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ABSTRACT. The use of MA" as the divalent cation cofactor in polymerase-catalyzed reactions instead of
Mg?" often diminishes the stringency of substrate selection and incorporation fidelity. We have solved
the complete kinetic mechanism for single nucleotide incorporation catalyzed by the RNA-dependent
RNA polymerase from poliovirus (3D) in the presence of M. The steps employed during a single
cycle of nucleotide incorporation are identical to those employed in the presence?ofavg include a
conformational-change step after nucleotide binding to achieve catalytic competence of the polymerase
primer/template-nucleotide complex. In the presence of ¥nthe conformational-change step is the
primary determinant of enzyme specificity, phosphoryl transfer appears as the sole rate-limiting step for
nucleotide incorporation, and the rate of phosphoryl transfer is the same for all nucleotides: correct and
incorrect. Because phosphoryl transfer is the rate-limiting step in the presence*ofiMmas possible

to determine that the maximal phosphorothioate effect in this system is in the rangelaf &his
information permitted further interrogation of the nucleotide-selection process in the presencétof Mg
highlighting the capacity of this cation to permit the enzyme to use the phosphoryl-transfer step for
nucleotide selection. The inability of Mhto support a reduction in the efficiency of phosphoryl transfer
when incorrect substrates are employed is the primary explanation for the loss of fidelity observed in the
presence of this cofactor. We propose that the conformational change involves reorientation of the
triphosphate moiety of the bound nucleotide into a conformation that permits binding of the second metal
ion required for catalysis. In the presence of¥ighis conformation requires interactions with the enzyme
that permit a reduction in catalytic efficiency to occur during an attempt to incorporate an incorrect
nucleotide. Adventitious interactions in the cofactor-binding site with bounéMray diminish fidelity

by compensating for interaction losses used to modulate catalytic efficiency when incorrect nucleotides
are bound in the presence of kg

All nucleic acid polymerases require two divalent cations (4, 5, 7—10). Despite years of effort, neither steady-state
as cofactors to catalyze phosphoryl transfer. The first kinetic nor structural studies have yielded any significant
metal ion is brought into the active site complexed to the insight into the mechanistic or molecular basis for the
triphosphate moiety of the nucleotide substrate. This metal destructive effects of Mt on polymerase fidelity.
ion may facilitate formation of the conformation of the Our studies of the RNA-dependent RNA polymerase
triphosphate required for nucleophilic attack of trghos- (RARP} from poliovirus (30°) have shown that replacement
phorus atom. The second metal ion is required to lower the of the Mg" cofactor with Mr#* alters the biochemical
pK, of the primer 3-OH to facilitate formation of the  properties of this enzyme, permitting increased use of DNA
nucleophile required for catalysis. ¥igis thought to be the  templates, nucleotides with incorrect sugar configurations
divalent cation employed by most polymerases kno@)n ( (e.g., 2-dNTPs, 3-dNTPs, and 23-ddNTPs), and nucleo-
however, activity is usually supported by other divalent tides with incorrect baseg). Recently, we developed the
cations as well3—7). In a variety of polymerase systems, tools to characterize the complete kinetic mechanism for
Mn?* has been shown to be an effective divalent cation single nucleotide incorporation catalyzed by"3[011). We
cofactor B—7). However, this metal usually alters the have shown that in the presence of Mghis enzyme
biochemical properties of the polymerase, decreasing theemploys the same overall kinetic mechanism as reported for
stringency of substrate selection and incorporation fidelity

1 Abbreviations: RARP, RNA-dependent RNA polymeraselNTP,
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other nucleic acid polymerasek?j. Nucleotide binds to the  the solution was neutralized by additioh M KOH and
polymerase-primer/template complex. This ternary complex 300 mM Tris (final concentration). Specific concentrations
isomerizes into a catalytically competent complex. Phos- of primer/template and 3D, along with any deviations from
phoryl transfer occurs followed by a second conformational the above, are indicated in the appropriate figure legend.
change, perhaps translocation, and pyrophosphate release Rapid Chemical-Quench-Flow ExperimerRspid mixing/
(12). guenching experiments were performed by using a Model
Despite the availability of complete kinetic mechanisms RQF-3 chemical-quench-flow apparatus (KinTek Corp.,
for single nucleotide incorporation in the presence ofMg  Austin, TX). Experiments were performed at 3D by using
for a variety of polymerasesl8—17), comparable data do & circulating water bath. 3@—sym/sub complexes were
not exist for nucleotide incorporation in the presence of assembled by mixing 3® and sym/sub for 3 min at room
Mn2*, We have filled this gap by elucidating the complete temperature and then rapidly mixed with the nucleotide
kinetic mechanism for 3P-catalyzed single nucleotide substrate. After mixing, reactant concentrations were reduced
incorporation in the presence of K These studies have by 50%. Reactions were quenched either by addition of
permitted us not only to develop a complete kinetic and EDTA to a final concentration of 0.3 M or by addition of
thermodynamic understanding for correct and incorrect HCI to a final concentration of 1 M. Immediately after the
nucleotide incorporation in the presence of Mrut also addition of HCI, the solution was neutralized by addition of
to expand our kinetic and thermodynamic appreciation for 1 M KOH and 300 mM Tris (final concentration).
incorrect nucleotide incorporation in the presence ofMg Product Analysis Denaturing PAGEAN equal volume
Succinctly, we find that, by using Mg as the divalent cation ~ of loading buffer (90% formamide, 0.025% bromophenol
cofactor, 30° can use both the first conformational-change blue, and 0.025% xylene cyanol) was added taL@f the
step and the phosphoryl-transfer step to distinguish betweenquenched reaction mixtures and heated to°C0for 2—5
correct and incorrect nucleotides. However, by using™Mn  min prior to loading SuL on a denaturing 23% polyacryl-
as the cofactor, the ability to diminish the rate of phosphoryl amide gel containing:t TBE and 7 M urea. Electrophoresis
transfer for incorrect nucleotides relative to correct nucleo- was performed in & TBE at 90 W. Gels were visualized
tides is lost completely, leaving only the conformational- by using a phosphorimager and quantified by using the
change step for selection of the correct nucleotide. We ImageQuant software (Molecular Dynamics).
discuss these results in the context of our structural model Data AnalysisData were fit by nonlinear regression using
for the 3D ternary complex 18). the program KaleidaGraph (Synergy Software, Reading, PA).
EXPERIMENTAL PROCEDURES Time courses at fixed nucleotide concentration were fit to

