either 0.125, 0.25, 0.5, 0.75, 1, 1.5,
employed to set a limit on the missing value, the rate constantor 2.0 mM PR (final concentrations). After mixing, reactant
for the reverse of the chemical step, and values for the rateconcentrations were reduced by 50%. At fixed times after addition

. he f : d bili f th of PR and ATP the reaction was quenched by addition of EDTA
constants governing the formation and stability of the (4 3 final concentration of 250 mM. (B) Products from a reaction

isomerized ternary complex. described in (A) at 0.5 mM RRfinal concentration) resolved by
Characterization of the Rerse ReactionTo complete elet_:trophoresis on a denaturing, highly cross-linked 25% _polyacryl-
the mechanism, it was necessary to characterize the revers@mide gel¥P-5-end-labeled sym/sub andf?P]ATP are indicated

: . . . as a reference (lanes 1 and 2, respectively). (C) Kinetics of
reaction, pyrophosphorolysis. In the first experiment, we pyrophosphorolysis from the reactions described in (A) by monitor-

evaluated the dependence of the kinetics @PP]ATP ing the production of ¢-32PJATP at PP concentrations (final) of
production from sym/sub containingx{*PJAMP on the 0.125 @), 0.25 (), 0.5 @), 0.75 ), 1.0 @), 1.5 (1), and 2.0
concentration of PPThe design of this experiment is shown MM (v). The solid lines represent the kinetic simulation of the
in Figure 4A. The 3P°—sym/sub product complex was mechanism shown in Scheme 2 with the kinetic parameters shown

. . in Table 2. (D)kos as a function of PPconcentration obtained
established by assembling the 85 sym/sub complex and from the reactions described in (C). The solid line represents the

incorporating §-*P]JAMP into this complex. This mixture it of the data to a hyperbola with Iad,apffor PR of 0.81+ 0.10
was supplemented with Mg, which was added firstinstead mM and akyry, of (6.9 & 0.4) x 1074 s7L.

0.5 mM PP, (sec)

*p-s'-sym/sub
[o-PlATP

450
9200
1800
2700

3
1-
1
1

f 3600

1 s400
i 7200

=
-
th

[0-32P]ATP (uM) O
g =

5

k,,, (x 107 s ©

1 1.5 2
[PP] (mM)
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3peol MgCl, 32PP, + ATP Quench 3peel MgCl, PP, + [v-PJATP Quench
90 sec * 90 sec i At l “, 90 sec i 90 sec l At
sym/sub sym/sub
O mM PP, 1 mM PP,
B I m . 11 m L 1 E 0mM I’I’i 1 mM I’l’i
Time (sec ___— 5 _——] 5 I LLI 1
e fuec) o o 2 Time (sec) - 120 =1 5400 - 120 =—""] 5400
[+-PIATP —p XY L ,
: hr-j-PI;\TP_’m
Yrp,—» 2
| s EEEEEERR TN
= | =
o
a 21 =
= —
- | B
= o1 &
- L
!ﬁl —
A
0 . . . ) .
0 2000 4000 6000 0 2000 4000 6000
Time (sec) Time (sec)

Ficure 5. Pyrophosphate exchange. (A) Experimental desigiMBDr° was incubated with 20M sym/sub (1uM duplex) for 90 s to
produce 3B°—sym/sub complexes (0,8M), at which point supplemental Mg&Was added to the reaction such that upon addition ¢f PP
and ATP the final concentration of free MgQlas 5 mM. After addition of MgGl the reaction was initiated by addition of 10081 ATP

and either 0 or 2 mM3P]PR (0.26 Ci/mmol). After mixing, reactant concentrations were reduced by 50%. Reactions were quenched at
the indicated times by addition of EDTA to a final concentration of 125 mM. (B) Products from the reactions described in (A) resolved by
TLC. (C) Kinetics of pyrophosphate exchange by monitoring the production-8fH]JATP at 1 mM PP(final concentration). The solid

line represents the fit of the data to a line withy-ntercept of 0.014+ 0.005x4M and a slope of (4.52t 0.17) x 10 uM s~L. (D)
Experimental design. 2M 3DP°' was incubated with either 2 or 2M sym/sub (1 or 1«M duplex) for 90 s to produce 3B—sym/sub
complexes (0.27 or 0.88M), at which point supplemental Mg&ivas added to the reaction such that upon addition ¢faR& ATP the

final concentration of free MgGlwas 5 mM. After addition of MgGl the reaction was initiated by addition of 20M [y-2P]JATP (10
Ci/mmol) and either 0 or 2 mM RPAfter mixing, reactant concentrations were reduced by 50%. Reactions were quenched at the indicated
times by addition of EDTA to a final concentration of 125 mM. (E) Products from the reactions described in (D) resolved by TLC. (F)
Kinetics of pyrophosphate exchange by monitoring the productiod?BifR at 0 @) and 1 mM Q) PR (solid line) for 1uM sym/sub

final and at O @) and 1 mM () PR (dashed line) for 1&M sym/sub final. The solid line represents the fit of the data to a line with a
y-intercept of 0.5 0.02u4M and a slope of (5.% 0.8) x 105 uM s~ for 0 mM PR (1 uM sym/sub final), ay-intercept of 0.5+ 0.03

uM and a slope of (7.8 0.1) x 1074 uM s~1 for 1 mM PR (1 uM sym/sub final), ay-intercept of 0.93+ 0.04uM and a slope of (1.1

+ 0.2) x 104 uM s~t for 0 mM PR (10 uM sym/sub final), and g-intercept of 0.98+ 0.09uM and a slope of (1.2 0.3) x 1073 uM

s™1for 1 mM PR (10 uM sym/sub final).