Materials [y-32P]JATP (>7000 Ci/mmol) was from ICN; [product]= Ae ¥ + C (1)
[0-32P]JATP (3000 Ci/mmol) was from New England Nuclear;
nucleoside 5triphosphates, '2Zeoxynucleoside '8riphos- whereA is the amplitude of the bursks is the observed

phates (all nucleotides were ultrapure solutions), adenosinefirst-order rate constant describing the butss the time,
5'-O-(1-thiotriphosphate) (AT&S), and 2deoxyadenosine  andC is a constant. The apparent binding const&atag)
5'-O-(1-thiotriphosphate) (KATPaS) were from Amersham  and maximal rate constant for nucleotide incorporatleg)(
Pharmacia Biotech, Inc. Guanosine® (1-thiotriphosphate)  were determined using the equation:
(GTPaS) was from TriLink Biotechnologies; all RNA
oligonucleotides were from Dharmacon Research, Inc. _ kyoINTP] 5
(Boulder, CO); T4 polynucleotide kinase was from New Kobs = Kyq app+ [NTP] (2)
England Biolabs, Inc.; sodium pyrophosphate was from ’
American Bioanalytical; all other reagents were of the highest The value for the equilibrium constant across the confor-
grade available from Sigma, Fisher, or VWR. mational-change step was determined using the equations
Expression and Purification of 3B. Expression and  (17):
purification of 3D were performed as described previously 1
(19). = o~ 1 3
Purification, 8-32P Labeling, and Annealing of sym/sub eher kpmAonbs_ 1 )
RNA oligonucleotides were purified, labeled, and annealed
as described previousiyLY). K,= 1 (4)
3Dr°! AssaysReactions contained 50 mM HEPES, pH 7.5, A, —1
10 mM 2-mercaptoethanol, 5 mM Mng£l60 uM ZnCly,
nucleotide, sym/sub, and 8% Reactions were performed K. — @ 5)
at 30°C. 3D was diluted immediately prior to use in 50 2k,
mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, &0l
ZnCl,, and 20% glycerol. Z#1 was added to increase the kenemis the rate constant for the chemical step (referred to
stability of the enzyme; however, the level ofZremployed ask.s throughout) ko is the maximal observed rate constant
is insufficient to support nucleotide incorporation. The for nucleotide incorporationg is the maximal elemental
volume of enzyme added to any reaction was always lesseffect, Eqysis the observed elemental effect, dnd andk_,
than or equal to one-tenth the total volume. Reactions wereare the forward and reverse rate constants for the confor-
guenched by addition of EDTA to a final concentration of mational-change step, respectively (see Scheme 1).
either 50 mM or 0.3 M or by addition of HCI to a final Kinetic Simulation.Kinetic simulations were performed
concentration of 1 M. Immediately after the addition of HCI, by using KinTekSim Version 2.03 (KinTek Corp., Austin,
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Scheme 1: Complete Kinetic Mechanism forP8BCatalyzed Nucleotide Incorporatidn

kiy ki2 ki3 kg kis
ER, + NTP &2 ER,NTP &= *ER,NTP &= *ER, PP; <= ER1PP; &2 ERyiq +PP;
k.; k.; k.3 k4 k.s

a Abbreviations: ER 3DP°—sym/sub complex; NTP, nucleotide; ENRTP, ternary complex; *ERNTP, activated elongation complex; *ERPR,
activated product complex; ERPR, product complex; ER., 3D°° sym/sub product complex; RPyrophosphate.

TX). All rate constants were determined experimentally, AA 03
except where noted. The agreement between the experimental § Mn2* . o
data and kinetic simulations was determined by visual = 02 ..0 ¢ o
inspection. = @ o
& &®
RESULTS g Mro
; o
3Dro-Catalyzed Nucleotide Incorporation in the Presence = 0
of Mr?*. The goal of this study was to determine the 0 Ti 0.08 0.16
mechanistic basis for differences observed in the efficiency B 02 ime (sec)
and specificity of 3D°-catalyzed nucleotide incorporation s - Mg+
when the divalent cation cofactor is changed from?Mw 2 o015 o © o
Mn2* (7). These studies employed the symmetrical primer/ ot ©
] 0.1
template system developed to study this enzyhig. Each % o)
primer/template will be referred to as sym/sub; if the g 005t Q
templating base was uracil, for example, then this substrate -
was designated sym/sub-U. It is also worth noting tha®'3D = 0 0 0.06 0.12
sym/sub complexes are very stable, having a half-life of Time (sec)

approximatef 2 h at 25°C. Consequently, neither binding  Ficure 1: The observed kinetics of 3P-catalyzed nucleotide
nor dissociation of sym/sub needs to be considered in ourincorporation in the presence of ®nis dependent upon the nature

interpretation of the kinetic experiments described herein. f the quench. (A) Kinetics of AMP incorporation in the presence
crpretation ot fhe clc expenments of Mn2* quenched by either EDTA®) or HCI (O). 2 uM 3Dr°!

To perform the kmet'c_ experiments, B‘E*SYm/S“b'U was incubated with 2M sym/sub (1uM duplex) and rapidly mixed
complexes were formed in the presence of eithef My with 500 uM ATP (final concentration) in the presence of kin
Mn?*, rapidly mixed with ATP, the correct nucleotide, and as described under Experimental Procedures. (B) Kinetics of AMP
quenched at various times by addition of EDTA. In the incorporation in the presence of Rfgquenched by either EDTA

A ; (®) or HCI (O). 2 uM 3Dr° was incubated with 2M sym/sub (1
presence of Mft, the observed kinetics of nucleotide uM duplex) and rapidly mixed with 508M ATP (final concentra-

!ncorporation were biphasic.(Figure 1A, fiIIed_circ_:Ies), while tion) in the presence of Mg as described under Experimental
in the presence of Mg, the kinetics of nucleotide incorpora-  procedures.

tion were monophasic (Figure 1B, filled circles). The biphasic
nature of the time course observed in the presence éf Mn Solution of the Complete Kinetic Mechanism for Correct
was not altered by quenching as fast as possible (2 ms). Thes&lucleotide Incorporation in the Presence of MnScheme
data were consistent with the formation of an intermediate 1 shows the complete kinetic mechanism for3Datalyzed
(e.g., *ERNTP in Scheme 1) in the presence of Mrthat AMP incorporation into sym/sub-U determined in the pres-
could not be quenched by using EDTA. Clearly, in order ence of M@*" (12). Nucleotide binds to the enzymerimer/
for EDTA to be an effective quench, at least one of the metals template complex (step 1), this complex isomerizes (step 2),
required for catalysis must dissociate rapidly relative to phosphoryl transfer occurs (step 3) followed by a second
chemistry. Because protons can enter into the productive conformational change, perhaps translocation (step 4), and
3Dro'—sym/sub-U-ATP complex, acid might be a better pyrophosphate release (step 5). While2¥tikely impacts
quenching agent. As shown in Figure 1A (open circles), by one or more of these steps, we considered it unlikely that
using an acid quench, the kinetics of nucleotide incorporation Mn?t causes a change in the number or nature of steps
were now monophasic in the presence ofPMdmportantly, employed by the enzyme for nucleotide incorporatib®).(
the observed kinetics of nucleotide incorporation were not  First, we evaluated the concentration dependence of AMP
altered when M@~ was employed as the divalent cation incorporation into sym/sub-U (Figure 2A). The observed rate
cofactor and acid was employed as the quench (Figure 1B).constant for nucleotide incorporation was determined for each
The end-point values differed between experiments per- concentration of nucleotide employed by fitting the data to
formed in the presence of Mhand Mg (cf. panels A and the equation describing a single exponential (eq 1; data not
B of Figure 1). This difference is due to an increase in the shown). By plotting the observed rate constant as a function
concentration of the 3B'—sym/sub complex formed when of ATP concentration, we obtained values of 4:10.5uM
Mn2* is employed {1). In addition, the observed rate and 21.4+ 0.6 s! for Kgappandkye, respectively. Relative
constant for nucleotide incorporation was decreased from 43to the values measured in the presence ofMehe Kg app
+ 3 stinthe presence of Mg to 21+ 1 stin the presence  value decreased by 30-fold and tkg value decreased by
of Mn?*. The observation of a decreased rate constant for 4-fold (12). The apparent increase in affinity for the correct
correct nucleotide incorporation for wild-type 8Din the nucleotide and/or decrease in overall rate of incorporation
presence of M#t relative to Mdg" differs from previously were (was) not unique to the experiment described above as
reported observations and is a reflection of the use of anincorporation of UMP into sym/sub-UA and incorporation
EDTA quench in that studyl@). of GMP into sym/sub-C showed the same trends (Table 1).
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Ficure 2: Concentration dependence of AMP incorporation into
sym/sub. 2uM 3Dr° was incubated with M sym/sub (1LuM
duplex) and rapidly mixed with either 0.12@), 0.25 ©), 0.5 @),

1.25 @), 2.5 (&), 5 (2), 10 (¥), 20 (¥), 50 (#), or 100 (x) uM

(final concentration) ATP as described under Experimental Proce-
dures. The solid lines represent the kinetic simulation of the
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FIGURE 3: Intermediate identification by pulsehase analysis. (A)

mechanism shown in Scheme 1 with the kinetic parameters shownEgxperimental design. AM 3DP° was incubated with 2@M sym/

in Table 5. (B)kops @s a function of ATP concentration obtained
from the reactions described in (A). The solid line represents the
fit of the data to a hyperbola with Ky ap,for ATP of 4.1+ 0.5

uM and akyo of 21.4+ 0.6 st

Table 1: Kinetic Constants for 38-Catalyzed Nucleotide
Incorporation in the Presence of kfr?

substrates kinetic parameters
nucleic acid nucleotide Kg,app(uM) kpol (S73)
sym/sub-U
GCAUGGGCCC ATP 4.1+ 05 21.4+0.6
CCCGG@ACG ATPaS 1.0+£02 27+£0.1
2'-dATP 19.2+4.0 8.5+0.6
2-dATPaS 11.3+2.2 0.76+0.04
GTP 173+ 20 1.7+0.1
GTP ND¢ 29+0.3
GTPuS? ND¢ 0.51+ 0.06
sym/sub-C
GAUCGGGCCC GTP NDe¢ 353+ 2.2
CCCGGXUAG GTPuS ND¢ 4.3+0.2
sym/sub-UA
GCAUGGGCCCA UTP 30.9- 3.9 86.8+5.5
ACCCGGGWACG

a Experiments were performed as described in the legend to Figure

1.°The observed rate constant for nucleotide incorporation was
determined at a concentration of 1 mM MnaCand nucleotide
concentrations of 50 and 5@0. The difference between the rates at
50 and 50QuM was less than 5%¢.Not determined.

These data are consistent with Mrhaving some effect on
steps 13 of the mechanism.

sub (10uM duplex) and rapidly mixed with 130M [a-32P]ATP

(3.8 Ci/mmol) (final concentration) as described under Experimental
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 HCI to a final concentration of 1 M. Immediately after addition
of HCI, the solution was neutralized by additiohloM KOH and

300 mM Tris. (B) Kinetics of pulsechase @) and pulse-quench

(O) from the reactions described in (A). The solid lines represent
the kinetic simulation of the data fit to the mechanism shown in
Scheme 1 with the kinetic parameters shown in Table 5. The
simulated curve of the pulsguench data predicts the rate of
formation of all R;-containing species; the simulated curve of
the pulse-chase data predicts the rate of formation of ¥NRP

and all R;-containing species.