of the PR solution in order to prevent precipitation. Next, To determine from which complex PEissociates, we
we added a solution of PBnd ATP. The presence of ATP  performed a PRexchange experiment. This experiment also
prevents the reaction from reaching a premature equilibrium analyzes the reverse reaction; however, the’'3Bym/sub-
resulting from reincorporation of liberatedf?PJATP. The  product complex is formed in the presence of. FRerefore,
reaction was quenched at various times by addition of EDTA. if PP, is released prior to the conformational change, then
That the 11-nucleotide product was formed under the ynder these experimental conditions, this complex will be
conditions employed is readily determined by electrophoresis gccessible to RPgiving rise to a difference between the
of the mixture through a highly cross-linked, denaturing yinetics of PPexchange and that of pyrophosphorolysis. For
polyacrylamide gel followed by phosphorimaging (compare gyample, the kinetics of PBxchange will appear biphasic,
Iang 1 to Ia.ne 3.'” .Flgure 43)' In asgidmon, we observe and/or the observed rate constant fof Bhange may be
stoichiometric UF"'Z"?‘“O” of th.e inpubf*PIATP (comparg substantially faster than that of pyrophosphorolysis. The
lane 2 to lane 3 in Figure 4B); therefore, the error assomatedex eriment was performed initially by usin&®]PR and
with quantifying liberated ¢-3?P]ATP is very low. AT?D . P . y oy | 01

We evaluated the kinetics of pyrophosphorolysis at _(Flgure 5A) and following production Ony. F.)]ATP

; ; - by thin-layer chromatography on poly(ethyleniminegl-

concentrations of RPanging from 0.125 to 2 mM (the limit y Y . grapny poly(ethyle
of solubility of Mg,PR). The kinetics of pyrophosphorolysis  Ul0Se plates (Figure 5B). A linear accumulatlo? pfa[apji
were monophasic, consistent with a conformational change\TP was observed at a rate constant of .30 uM s
preceding the chemical step limiting the rate of pyrophos- (Figure 5C). Under the conditions employed, 018 3D~
phorolysis 27, 31, 34). Each time course (Figure 4C) was sym/sub-product complex should have formed; therefore,
fit to an equation describing a single exponential process the rate constant for Pexchange was 5.% 10* s™. A
(data not shown). The observed rate constant was plotted ayalue of 3.1x 10™* s was expected on the basis of the
function of PP concentration and fit to a hyperbola (Figure pyrophosphorolysis experiment described above. The ob-
4D). TheKgappvalue for PPwas 81uM, and the value for ~ served 2-fold difference could reflect a difference in the
the maximal observed rate constant for pyrophosphorolysisactual concentration of 3B—sym/sub-product complexes
was 6.9x 104 st formed in this experiment.
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Scheme 2: Complete Kinetic Mechanism forP8BCatalyzed Nucleotide Incorporatidn

kiy ki2 ki3 kg kis
ER, + NTP &2 ER,NTP &= *ER,NTP = *ER,+/PP; <= ER.+1PP; &2 ERy+ +PP;
k.; k.; k.3 k4 k.s

a Abbreviations: ER, 3DP°' sym/sub complex; NTP, nucleotide; RRTP, ternary complex; *ERNTP, activated elongation complex; *ERPR,
activated product complex; ERPR, product complex; ER1, 3DP° sym/sub product complex; PRyrophosphate.

To perform the PRexchange experiment under conditions
in which the concentration of 3B—sym/sub complexes
employed could be measured empirically, we performed the

Table 2: Kinetic Parameters for the Kinetic Mechanism of
3Dre-Catalyzed Nucleotide Incorporation (Scheme 2)

experiment by using RPand [-32P]JATP (Figure 5D), parameter value Keq
following production of $2P]PR by TLC (Figure 5E). This ki1 10uM~ s N
approach gives a burst o%P]PR production equivalent to t‘l gégosj 4.7x10%uM

the concentration of active 3®-sym/sub complexes formed. kfi 500 st 0.6

A burst of F?P]PR formation was observed in the absence kis 520 st

(0.51uM) and presence (0.52M) of added PPfor 1 uM k-s 375 §i 14

sym/sub-U, and a burst o¥2P]PR formation was observed ::*4 goooogs st 20x 10F

in the absence (0.98M) and presence (0.89M) of added k;; 8100 st '

PR for 10 uM sym/sub-U (Figure 5F). The expected burst ks 10uM-1s1 810uM

amplitude was 0.27M for 1 uM sym/sub-U and 0.8aM aValues for all parameters, with the exception kfs;, were