Scheme 2: Minimal Mechanism for Puls€hase Analysis

kiy ki3
ER,NTP 7= *ER,NTP —» *ER,+,PP,
k.,

a Abbreviations: ERNTP, ternary complex; *ERNTP, activated
elongation complex; ER1PR, product complex.

in Figure 3B. The data are consistent with the existence of
a conformational change preceding phosphoryl transfer.
Kinetic simulation was used to fit the data to the mechanism
shown in Scheme 2 (data not shown). These data yielded a
limit of 3 for the value ofK; (ky, = 300-1500 s%; k_, =
100-500 s) and a value of 308 for k3, the rate constant

To interrogate steps 2 and 3 more directly, we performed for phosphoryl transfer. From these data, it is possible to

pulse-quench and pulsechase experiments (Figure 3A).
In these experiments, the 8-sym/sub complex is mixed
with [a-32P]ATP for various amounts of time and then either

conclude that Mf" increases the overall stability of the
isomerized complex by a factor of 5 and decreases the rate
of phosphoryl transfer by a factor of 17 relative to the values

quenched or chased by addition of ATP and then quenched measured/modeled in the presence of’Mdn addition, in
If the intermediate described in step 2 of Scheme 1 exists in the presence of Mit, phosphoryl transfer is the sole rate-

the presence of M, then the pulsechase experiment
should show additional product relative to the puigeiench

limiting step for correct nucleotide incorporation.
If phosphoryl transfer is the rate-limiting step in the

experiment because the chase period permits a fraction ofpresence of M#t, then the observed phosphorothioate effect
the isomerized complex to be converted to product complex should be greater than the value of 4.2 observed in the
(12). The data obtained from these experiments are shownpresence of Mg (Table 2) (L2). In fact, the phosphorothio-
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Table 2: Observed Phosphorothioate Effect for Correct and AA .
Incorrect Nucleotide Incorporation in the Presence ofMand %_
Mn2+a ~—~
, <
nucleotide Mg+ Mn2*+ E X
correct 5
ATP 4.2+ 0.4 79+ 04 g
GTP ND? 8.2+ 0.6 =
incorrect -
2'-dATP 6.2+ 0.7 11+1
GTP 2.4+0.3 5.7+ 0.9 B s
@ The observed phosphorothioate effect is calculated u&hadnge/ S
(Kpo)nTRas. Values forkyg are listed in Table 12 Not determined. =
V4
0.3 n
~ (.. S
3 g
— -
< 0.2 =
2 0 0.5 1
5 01 Time (sec)
= Ficure 5: Multiple nucleotide incorporation in the absence and
= 0 presence of pyrophosphate. (Au#1 3DP° was incubated with 2
0 04 0.8 12 uM sym/sub (1uM duplex) and rapidly mixed with 4M ATP
Time (sec) and 7uM UTP (final concentration) as described under Experi-

mental Procedures. Key: Kinetics of formation and disappearance
Ficure 4: Elemental effect on the pre-steady-state burst rate of of 11-mer @) and 12-mer@). The solid lines represent the kinetic
AMP incorporation. (A) «M 3D was incubated with 2M sym/ simulation of the data fit to a mechanism for two successive
sub (1uM duplex) and rapidly mixed with either 100M ATP nucleotide incorporations with the first nucleotide incorporation
(®) or 100uM ATPaS (O) (final concentration) as described under  gescribed by the kinetic mechanism shown in Scheme 1 using the
Experimental Procedures. The solid lines represent the fit of the kinetic parameters in Table 5 and the second nucleotide incorpora-
data to a single exponential withkgys for ATP of 20.4+ 0.8 s tion described by the mechanism shown in Scheme 4 using the
and akops for ATPaS of 2.67+ 0.04 s™. Ka.app@ndkyo values for UTP using sym/sub-UA shown in Table
1. (B) 2uM 3Dr° was incubated with 2M sym/sub (1uM duplex)

ate effect measured for a given nucleotide substrate in theand rapidly mixed with 4M ATP, 7 uM UTP, and 100Q:M PR,
presence of M# should reflect the theoretical maximum (Iiig?' ?(?Rgteigr?)??gr) rr?;ti%?ggged‘?s%“di;'f;#ggig}eﬂamﬁcneddUres-
for that substrate. As shown in Flgu.re 4 for 10 ATP or . 12}/ﬁ1er ©). The solid lines represenﬂ)he kinetic simulation of the
ATPaS, the observed phosphorothioate effect was 7.6. This gata fit to a mechanism for two successive nucleotide incorporations
value increased to 7.% 0.4 when values fok,, were with the first nucleotide incorporation described by the kinetic
employed (Tables 1 and 2). A value of 82 0.6 was mechanism shown in Scheme 1 using the kinetic parameters in
determined for the phosphorothioate effect when GTP/ Laé%'ﬁai ig?r?stﬁg V\fﬁ?ﬁg‘iﬁé‘gg‘fﬂ;Agclg{gorgﬂgﬂpdflsaﬁsgg?o?y the
GTPoS was evaluate_d (Tables 1 and 2). These values are inj1p using sym/sub-UA shown in Table T ol
good agreement with the range of-41 reported by
Herschlag, Piccirilli, and Cech in their evaluation of the the pyrophosphorolysis experiment over the 10000 s time
phosphorothioate effects in nonenzymatic reacti@®. period monitored. By performing this experiment in the

In the presence of Mg, phosphoryl transfer can be run  presence of pyrophosphate, we were able to estiméig a
in reverse [pyrophosphorolysis and pyrophosphate exchangevalue of 200uM for pyrophosphate by evaluating the
(12)]; however, this is not the case when RMris employed capacity of pyrophosphate to inhibit the second cycle of
as the divalent cation cofactor (data not shown). Evaluation nucleotide incorporation (Figure 5B). Together, these studies
of the reverse reaction rate permits determination oKifg, permit us to conclude that the primary effect of Mron
value for PP and estimation of rate constants for the correct nucleotide incorporation is a 5-fold increase in the
conformational-change step after nucleotide incorporation, equilibrium constant for the conformational-change step
thereby completing the mechanisi?). preceding phosphoryl transfer and a 17-fold decrease in the