for 10 uM sym/sub-U. In the presence of PP*?P]PR determined experimentally.
accumulated at a rate constant of %8104 uM s~ and
1.1x 103 uM s *for 1 and 1QuM sym/sub-U, respectively. Additional Evidence for a Conformational Change after
The corresponding rate constant for; BRchange was 2.9  Nucleotide Incorporation The monophasic nature of the
x 103stand 1.2x 10 2s%; these values are 7- and 3-fold  kinetics of pyrophosphorolysis suggests that a conforma-
greater than expected. This experiment was repeated severdional-change step exists after the phosphoryl-transfer step
times under a variety of conditions, and in all cases there (27, 31, 34). The existence of this conformational-change
was a 3-7-fold increase in the rate constant for; Blchange step is also supported by the;RRchange experiments. To
relative to the value calculated from the parameters obtainedobtain additional evidence for the existence of this step and
by evaluating the kinetics of pyrophosphorolysis. However, to determine whether this step modulates the efficiency of
in no case was there a significant difference in the burst subsequent cycles of nucleotide incorporation, we performed
amplitude measured in the absence and presencejof PP an experiment evaluating two consecutive cycles of nucleo-
These data can be explained in three different ways. First,tide incorporation. In this experiment, 81>-sym/sub com-
it is possible that PRan dissociate from+1% of the 3D°— plexes were assembled and mixed with ATP (300) in
sym/sub-product complexes prior to undergoing a second the absence or presence of varying concentrations of UTP
conformational change. The value of 1% was calculated by (100, 300, and 100@M). The data were simulated with a
assuming that the fraction of enzyme accessible {®Piere two-step, irreversible process, yielding in each case a rate
the second conformational-change step should undergo PPconstant for AMP incorporation of 705and rates of UMP
exchange at a rate dictated by the rate constant for the reverséncorporation of 25, 50, and 60 sat 100, 300, and 1000
of the chemical step (375%. Second, there may be two uM UTP, respectively. By plotting the observed rates of
steps after chemistry: a conformational-change step, whichUMP incorporation as a function of UTP concentration and
permits PPrelease, and a conformational-change step thatfitting these data to a hyperbola, we obtainellsap, value
translocates the enzyme into position for the next cycle of for UTP of 159+ 55 uM and akyq value of 71+ 7 s1.
nucleotide incorporation. The latter step would be measuredThis k,q value was significantly different than the value of
in the pyrophosphorolysis experiment; both steps would be 317 s'* measured by evaluation of UMP incorporation into
accessible during the PBxchange experiment. Third, itis a 3D°—sym/sub product complex (see sym/sub-UA in Table
possible that a-37-fold difference between the rate constants 1), suggesting that a step after incorporation of the first
for PR exchange and pyrophosphorolysis is not a significant nucleotide likely attenuates the rate of incorporation of the
difference and reflects error associated with comparing rate second nucleotide. If we fit these data to the mechanism for
constants obtained by using the two different experimental AMP incorporation shown in Scheme 2 using the parameters
protocols despite the observed reproducibility of each shown in Table 2 and link this to the mechanism shown in
experimental approach. Regardless of the precise explanatiorScheme 1 to describe UMP incorporation by using the
for the increase in the rate of PExchange relative to  parameters for UMP incorporation into sym/sub-UA shown
pyrophosphorolysis, all of the possibilities described above in Table 1, then we get a good fit of the data for the two-
are consistent with REissociating from a complex that has nucleotide incorporation experiment by using a rate constant
undergone a conformational change after chemistriyP; of 500 s for the conformational change after incorporation
were released from the internal complex prior to the of AMP (Figure 6A). The data for 1000M ATP are omitted
conformational change, then one would expegtdXBhange  for clarity. That the rate constant for this conformational
to occur at a rate on the order of 375 s¢hat is dictated by change modulates the observed rate constant for incorpora-
phosphoryl transfer. This value ¥500000-fold faster than  tion of the next nucleotide is also supported by the experi-
pyrophosphorolysis. So, the observed73fold difference ment shown in Figure 6B. In the simulations for this
can in no way be misconstrued as a substantial fraction of experiment, we show that a—%-fold change in the rate
PR dissociating from an internal complex. constant for the conformational-change step after nucleotide
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FiGURE 6: Evidence for a conformational change after chemistry. sym/sub. (A) 2uM 3DPo was incubated with M sym/sub (1

(A) 2 uM 3Dr° was incubated with ZM sym/sub (1«M duplex) uM duplex) and rapidly mixed with 250M each NTP. (B) Kinetics

and rapidly mixed with 500tM ATP and either 100 or 30aM of formation and disappearance of 11-m@),(12-mer O), 13-

UTP (final concentrations). After mixing, reactant concentrations mer @), and 14-mer [{l). The solid lines represent the kinetic
were reduced by 50%. Key: Kinetics of formation and disappear- simulation of the data fit to four sequential nucleotide incorporations
ance of the 11-mer®) and 12-mer®) for 500uM ATP and 100 with net rate constants for formation of 11-mer at 56, 42-mer

uM UTP (final) and kinetics of formation and disappearance of at 50 s, 13-mer at 50 ', and 14-mer at 5073

the 11-mer M) and 12-mer({) for 500uM ATP and 30QuM UTP

(final). The solid lines represent the kinetic simulation of the data merases and reverse transcriptases, selection against incor-
fit to a mechanism for two successive nucleotide incorporations poration of ribonucleotides is facilitated by the existence of

with the first nucleotide incorporation described by the kinetic . - . o .
mechanism shown in Scheme 2 using the kinetic parameters in'€sidues in the nucleotide-binding pocket that create a steric

Table 2 and the second nucleotide incorporation described by theblock for the 2-OH of the rNTP, manifesting in a large
mechanism shown in Scheme 1 using kKagppandky, values for increase in theKq value for an rNTP with a correct base

UTP using sym/sub-UA shown in Table 1. (B) Kinetics of formation (g|ative to the correct ZINTP @0). Significant increases in

322 C‘i'if)ae%pﬁazz?‘;groggho‘il\%l'&%) grr]‘g égbr;ﬂ%);g Egﬁargac%tlhoen Kq values are also observed for nucleotides with the incorrect

lines represent the kinetic simulation of the data fit to a mechanism base §, 30). In contrast, loss of the’30H in these systems
for two successive nucleotide incorporations with the first nucleotide is manifested as a reduction in tkg value for incorporation
incorporation described by the kinetic mechanism shown in Schemewithout significant differences in thiq value 6, 29, 35).

2 using the kinetic parameters in Table 2 and the second nucleotideas shown in Table 1 for the sym/sub-U substrate, the
incorporation described by the mechanism shown in Scheme 1 using . S . . !
theKg appandkeg values for UTP using sym/sub-UA shown in Table aPParent dissociation constant of nucleotides with an incor-

1, however with different values fde . The solid line is the fit of ~ rect sugar configuration (RIATP and 3dATP), an incorrect

the data with &4 of 500 s%, the longer dashed line is the fit of base (GTP), or a change in the location of the base-template

t_he data with Ekf4 of 2000 s, and the smaller dashed line is the hydrogen bonds (2-APTP) were all very similar to each other

fit of the data with a4 of 100 s™. and 2-3-fold weaker than ATP. However, substantial

. . . , . . decreases (40100-fold) in the observed rate constant for

mcorporathn S|gn|f|cantly alters the fit of the S|mu_lat|on to incorporation existed (Table 1). Particularly intriguing was

the data (Figure 6B). This experiment also provides good ¢ ohservation that 2-aminopurine also showed a reduction

constramt; on the rat.e constant for this step. in the observed rate constant for incorporation relative to
Processie SynthesisTo determine whether all cycles of  A1p The only difference between these two nucleotides is

nucleotide incorporation are equivalent, we performed an e hosition of the amino group. This difference changes the

experiment evaluating incorporation of all four nucleotides. |y.ation of one hydrogen bond from the major groove (ATP)