In the presence of MY, the rate-limiting step for  rate constant for phosphoryl transfer.
consecutive cycles of nucleotide incorporation is likely the  Effect of MA™ on Fidelity of 3°-Catalyzed Nucleotide
conformational change after nucleotide incorporativg).( Incorporation.We have used'ZdATP and GTP to evaluate
Experimentally, this conclusion was reached by kinetic the mechanism employed by 8Dto distinguish between
simulation of two successive cycles of nucleotide incorpora- nucleotides containing an incorrect sugar configuration or
tion and comparison of the simulated data to that derived an incorrect base, respectively. The concentration dependence
from empirical analysis of single nucleotide incorporation of the kinetics of 2dAMP or GMP incorporation into sym/
(12). We performed a similar experiment in the presence of sub-U was evaluated, and these data were used to determine
Mn2* (Figure 5A). The data were simulated to the simple values forKq appandkye (data not shown; Table 1). In both
mechanism shown in Scheme 3 using the appropriatecases, theKgap, values decreased, and thg, values
constants from Table 1 (data not shown). The kinetic increased relative to the corresponding values measured in
simulation set a lower limit of 16073 on the rate constant  the presence of Mg (Table 1). TheKq appvalue for 2-dATP
for the second conformational chande4). The upper limit decreased 15-fold to 192 4.0uM, and the value for GTP
of 1.0 x 107* s for k-4 was constrained by the fact that decreased 2-fold to 17& 20 uM (Table 1). Theky, value
greater values should produce detectable levels of ATP infor 2-dATP increased 11-fold to 8% 0.6 s, and the value
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Scheme 3: Minimal Kinetic Mechanism for Consecutive Incorporation of Two Nucleotides BY23D

Kd,app kpoI k+4 Kd,app kpol
ER, + ATP &2 *ER,ATP —» *ER+1—» ER,+1 + UTP &2 *ER+UTP —» *ER,42
a Abbreviations: ER 3DP°'—sym/sub complex; ATP, adenosin&tfiphosphate; *ERATP, activated elongation complex; *ER, activated
product complex 1; ER1, product complex; UTP, uridine Briphosphate; *ER1UTP, activated elongation product complex 1; *&R activated
product complex 2.

Scheme 4: Minimal Kinetic Mechanism for UMP A _ o3
Incorporation into sym/sub-UA by 3D a 21 ATP
Ktl,app kpal - 0.2
ERp+1 + UTP =2 *ER+{UTP — *ERy42 %
a Abbreviations: ER;1, product complex; UTP, uridin€ %riphos- w0
phate; *ER.1UTP, activated elongation product complex 1; *ER g ’
activated product complex 2. -
= o0
0.04 0. 12 0.1
Table 3: Fidelity of 3B°-Catalyzed Nucleotide Incorporation in the 0 oTimeo(ssec)o 016
Presence of Mg and Mr#* B - o3
S o
fidelity? =
nucleotide Mg+ Mn2+ MgZ+/Mnz* < 02
2-dATP 233 13 18 é : 4
GTP 15477 532 29 QE: 0.1 : 9 -
aFidelity is calculated as kfo/Kg,appate + (Kool Kd,appincorrecd/[( Kpol/ — i
Kd.appincorred] (41). sym/sub-U was employed; therefore, ATP is the = g fwmanewm v
correct nucleotide. The values flgo/Kqappin the presence of Mg 0 02 04 06 08 1
were obtained from re12, and those in the presence of Mnwere Time (sec)
obtained from Table 1. C <=
= b
3
for GTP increased 131-fold to 14# 0.1 s'*. These changes <
correspond to an overall 18-fold reduction in the ability of %
3Dr to select the correct sugar configuration and to an 2
overall 29-fold reduction in the ability of 3D to select the = TS TErTeRt]

correct base when Mn is substituted for Mg (Table 3). o T e
Mechanistic Basis for the Loss of 8DFidelity in the Time (sec)
Presence of Mif. Because both the conformational change Figure 6: The amount of intermediate that accumulates prior to
preceding phosphoryl transfer and phosphoryl transfer werechemistry for incorrect nucleotide incorporation is reduced relative
affected most by the divalent cation substitution, these stepsto correct incorporation. (A) Kinetics of AMP incorporation in the
were most likely to be involved in fidelity of nucleotide ~Presence of Mfr quenched by either EDTA®) or HCI (O). The

. solid line represents the kinetic simulation of the data fit to the
selection. Therefore, we evaluated-dAMP and GMP mechanism shown in Scheme 2 wkh equal to 3 andks equal

incorporation by using an EDTA quench. As demonstrated to 30 s*. 2 M 3D was incubated with ZM sym/sub (1xM
for AMP incorporation, this experiment can serve as a duplex) and rapidly mixed with 500M ATP (final concentration)
surrogate for the pulsechase experiment, and the resulting s described under Experimental Procedures. (B) Kinetics-of 2

; dAMP incorporation in the presence of kfnquenched by either
data are modeled well by Scheme 2 (ct. Figures 6A and 3B). EDTA (®) or HCI (O). The solid line represents the kinetic

The constants obtained by using ATP set upper limits for gjimylation of the data fit to the mechanism shown in Scheme 2
Kz (3) andkys (30 s%). For both 22dATP and GTP, the  with K, equal to 0.4 andk;s equal to 30 st The dotted line
EDTA-quench data were modeled best by conditions in represents the kinetic simulation of the data fit to the mechanism

which K, changed without affecting. (filled circles and ~ Shown in Scheme 2 witk, equal to 3 and; equal to 10 §'. 2
S A . uM 3Dr° was incubated with M sym/sub (1uM duplex) and
solid lines in Figure 6B,C). Iky3 functioned as the sole step rapidly mixed with 5004M 2'-dATP (final concentration) as

mediating enzyme fidelity, then a significant quantity of described under Experimental Procedures. (C) Kinetics of GMP
EDTA-resistant intermediate should accumulate with both incorporation in the presence of Knquenched by either EDTA

2'-dATP and GTP (dashed lines in Figure 6B,C). Clearly, (®)or HCI(O). The solid line represents the kinetic simulation of
this was not observed. TH& value for 2-dATP was 0.4 the data fit to the mechanism shown in Scheme 2 Witlequal to

. 0.05 andk:3 equal to 30 st The dotted line represents the kinetic
and that for GTP was 0.05 (Table 4). These experiments simulation of the data fit to the mechanism shown in Scheme 2

could not attribute the change & specifically to a decrease  with K, equal to 3 andk;5 equal to 3 s%. 2 «M 3DP° was incubated

in k2, an increase irk—;, or some combination thereof  with 2 uM sym/sub (1uM duplex) and rapidly mixed with 1000

relative to data obtained for ATP. uM GTP (final concentration) as described under Experimental
The value forK, can also be calculated by using the FProcedures.