The results are shown in Figure 7. As expected, all cycles 4 the minor groove (2-APTP), suggesting that"3mnay

are equivalent and additional barriers to nucleotide incor- 5y specific side chains interacting with the nascent base

poration do not exist. Each cycle could be described by the pair in the major groove that facilitate formation of a

same rate constant of 50s This value is predicted for catalytically competent ternary complex.

incorporation of the first nucleotide, ATP (Table 1), and

predicted values for the subsequent incorporation steps arey|scuUsSION

121 st (UTP), 56 s* (GTP), and 1468 (CTP), based upon

the kinetics of incorporation of each individual nucleotide =~ Complete Kinetic Mechanism for 3t»Catalyzed Single

presented in Table 1. These data are consistent with theNucleotide IncorporationThe experimental data are con-

conformational-change step after chemistry limiting the rate sistent with the mechanism shown in Scheme 2 governed

of incorporation of each nucleotide as discussed above. by the rate constants shown in Table 2. ThéBBsym/sub
Nucleotide Specificity of 3B. The final set of experiments  complex (ER) binds nucleotide (NTP) to form a ternary

was designed to obtain some information on the mechanismcomplex (ERNTP) that isomerizes to form a complex that

employed by 3P to select for nucleotides with the correct is competent for phosphoryl transfer (*E¥RTP). Chemistry

sugar configuration and the correct base. For DNA poly- occurs, forming a ternary product complex (*ERPR); this
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Table 3: Values for the Rate Constants Employed in Kinetic Simulations Are Constrained by Experimerital Data

experiment 2-fold change 10-fold change insensitive
kinetics of AMP inCOrpOratiOn Ki1, K-1, Ki2, k_g,b Ki3,° kg k-2, Kt3, K3, K4 K-4, kis, k-5
pulse—chase analysis Ki1, K-1, Kio, Koo, Ki3, k—gb k-3, Kta K4, Kys, K5
pyrophosphorolysis K-z, Ki3, k-3, Kia, kg, Kis, ks Ki1,9 K-1,8 kit
two-nucleotide incorporation Kig, Koa, Kio, kg, Kig, kid K3, K+, Ka,app,uth Kpol,utp K-a, Kis, ks

2 The rate constants shown in Table 2 were increased or decreased by 2- or 10-fold, and the fit of the simulation to the indicated experimental
data was evaluated. In most instances, either an increase or decrease in the indicated rate constants altered the goodness of fit. Howesser, exception
were noted, and these are annotated to indicate this fact. Finally, rate constants that can be varied by greater than 10-fold without any apparent
change in the fit of the simulation to the data are indicated in the column labeled insertsRivig. a 2-fold increase gives a significant change
in the fit of the simulation to the dataOnly a 2-fold decrease gives a significant change in the fit of the simulation to thedamdy a 10-fold
increase gives a significant change in the fit of the simulation to the éi@maly a 10-fold decrease gives a significant change in the fit of the
simulation to the data.

15 isoenergetic. The stability of each intermediate of the
g 0r 1 pathway is~—1.0 kcal/mol, and each activation barrier is
E st . approximately 14.0 kcal/mol. The largest free energy change
S ot . results from the conformational change after phosphoryl
= ER,+NTP * * , ; -
> st ER,NTP "ER,NTP  "ER,/PP; : transfer (7.3 kcal/mol). This step renders correct nucleotide
<ot ER,, PP, . incorporation essentially irreversible. An additional free

ERnH

energy change of-2.2 kcal/mol occurs after Pelease.

. . Comparison of the Mechanism for Bi5Catalyzed Nucleo-
Ficure 8: Free energy profile for 3D-catalyzed nucleotide  tide Incorporation to Mechanisms for Other Nucleic Acid
incorporation. The free energy changes for nucleotide incorporation PolymerasesThe sequence of steps employed byPBs

were calculated from the kinetic parameters shown in Table 2. The . . -
concentrations of the substrates and products used were;@000  dentical to that employed by the reverse transcriptase from

ATP and 20uM PR. The free energy for each reaction step was human immunodeficiency virus5( 31) and DNA poly-

calculated fromAG = RT[In(kT/h) — In(kep9], whereR is 1.99 cal merases fronEscherichia coli[Klenow fragment (KF) of
10°51Gal 5, andils the it oder e constant The fie energy D POYMerase 126, 34 and bacteriophage T20. Two

) b: - - i i i
for each speciess was calculated frodG = RT[In(kT/h) — primary dlﬁerepces exist between BDand the. other.
IN(Kobs fo)] — RTIN(KT/N) — In(Kops re)]- polymerases. First, the rate of phosphoryl transfer is partially

limiting for 3DP°-catalyzed nucleotide incorporation. For the

complex undergoes a second conformational change to formPNA polymerases, it has been suggested that phosphory|
a ternary product complex (ERPR) from which PR can transfer is very fast relative to Fhe fII’S.t conformatlonal—change
dissociate. After dissociation of PR 30°—sym/sub product ~ SteP and does not present an impediment to reaction progress.
complex (ER+1) remains that is competent for the next cycle S€cond, the magnitude of the free energy change associated
of nucleotide incorporation. Experimental evidence has beenWith the second conformational-change step is greater for
obtained for each step in this mechanism, including each 30" (=7.3 kcal/mol) than for T7 DNA polymerase-@.4
conformational-change step (Figures-7). The kinetic ~ kcal/mol) €7) and KF (0 kcal/mol) §4). In the case of KF,
parameters shown in Table 2 were either determined empiri-the largest free energy change occurs across the first
cally or calculated. That this single set of rate constants conformational-change step 2.0 kcal/mol) 84). It should
accurately describes 3P-catalyzed incorporation of AMP D€ noted that estimation of the value of the rate constant for
into sym/sub-U is supported by kinetic simulation. The ATP Phosphoryl transfer is dependent upon the ability to interpret
concentration dependence of the kinetics of AMP incorpora- the observed phosphorothioate elemental effect (see eq 4).
tion (Figure 1), the pulsechase analysis (Figure 3), the;pP |f one assumes that the maximal elemental effect for all
concentration dependence of the kinetics of pyrophospho-Polymerases is in the range of 7.9, then phosphoryl transfer
rolysis (Figure 4), and the kinetics of two consecutive cycles May be partially rate limiting for all polymerases studied to
of nucleotide incorporation (Figure 6) are all simulated by date.

the mechanism shown in Scheme 2 and the single set of rate  Conformational Changes during 3®-Catalyzed Nucleo-
constants presented in Table 2. Moreover, none of thetide Incorporation A distinct feature of all nucleic acid
forward or reverse rate constants could be changed by morepolymerases studied to date is the existence of conformational
than 2-fold without causing a visually observable deviation changes before and after phosphoryl trans?@ 84). These

in the goodness of fit of the simulation to at least one set of steps are also present in the kinetic mechanism féf'3D
experimental data (Table 3). A 10-fold change in any kinetic the first reports on KF, it was suggested that the first
parameter affected the goodness of fit of the simulation to conformational change may reflect reorientation of the
most sets of experimental data (Table 3); a few exceptionstriphosphate moiety of the incoming nucleotide to interact

Reaction Coordinate

were noted (Table 3). with side chains of the enzym@#§). This hypothesis was
The free energy profile for the reaction is shown in Figure put forward to explain the observation made by Mildvan and

8. Physiological concentrations of ATP (2 mM) and P® colleagues that the orientation of the triphosphate and its

uM) were employed in the calculation®§, 37). The overall interaction with divalent cation change in a KF ternary

free energy change for single nucleotide incorporation is complex @8, 39). Recently, it has been suggested that the
—10.8 kcal/mol. All steps from formation of the first ternary  conformational change defined kinetically may be related
complex to formation of the first product complex are to changes in the orientation of the fingers subdomain



Kinetic Analysis of 3D° in the Presence of Mg Biochemistry, Vol. 43, No. 18, 20046135

observed crystallographicallyl?, 40, 41). We favor the required to address this issue. In addition, a precise descrip-
hypothesis that the first conformational change observed tion of the mechanism employed by Bio couple the nature
kinetically for 3D is related to (re)positioning of the of the bound nucleotide to the efficiency of catalysis also
triphosphate moiety of the incoming nucleotide in the requires additional studies. It is possible that the initial
catalytic and/or nucleotide-binding sites because the first binding of nucleotide is driven by the triphosphate moiety.
conformational-change step is sensitive to the nature of thelf the correct base is present, then the rate of triphosphate

divalent cation employed in the reactiod3|. The triphos- repositioning for catalysis may be facilitated by base pairing
phate moiety of the nucleotide is the most likely mediator between the nucleotide and the template. The stability of
of this effect. this “active” conformation could be enhanced by the presence

The second conformational change is likely translocation of the correct base pair and a correct sugar configuration.
of the enzyme along template to move into position for the  After nucleotide incorporation, the second conformational-
next cycle of nucleotide incorporation. This hypothesis has change step could be used as a mechanism for proofreading.
been put forward for the DNA polymeras&¥(34). Clearly, For example, the efficiency of translocation into position for
in the case of 3P, this step attenuates both the apparent the next cycle of nucleotide incorporation may be linked to
dissociation constant and the incorporation rate for the secondthe nature of the base pairing at th'ee®d of the primer.
nucleotide (Figure 6). This conformational-change step likely The enzyme may not be able to bypass a frayed (mispaired)
attenuates the rate of all cycles of nucleotide incorporation end very efficiently. Increasing the activation barrier for
after the first incorporation (Figure 7). Similar observations translocation would permit removal of the nucleotide and a
have been made with KR34). second opportunity for nucleotide selection. Indeed, studies

Fidelity of 3D*°-Catalyzed Nucleotide Incorporatio®ne with KF have demonstrated that such a mechanism is feasible
of the primary incentives for performing this study was to (34).
provide a kinetic and thermodynamic explanation for the  The ability to evaluate whether the bound nucleotide is
statement made in most of the literature discussing RdRPscorrect prior to incorporation should contribute significantly
that these enzymes have an “extraordinarily high mutation to the fidelity of incorporation. 3®' may have the capacity
rate” (42). Surprisingly, the intrinsic fidelity of 3P is to perform this task by interacting with the nascent base pair
similar to that of T7 DNA polymerase4), ranging from in the major groove. The incorporation efficiency of 2-ami-
1/15000 for a GU mispair (Table 1) to<1/150000 for CU nopurine triphosphate is reduced by 40-fold relative to ATP
and UU mispairs (data not shown). These values are at least(Table 1). In both cases, base pairing with uracil should form
10-fold higher than observed for both K&4) and HIV RT an interaction that is coplanar with the existing base pairs
(5). In contrast to observations made for T7 DNA polymerase and stabilized by two hydrogen bondg6]. The one
(43) but similar to observations made for KE4), selection difference is that only one hydrogen-bonding interaction of
for a nucleotide with an incorrect base does not occur to the the base pair will be accessible from the major groove when
greatest extent in the ground state for nucleotide binding. 2-aminopurine is present whereas two hydrogen-bonding
Rather, this selection process occurs both in the ground stateénteractions will be accessible from the major groove when
for the first conformational-change step and in the transition adenine is present. Additional studies will be required to
state for phosphoryl transfe44). This conclusion is based determine whether this observation reflects an exception or
upon the finding that there is only a 2.3-fold increase in the a general rule for 3®-catalyzed nucleotide incorporation.
apparent dissociation constant for GTP relative to ATP when  Implications for Deelopment of Antiirals. It is clear from
sym/sub-U is employed (Table 1), but GTP is incorporated our published work that once 3 has initiated RNA
6700-fold less efficiently than ATP. The same argument can synthesis, it is likely that this enzyme will not dissociate from
be presented to support the hypothesis that selection againshascent RNA until it reaches the end of the geno2®. (It
incorporation of nucleotides with an incorrect sugar config- is probable that this situation will extend to other RdRPs,
uration (2-dATP and 3-dATP in Table 1) only involves the  especially the enzyme from hepatitis C virdg), Therefore,
first conformational-change step and/or phosphoryl transfer it is reasonable to target the elongation complex for antiviral
rather than binding. drug development. The data reported herein are consistent