combination of eqs-35. This calculation requires knowledge

of the values for the theoretical/maximal phosphorothioate perfect agreement with that obtained by simulation of the

effect and the observed phosphorothioate effect. We assumedEDTA-quench experiment (Table 4 and Figure 6B). For

that chemistry was completely rate limiting fo--@QAMP GMP incorporation, we assumed that the phosphorothioate

incorporation so a value of 11 was used as both the effect of 8.2 determined for GTP/G®S as a correct

theoretical maximum and observed phosphorothioate effectnucleotide would set an upper limit on the phosphorothioate

(Tables 1 and 2), yielding &, value of 0.4, which is in effect for GTP/GTRS incorporation as an incorrect nucleo-

10
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Table 4: Comparison ok, andk; Values for Correct and Table 5: Kinetic Parameters for the Kinetic Mechanism of
Incorrect Nucleotide Incorporation in the Presence ofMand 3Dro-Catalyzed Nucleotide Incorporation in the Presence of*Mn
Mn?2*+ (Scheme 1)
Kz ks (sh) parameter valiie Keg
nucleotide M#A*a Mg?*+P Mn2*+ Mg?*t¢ K1 10uMtst
1 -1
ATP 3 0.6 30 520 tfl gg S 0.25uM
2'-dATP 0.4 0.08 30 21 kf 100 s 3
GTP 0.05 0.01 30 3 Kes 305t
a K, was determined by kinetic simulation of the data in Figure 6 fit ks 22st 1.4
to the mechanism shown in Scheme 2 wkth equal to 30 st P K, Kia >160s?
for ATP was taken from ret2, and the values for'2ZIATP and GTP - <0.0001 s? >1.6x 10°
were calculated Using(éyincorec)Mg B (KZ,ATP)Mg/(KZ,ATP/KZ,incorrec)Mn-C k+3 k+5 2000 s?
in the presence of Mg was calculated using eqs—3 under ks 10uM-tst 200uM

Experimental Procedures using tigvalues listed above, the observed
and maximal phosphorothioate effects listed in Table 2, andkihe
values listed in Table 1.

aValues for all parameters, with the exceptiorkof andk-4, were
determined experimentally.

tide; the empirically determined value for GTP/GI® as uses not only the conformational-change step for nucleotide
an incorrect nucleotide was 5.7 (Tables 1 and 2). The sele(;tior) but also the pho_sphoryl—transfer step. Therefore,
calculatedK, value was 0.10, which is in good agreement the fidelity loss observed in the presence of Wmesults
with that obtained by simulation of the EDTA-quench f'rom the capacny Of'thIS divalent cation to dlsgonn(a_ct Fhe
experiment (Table 4 and Figure 6C). Together, these dataline of communication between the nucleoside-binding
permit us to conclude that in the presence of2Mihe pocket and the catalytic center.

cqnformatlonal-change step _precedlng chemistry is the DISCUSSION

primary step used for nucleotide selection.

Mechanistic Basis for 3®' Fidelity in the Presence of In this study, we elucidated the complete kinetic mecha-
Mn?*. Given a value folK, and the appropriate information nism for 3D°-catalyzed nucleotide incorporation in the
for theoretical and observed phosphorothioate effects, we canpresence of M# in order to obtain greater insight into the
calculate a value fokys by using egs 35. Having values molecular basis for the changes in catalytic efficiency,
for K, andk 3 will permit a complete kinetic description of ~ substrate selection, and incorporation fidelity observed by

the nucleotide-selection process in the presence éf Mdne using this divalent cation cofactor instead of Mg(7).
Mn?* data fill important gaps by permitting this missing Because M#" changes the biochemical properties of es-
information to be obtainedl@). To estimate the value df; sentially all nucleic acid polymerases, a mechanistic descrip-

in the presence of Mg for 2-dAMP and GMP incorporation  tion of Mn?*-induced effects in the context of the RdRP
into sym/sub-U, we used the following logic. The ratio of might also provide some insight into the mechanistic basis
Ko atem/Koate mgt (@ value of 5) represents the greatest for Mn2*-induced effects in other polymerase systet$(
value possible; that is, M cannot stabilize an incorrect 7—10).

nucleotide in the 3P active site better than a correct We found that the sequence of events employed b¥'3D
nucleotide. Our reasoning for this is as follows. Formation in the presence of Mt for incorporation of a single, correct

of the activated ternary complex occurs as a result of the nucleotide was not different from that determined in the
normal dynamical motions of the enzyme and with a rate presence of M§ (Scheme 1). We were able to obtain a
that is independent of the nature of the bound nucleotide. single set of rate constants (Table 5) that were sufficient to
However, the rate of decay (i.e., stability) of this complex model all of the experimental data (Figures 2, 3, 5, and 6).
is dependent upon the nature of bound nucleotide (i.e., correctThe experimental data provided good constraints on all of
vs incorrect). A correct nucleotide should have more stable the rate constants preceding the second conformational-
interactions in the activated ternary complex than an incorrect change step, suggesting no greater than a 2-fold error in any
nucleotide. Consequently, the rate constant for opening fromof these key parameters (Table 6).

the closed conformation would be reduced for a correct In the presence of M, the rate-limiting step for single
nucleotide relative to an incorrect nucleotide. When?Mn  nucleotide incorporation is the step attributed to phosphoryl
is employed as the divalent cation, the conformation of the transfer. This is an important observation because it permitted
metal-B-bound triphosphate coupled with the additional us to determine empirically the maximal value for the
adventitious interactions that can occur between the enzymephosphorothioate effect with this polymerase. Knowledge of
and Mr?* increases the stability of this activated ternary this value permits calculation of the values #5 or ki3
complex; however, this increase in stability would be the (egs 3-5). In the past, there has been a controversy regarding
same regardless of the configuration of the nucleotide, i.e., the range for the phosphorothioate effe29,(21) and the
correct or incorrect. Therefore, we can assume that the valueutility of this parameter for defining rate-limiting steps in
for Kz,2—gatemg cannot excees »—garp /5 (Table 4); polymerase-catalyzed phosphoryl-transfer reacti®s Qur