Because the equilibrium constant across the first confor- with a model in which the conformation of the triphosphate
mational-change step is 0.6 (Table 2), a decrease in themoiety mediates information from the base- and sugar-
stability of this complex will appear as a reduction in the binding pockets to the catalytic center of the enzyme. Domain
observed rate constant for nucleotide incorporation. For movements observed crystallographically are likely required
example, it is possible to simulate the kinetics 6HAMP for efficient catalysis but may be a consequence of correct
incorporation into sym/sub-U by changing the equilibrium positioning of nucleotide in the catalytic site of the enzyme.
constant across the conformational-change step from 0.6 toHydrogen bonding to the'2and 3-hydroxyl moieties of
0.006 without any other changes (data not shown). The 100-the ribonucleotide and possibly hydrogen bonding in the
fold reduction in complex stability is consistent with the loss major groove of the nascent base pair are important
of a single hydrogen bond. The mechanism for selection of determinants of the conformation and stability of the isomer-
nucleotides with a correct sugar configuration does not ized ternary complex and key regulators of the efficiency of
require an induced-fit mechanism) as the rate constant nucleotide incorporation. Together, these observations sug-
for isomerization of the ternary complex is probably un- gest that design of antiviral nucleosides may be challenging
affected. The induced-fit mechanism may be reserved for if multiple incorporation events are required for a biological
selection against nucleotides with an incorrect base and mayeffect. One possible way to circumvent this problem is the
be employed by 3B Rigorous evaluation of the kinetic  use of analogues containing a pseudobase that permits an
mechanism for incorrect nucleotide incorporation will be active conformation to be achieved with as many of the
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nucleobases as possible. Given that RNA viruses exist on
the threshold of error catastrophe, the number of incorpora-

Arnold and Cameron

understanding of the structuréunction relationships of this
class of nucleic acid polymerases. For example, selection

tion events required to achieve a significant biological effect for virus that can grow in the presence of inhibitors of

will be minimal (48).

Another important point to consider in the design of
antiviral nucleotides is the cellular nucleotide pool with
which the antiviral nucleotide competes. The physiological
concentrations of nucleotides are 21021 ATP, 253 uM
UTP, 468uM GTP, and 91uM CTP (37). Not surprisingly,
these values are well above tKg 1o, values measured for
nucleotide incorporation (Table 1). The one nucleotide pool
that exists very near, and in some instances belowKghg,

pyrimidine biosynthesis should provide insight into the

molecular basis for recognition of the nascent base pair by
3Dr°!. Selection of virus that can grow in the presence of

high concentrations of deoxyribonucleotides will provide

additional information on the molecular determinants of

ribose selection. In general, this information will provide a

more accurate molecular description of the mechanisms
contributing to RARP fidelity.

value is UTP (Table 1). Therefore, it is reasonable to ACKNOWLEDGMENT

conclude that uridine analogues may compete better with
normal pools for utilization by the polymerase. In addition,
the efficiency of viral RNA synthesis and consequently virus
production may be affected quite dramatically by decreasing
the intracellular UTP concentration. We have noted that a
2.5-5-fold reduction in the polymerase elongation rate can
cause a temperature-sensitive growth phenotype or com-
pletely inhibit virus production36). One known antiviral
nucleotide, ribavirin monophosphate, decreases GTP pools
in cells @9), thereby potentiating the mutagenic effect of
ribavirin triphosphate on the viral genomég]. Inhibitors
of enzymes that target de novo uridine biosynthesis may have
antiviral activity. Because CTP is produced by transfer of
an amino group to the pyrimidine ring of UTP, inhibitors of
UTP biosynthesis will also decrease cellular CTP pools.
Pyrazofurin, a pyrimidine biosynthesis inhibitor, is more
effective against RNA viruses than purine biosynthesis
inhibitors 60). Given the capacity of pyrazofurin to decrease
cellular pyrimidine nucleotide pools, it is possible that a
factor contributing to the potent activity of this agent is the
sensitivity of the rate of UMP incorporation to subtle changes
in UTP concentration caused by tkg value of UTP being
so close to that of the normal cellular concentration. It is
worth noting that inhibitors of pyrimidine biosynthesis have
been shown to exhibit antiviral activity against Sindbis virus;
however, drug-resistant virus with mutations in the poly-
merase gene rapidly emergesD).

Our kinetic data suggest that tKg appvalue for 2-dATP
is 100-fold higher than the physiological concentration of
this nucleotide (2.4uM) (37) (Table 1). The cytosolic
concentration of 2dATP and other 2dNTPs may actually
be even lower than measured for the total cell as production
of this biomolecule occurs predominantly in the nucle31.(
Coupled with the 100-fold reduction in the rate 6fdAMP
incorporation relative to AMP incorporation (Table 1), the
frequency of 2dAMP incorporation into viral RNA should
be <1 per 10000 nucleotides incorporated. Given that the
poliovirus genome is only 7500 nucleotides in length, very
few genomes, if any, will contain a deoxyribonucleotide. We
have noted that incorporation dfF@AMP into nascent RNA
impedes efficient elongation of RNA; the observed rate
constant for incorporation of a ribonucleotide after incorpo-
ration of the correct deoxyribonucleotide is reduced by a
factor of 10 relative to the normal scenario. Perhaps
increasing the cytosolic concentration of dTTP or dCTP will
produce an antiviral effect.

Whether any of the ideas discussed above will have clinical
applicability remains to be seen. However, some of these
ideas should have an immediate, practical utility on our
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REFERENCES

1. Jonckheere, H., Anne, J., and De Clercq, E. (2000) The HIV-1
reverse transcription (RT) process as target for RT inhibitdes).
Res. Re. 20, 129-154.

. Tarrago-Litvak, L., Andreola, M. L., Nevinsky, G. A., Sarih-Cottin,
L., and Litvak, S. (1994) The reverse transcriptase of HIV-1: From
enzymology to therapeutic interventioRASEB J. 8 497-503.

3. De Clercq, E. (1992) HIV inhibitors targeted at the reverse

transcriptaseAIDS Res. Hum. Retrauses 8§ 119-134.

Furman, P. A., Painter, G. R., and Anderson, K. S. (2000) An

analysis of the catalytic cycle of HIV-1 reverse transcriptase:

Opportunities for chemotherapeutic intervention based on enzyme

inhibition, Curr. Pharm. Des. 6547-567.

. Kati, W. M., Johnson, K. A, Jerva, L. F., and Anderson, K. S.
(1992) Mechanism and fidelity of HIV reverse transcriptake,
Biol. Chem. 26725988-25997.

. Spence, R. A, Anderson, K. S., and Johnson, K. A. (1996) HIV-1
reverse transcriptase resistance to nonnucleoside inhibimrs,
chemistry 351054-1063.

. Spence, R. A, Kati, W. M., Anderson, K. S., and Johnson, K. A.
(1995) Mechanism of inhibition of HIV-1 reverse transcriptase
by nonnucleoside inhibitors§cience 26,7988-993.

. Kohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A., and
Steitz, T. A. (1992) Crystal structure at 3.5 A resolution of HIV-1
reverse transcriptase complexed with an inhibifécience 256
1783-1790.

. Jacobo-Molina, A., Ding, J., Nanni, R. G., Clark, A. D., Jr., Lu,
X., Tantillo, C., Williams, R. L., Kamer, G., Ferris, A. L., Clark,
P., Hizi, A., Hughes, S. H., and Arnold, E. (1993) Crystal structure
of human immunodeficiency virus type 1 reverse transcriptase
complexed with double-stranded DNA at 3.0 A resolution shows
bent DNA, Proc. Natl. Acad. Sci. U.S.R0, 6320-6324.

. Jager, J., Smerdon, S. J., Wang, J., Boisvert, D. C., and Steitz, T.
A. (1994) Comparison of three different crystal forms shows
HIV-1 reverse transcriptase displays an internal swivel motion,
Structure 2 869-876.

. Rodgers, D. W., Gamblin, S. J., Harris, B. A., Ray, S., Culp, J.

S., Hellmig, B., Woolf, D. J., Debouck, C., and Harrison, S. C.

(1995) The structure of unliganded reverse transcriptase from the

human immunodeficiency virus type Proc. Natl. Acad. Sci.

U.S.A. 921222-1226.

Huang, H., Chopra, R., Verdine, G. L., and Harrison, S. C. (1998)

Structure of a covalently trapped catalytic complex of HIV-1

reverse transcriptase: implications for drug resistasmence

282 1669-1675.

Ren, J., Esnouf, R., Garman, E., Somers, D., Ross, C., Kirby, I.,

Keeling, J., Darby, G., Jones, Y., Stuart, D. |., and Stammers, D.

(1995) High-resolution structures of HIV-1 RT from four RT-

inhibitor complexesNat. Struct. Biol. 2293-302.

Ding, J., Das, K., Tantillo, C., Zhang, W., Clark, A. D., Jr., Jessen,

S., Lu, X., Hsiou, Y., Jacobo-Molina, A., Andries, K., Pauwels,

R., Moereels, H., Koymans, L., Janssen, P. A. J., Smith, R. H. J.,

Kroeger Koepke, R., Michejda, C. J., Hughes, S. H., and Arnold,

2

4.

12.

13.

14.



Kinetic Analysis of 3D° in the Presence of Mg

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

E. (1995) Structure of HIV-1 reverse transcriptase in a complex
with the nonnucleoside inhibitor alpha-APA R 95845 at 2.8 A
resolution,Structure 3 365-379.

Arts, E. J., and Le Grice, S. F. (1998) Interaction of retroviral
reverse transcriptase with template-primer duplexes during replica-
tion, Prog. Nucleic Acid Res. 5839-393.

Frankel, A. D., and Young, J. A. (1998) HIV-1: Fifteen proteins
and an RNA,Annu. Re. Biochem. 671—25.

Davis, W. R., Tomsho, J., Nikam, S., Cook, E. M., Somand, D.,
and Peliska, J. A. (2000) Inhibition of HIV-1 reverse transcriptase-
catalyzed DNA strand transfer reactions by 4-chlorophenylhy-
drazone of mesoxalic aci@iochemistry 3914279-14291.

Peliska, J. A., and Benkovic, S. J. (1992) Mechanism of DNA
strand transfer reactions catalyzed by HIV-1 reverse transcriptase,
Science 2581112-1118.

Peliska, J. A., Balasubramanian, S., Giedroc, D. P., and Benkovic
S. J. (1994) Recombinant HIV-1 nucleocapsid protein accelerates
HIV-1 reverse transcriptase catalyzed DNA strand transfer reac-
tions and modulates RNase H activiBipchemistry 3313817
13823.

Cameron, C. E., Ghosh, M., Le Grice, S. F., and Benkovic, S. J.
(1997) Mutations in HIV reverse transcriptase which alter RNase
H activity and decrease strand transfer efficiency are suppressed
by HIV nucleocapsid proteinProc. Natl. Acad. Sci. U.S.A4,
6700-6705.

Wei, X., Gotte, M., and Wainberg, M. A. (2000) Human
immunodeficiency virus type-1 reverse transcription can be
inhibited in vitro by oligonucleotides that target both natural and
synthetic tRNA primersNucleic Acids Re<28, 3065-3074.

Thrall, S. H., Reinstein, J., Wd, B. M., and Goody, R. S. (1996)
Evaluation of human immunodeficiency virus type 1 reverse
transcriptase primer tRNA binding by fluorescence spectros-
copy: Specificity and comparison to primer/template binding,
Biochemistry 354609-4618.

Arnold, J. J., and Cameron, C. E. (2000) Poliovirus RNA-
dependent RNA polymerase (8f): Assembly of stable, elonga-
tion-competent complexes by using a symmetrical primer-template
substrate (sym/subj, Biol. Chem. 2755329-5336.

Gohara, D. W., Ha, C. S., Kumar, S., Ghosh, B., Arnold, J. J.,
Wisniewski, T. J., and Cameron C. E. (1999) Production of
“authentic” poliovirus RNA-dependent RNA polymerase 3P

by ubiquitin-protease-mediated cleavage HEscherichia coli
Protein Expression Purif. 17128-138.