the same logic applies to the calculation of tesrpmg* data suggest that, for polymerase-catalyzed phosphoryl-
value (Table 4). The required phosphorothioate data aretransfer reactions, the phosphorothioate effect may range
shown in Table 2. The calculations yielded values of 21 and from 8 to 11, consistent with data obtained by Herschlag,
3 s *for the phosphoryl-transfer step wherdAMP or GMP Piccirilli, and Cech for nonenzymatic phosphoryl-transfer
is incorporated into sym/sub-U, respectively. These data reactions 20). We were able to exploit this information to
permit us to conclude that, in the presence of?M @D provide all of the necessary values (Tables 1 and 4 and
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Table 6: 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 Kig, ko1,P ki, C koo b kis K2, kigd k_s, ko4, kis, ks
pulse-chase analysis K2, Kia Ki1,9 Kog, ko3,% Kigd k-1, K-4, ks, K5
two-nucleotide incorporationPR) K1, K+3,° Kd,app,uth Kpol,utp k-1,8ki2,9k 2,2 Kig, kg, kisd k-4, Kis, k-5
two-nucleotide inCOrpOratiOrﬁ(PFf) K1, Kis, Kis, Kos, Kd,app,UTR kpol.UTP k-1, Kio, kop,2 k2 Kia, K-a

@ The rate constants shown in Table 5 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. Howes/er, 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 inser’SRivly. 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 theddamdy a 10-fold
decrease gives a significant change in the fit of the simulation to the t@tdy a 10-fold increase gives a significant change in the fit of the
simulation to the data.

20 — for this metal. It is known that Mi, being a transition metal,

15 Mg2* will interact with nitrogen and sulfur ligands better than#ig
R (23). In the presence of M, this step contributes 1-2.3

kcal/mol to the overall fidelity of nucleotide incorporation.

The conformational change preceding phosphoryl transfer
0 e rNTP ER e EW m,m» is a step in the mechanism that is used by°8dr nucleotide
5 ikl selection in a cation-independent manner. The free energy
Reaction Coordinate diagrams were constructed by assuming tkat is the
mediator of fidelity at this stage of incorporation. Unfortu-
£ nately, our experiments could not determine whether forma-
tion and/or stability of the “activated” ternary complex
mediated selection. Additional studies will be required to
clarify this issue. Interestingly, the overall contribution of
s ERNTP e the cqnformational-change step to nucleotide selection by
= 3D is cation dependent. In the presence of?2Vnthe

Reaction Coordinate . .

FisURE 7: Comparison of the free energy profile for correct and conformational-change step represents the greatest contribu-
: ; = | _

incorrect 3D°-catalyzed nucleotide incorporation in the presence tion to th‘? overall fidelity of 3B (2.1 4'.7 Kcal/mol).
of Mg2* and Mr#"*. (A) Free energy profile in the presence of Mg However, in the presence of Mg the contribution of the
The free energy profile for correct and incorrect nucleotide conformational-change step to the overall fidelity is less
incorporation is shown as follows: solid line for AMP incorpora- (1.4—2.5 kcal/mol) and is shared with the subsequent step,
tion, small dotted line for 2dAMP incorporation, and large dotted phosphory! transfer (2:63.0 kcal/mol). The phosphoryl-

line for GMP incorporation. (B) Free energy profile in the presence . . L
of Mn?+, The free energy profile for correct and incorrect nucleotide  ransfer step is not used at all for nucleotide selection in the

incorporation is shown as follows: solid line for AMP incorpora- Presence of M#. The inability to couple the nature of the
tion, small dotted line for 2dAMP incorporation, and large dotted  bound nucleotide to the efficiency of phosphoryl transfer is

line for GMP incorporation. The concentrations of the substrates the primary reason for the observed loss oP3Edelity in
and products used were 20@M NTP and 20uM PR. The free the presence of M

energy for each reaction step was calculated frd@ = RT[In- ’
(kT/h) — In(kopg], whereRis 1.99 cal KX mol%, Tis 303 K,k is Our current model to explain the cation-dependent nucleo-

3.30x 10*cal K™%, his 1.58x 107% cal s, andkps s the first- tide-selection process of 3% is illustrated in Figure 8.
order rate constant. The free energy for each species was calculate@inding of M@ /Mn2t-NTP to the 3D°—primer/template

from AG = RTlIn(kT/h) = In(kops o] = RTIIN(KTN) = I (Kobs red]- complex is driven by the metal-complexed triphosphate

comparison of 3PP-catalyzed incorporation of a single Of Mn?*-NTP may reflect the presence of adventitious
correct or incorrect nucleotide in the presence of2Mgr interactions in the pocket. The greatest number of interactions

Mn2* (Figure 7). This analysis shows that ®oan use all ~ Will occur with the correct nucleotide, permitting this step
of the steps from ground-state binding of nucleotide to 0 provide some discrimination between correct nucleotides
phosphoryl transfer for nucleotide selection; however, the @nd nucleotides containing an incorrect sugar configuration
extent to which each step is employed, if at all, is dependent OF base (Figure 7B).
upon the divalent cation cofactor. Once Mg"/Mn?*-NTP is bound, a conformational change
Ground-state binding is not a significant factor for nucleo- of the metal-complexed triphosphate moiety brings this metal
tide selection in the presence of kigFigure 7A), consistent  into the appropriate position to interact with the conserved
with the possibility that this binding event is governed aspartyl groups of the enzyme and, at the same time,
primarily by the triphosphate moiety of the bound nucleotide. organizes the active site for acceptance of the second metal
In the presence of Mif, ground-state binding of the correct ion required for catalysis (Figure 8B). Again, the enhance-
nucleotide (ATP) is 2.4 kcal/mol more stable than in the ment of the stability of this complex in the presence ofNn
presence of Mgf. This observation may suggest that¥n  could reflect additional, unique interactions. However, in this
has additional, adventitious interactions with the enzyme, for complex, these extra interactions may effectively overcom-
example, interactions with the backbone or nitrogen- or pensate for those interactions used to stabilize this complex
sulfur-containing residues located in or near the binding site when Mg" is employed as the divalent cation cofactor. If,

>

10
5

AG (kcal/mol)

=

15 | Mn2t+

AG (kcal/mol)
W\

ER,+NTP |-
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A Template

Primer 3'-end -
—
a /

Asp-328 “
ATP

Asp-233 g i

-ﬁ‘ O_Hr.PP‘

Ficure 8: Structural model for 3®-catalyzed nucleotide incorporation. (A) Ground-state binding of metal-complexed nucleotide. (B)
Reorientation of the triphosphate into the catalytically competent configuration. (C) Binding of the second metal ion. (D) Phosphoryl
transfer and pyrophosphate release. While the kinetic mechanism suggests a conformational change prior to pyrophosphate release, our data
do not provide any information to permit a molecular description of this step. Images were generated from the model previously described
(18). Nucleotide and side chain motions were derived fron26dfy approximate rotation and translation movements. Atom colors correspond

to the following: red, oxygen; blue, nitrogen; gray, carbon; magent&,"MgMn?*. The images were rendered with WebLab Viewer Pro
(Accelrys Inc., San Diego, CA).

in the presence of Mg, the interactions with the actively  triphosphate portion of the nucleotide substrate has a large
oriented triphosphate originate from the ribose-binding set of interactions with the metals, it is reasonable to conclude
pocket, then the presence of an incorrect sugar configurationthat the triphosphate is involved somehow in the conforma-
or an incorrect base could alter these interactions, simulta-tional change. This interpretation is supported by the recent
neously changindl; andk.s. The change irk;3 would be work of Beese and co-workers that has provided detailed
caused by the inability to maintain the triphosphate in the structural evidence for reorientation of the triphosphate
catalytically competent conformation. In the presence of moiety of the nucleotide substrate during successive cycles
Mn2*, however, disruption of the interactions between the of nucleotide incorporation catalyzed by the large fragment
triphosphate of an incorrect nucleotide and residues in the of DNA polymerase | fronBacillus stearothermophilu@F)
ribose-binding pocket would be compensated for by the (26). In addition, this hypothesis was put forward by Mildvan
additional Mr#*-specific interactions, thereby preventing a and colleagues2({, 28) and Benkovic and colleaguess)
reduction in the value fokys. in their studies of the Klenow fragment of DNA polymerase
Once reorientation of the triphosphate moiety occurs, the | from Escherichia coli The current view that the confor-
second metal will bind (Figure 8C) and catalysis will occur mational change observed kinetically reflects rigid-body
(Figure 8D). While Mg" is perfectly suited to this pocket, movements of the polymerase fingers subdomain has never
the subtle increase in the ionic radius of Mn0.75 A) been proved, and recent data from the Wilson and Beese
relative to Mg+ (0.65 A) may be sufficient to alter the laboratories refute this possibility convincinglg, 29).
distance between the primef-GH and thea-phosphorus Because the mechanistic studies of3Patalyzed nucleotide
of the nucleotide substrate, causing the observed 17-foldincorporation 12) provide a better mechanistic connection
reduction in the rate of phosphoryl transfer. Indeed, Carey to the Klenow fragment of DNA polymerase 15) than to
and colleagues have shown that a 0.015 A change in bondany other systems for which detailed kinetic and structural
length can cause a 500-fold change in reactivity of serine studies are availablel, 15, 17, 26, 30—38), the structural
protease substrate®4 25). Additional studies will be studies of BF provide the best structural surrogate fot’3D
required to determine whether binding of the second metal, All polymerases reported to date exhibit the greatest
deprotonation of the’30H, or some other step is actually fidelity in the presence of Mg (2), and most structural
limiting the rate of phosphoryl transfer in the presence of studies provide evidence for the formation of extensive
Mn?+, interactions between the enzyme and nucleotide substrate in
A distinguishing feature of this mechanism is the inter- complexes poised for or undergoing cataly4is2g, 30, 33,
pretation that the conformational change preceding catalysis39). Many of these interactions are in a position in which
is reorientation of the metal-complexed triphosphate moiety inappropriate sugar configurations or base pairing would
of the nucleotide from its ground-state configuration (Figure perturb these interactions, producing the same deleterious
8A) to the catalytically competent configuration (Figure 8B). effects on the equilibrium position of the isomerized ternary
All of the data reported herein demonstrate that the confor- complex and phosphoryl transfer as observed fof°BIn
mational change is the metal-sensitive step. Because thehese systems, Mh may also be able to suppress and/or
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compensate for distortions caused by the binding of incorrect 6.
nucleotides or the presence of modified template bases, again

through adventitious interactions of the Rrcofactor with

the enzyme. Consistent with this possibility is the finding
by the Berdis laboratory that the major defect for T4 DNA
polymerase-catalyzed incorporation of nucleotides opposite

an abasic site in DNA is a reduction g, that can be
overcome by using Mi instead of Mg" as the cofactor
(40).

Given the capacity of the metal employed in polymerase-
catalyzed reactions to have an effect not only on substrate

selection and incorporation fidelity but also on rate-limiting

steps during the nucleotide incorporation cycle, some caution
is warranted when studies employing alternative metal
cofactors are used to reach general conclusions regarding 11.

the polymerase mechanism.

CONCLUSION
This report combined with the preceding papé2)(

provides the first comprehensive quantitative evaluation of
RNA-dependent RNA polymerase-catalyzed nucleotide in-
corporation. This class of enzymes employs the same overall
mechanism for nucleotide incorporation and fidelity as the 14.
other classes of nucleic acid polymerases. Both the confor-
mational change preceding phosphoryl transfer and phos-

phoryl transfer are partially rate limiting for nucleotide
incorporation in the presence of Kg and both of these

steps are employed for nucleotide selection and incorporation
fidelity in the presence of this divalent cation cofactor. In

contrast, in the presence of kM the ability to use the
phosphoryl-transfer step for incorporation fidelity is lost,

leaving primarily the conformational-change step to ac-

complish this important task. With this kinetic framework

in hand, elucidation of the structural features of the enzyme
that dictate the observed kinetic pathway should be possible.
Unique structural features of the RNA-dependent RNA

polymerase essential for enzyme function should prove to
be important targets for the design of agents to selectively

inhibit the RNA-dependent RNA polymerase without af-
fecting the myriad cellular polymerases required for life.
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