Hansen, J. L., Long, A. M., and Schultz, S. C. (1997) Structure
of the RNA-dependent RNA polymerase of poliovir@ructure

5, 1109-1122.

Gohara, D. W., Crotty, S., Arnold, J. J., Yoder, J. D., Andino, R.,
and Cameron C. E. (2000) Poliovirus RNA-dependent RNA
polymerase (3P¥): Structural, biochemical, and biological
analysis of conserved structural motifs A andJB Biol. Chem.

275 25523-25532.

Patel, S. S., Wong, I., and Johnson, K. A. (1991) Pre-steady-state
kinetic analysis of processive DNA replication including complete
characterization of an exonuclease-deficient muioichemistry

30, 511-525.

Kuchta, R. D., Mizrahi, V., Benkovic, P. A., Johnson, K. A., and
Benkovic, S. J. (1987) Kinetic mechanism of DNA polymerase |
(Klenow), Biochemistry 268410-8417.

Reardon, J. E. (1992) Human immunodeficiency virus reverse
transcriptase: Steady-state and pre-steady-state kinetics of nucle-
otide incorporationBiochemistry 314473-4479.

Zinnen, S., Hsieh, J. C., and Modrich, P. (1994) Misincorporation
and mispaired primer extension by human immunodeficiency virus
reverse transcriptasé, Biol. Chem. 26924195-202.

Hsieh, J. C., Zinnen, S., and Modrich, P. (1993) Kinetic mechanism
of the DNA-dependent DNA polymerase activity of human
immunodeficiency virus reverse transcriptakeBiol. Chem. 268
24607-24613.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

47.

48.

49.

Biochemistry, Vol. 43, No. 18, 20046137

Herschlag, D., Piccirilli, J. A., and Cech, T. A. (1991) Ribozyme-
catalyzed and nonenzymatic reactions of phosphate diesters: rate
effects upon substitution of sulfur for a nonbridging phosphoryl
oxygen atomBiochemistry 304844-4854.

Arnold, J. J., Gohara, D. W., and Cameron, C. E. (2004) Poliovirus
RNA-dependent RNA polymerase (81). Pre-steady-state kinetic
analysis of ribonucleotide incorporation in the presence of'Mn
Biochemistry 435138-5148.

Dahlberg, M. E., and Benkovic, S. J. (1991) Kinetic mechanism
of DNA polymerase | (Klenow Fragment): Identification of a
second conformational change and evaluation of the internal
equilibrium constantBiochemistry 304835-4845.

Brandis, J. W., Edwards, S. G., and Johnson, K. A. (1996) Slow
rate of phosphodiester bond formation accounts for the strong bias
that Taq DNA polymerase shows against®-dideoxynucleotide
terminators Biochemistry 352189-2200.

Guynn, R. W., Veloso, D., Lawson, J. W. R., and Veech, R. L.
(1974) The concentration and control of cytoplasmic free inorganic
pyrophosphate in rat liver in vivaBiochem. J. 140369-375.
Traut, T. W. (1994) Physiological concentrations of purines and
pyrimidines,Mol. Cell. Biochem. 1401—22.

Ferrin, L. J., and Mildvan, A. S. (1986) Studies of conformations
and interactions of substrates and ribonucleotide templates bound
to the large fragment of DNA polymerase Bjochemistry 25
5131-5145.

Ferrin, L. J., and Mildvan, A. S. (1985) Nuclear overhauser effect
studies of the conformations and binding site environments of
deoxynucleoside triphosphate substrates bound to DNA polymerse
| and its large fragmenBiochemistry 246904-6912.

Ollis, D. L., Brick, P., Hamlin, R., Xuong, N. G., and Steitz, T.
A. (1985) Structure of large fragment &scherichia coliDNA
polymerase | complexed with dTMNature 313 762-766.
Doublie, S., and Ellenberger, T. (1998) The mechanism of action
of T7 DNA polymeraseCurr. Opin. Struct. Biol. 8 704-712.
Domingo, E., Escarmis, C., Sevilla, N., Moya, A., Elena, S. F.,
Quer, J., Novella, I. S., and Holland J. J. (1996) Basic concepts
in RNA virus evolution,FASEB J. 10859-864.

Wong, I., Patel, S. S., and Johnson K. A. (1991) An induced-fit
kinetic mechanism for DNA replication fidelity: direct measure-
ment by single-turnover kinetic&iochemistry 30526-537.
Kuchta, R. D., Benkovic, P. A., and Benkovic, S. J. (1988) Kinetic
mechanism whereby DNA polymerase | (Klenow) replicates DNA
with high fidelity, Biochemistry 276716-6725.

.D. W. Gohara and C. E. Cameron, unpublished results.
. Bloomfield, V. A., Crothers, D. M., and Tinoco, ., Jr. (2000)

Nucleic Acids: Structure, Properties, and Functidsniversity
Sciences Books, Sausilito, CA.

Maag, D., Castro, C., Hong, Z., and Cameron, C. E. (2001)
Hepatitis C virus RNA-dependent RNA polymerase (NS5B) as a
mediator of the antiviral activity of ribavirin]. Biol. Chem. 276
46094-46098.

Crotty, S., Maag, D., Arnold, J. J., Zhong, W., Lau, J. Y., Hong,
Z., Andino, R., and Cameron, C. E. (2000) The broad-spectrum
antiviral ribonucleoside ribavirin is an RNA virus mutagéiat.
Med. § 1375-1379.

Streeter, D. G., Witkowski, J. T., Khare, G. P., Sidwell, R. W.,
Bauer, R. J., Robins, R. K., and Simon, L. N. (1973) Mechanism
of action of 1p-D-ribofuranosyl-1,2,4-triazole-3-carboxamide
(Virazole), a new broad-spectrum antiviral agéhtyc. Natl. Acad.
Sci. U.S.A. 701174-1178.

50. Lin, Y. H., Yadav, P., Ravatn, R., and Stollar, V. (2000) A mutant

of Sindbis virus that is resistant to Pyrazofurin encodes an altered
RNA polymeraseVirology 2Q 61—71.

BI035212Y



