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Abstract

The use of Mn2* as the divalent cation cofactor in polymerase-catalyzed reactions instead of Mg2*
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 (3DP°!) in the presence of Mn?*. The steps employed during a
single cycle of nucleotide incorporation are identical to those employed in the presence of Mg2* and
include a conformational-change step after nucleotide binding to achieve catalytic competence of
the polymerase-primer/template-nucleotide complex. In the presence of Mn2*, the 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 of Mn2*, it was possible to determine that the maximal phosphorothioate effect in this
system is in the range of 8-11. This information permitted further interrogation of the nucleotide-
selection process in the presence of Mg2*, highlighting the capacity of this cation to permit the
enzyme to use the phosphoryl-transfer step for nucleotide selection. The inability of Mn2* to 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 Mg?2*, this 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 bound Mn2* may diminish fidelity by compensating for interaction
Iosszes used to modulate catalytic efficiency when incorrect nucleotides are bound in the presence of
Mg-*.

All nucleic acid polymerases require two divalent cations as cofactors to catalyze phosphoryl
transfer (1). The first metal ion is brought into the active site complexed to the triphosphate

moiety of the nucleotide substrate. This metal ion may facilitate formation of the conformation
of the triphosphate required for nucleophilic attack of the a-phosphorus atom. The second metal
ion is required to lower the pK, of the primer 3'-OH to facilitate formation of the nucleophile
required for catalysis. Mg2* is thought to be the divalent cation employed by most polymerases
known (2); however, activity is usually supported by other divalent cations as well (3-7). Ina
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variety of polymerase systems, MnZ* has been shown to be an effective divalent cation cofactor
(3-7). However, this metal usually alters the biochemical properties of the polymerase,
decreasing the stringency of substrate selection and incorporation fidelity (4,5,7-10). Despite
years of effort, neither steady-state kinetic nor structural studies have yielded any significant
insight into the mechanistic or molecular basis for the destructive effects of MnZ* on
polymerase fidelity.

Our studies of the RNA-dependent RNA polymerase (RdRP)! from poliovirus (3DP°!) have
shown that replacement of the Mg2* cofactor with Mn2* alters the biochemical properties of
this enzyme, permitting increased use of DNA templates, nucleotides with incorrect sugar

configurations (e.g., 2'-dNTPs, 3'-dNTPs, and 2’,3’-ddNTPs), and nucleotides with incorrect
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bases (7). Recently, we developed the tools to characterize the complete kinetic mechanism
for single nucleotide incorporation catalyzed by 3DP°! (11). We have shown that in the presence
of Mg?* this enzyme employs the same overall kinetic mechanism as reported for other nucleic
acid polymerases (12). Nucleotide binds to the polymerase-primer/template complex. This
ternary complex isomerizes into a catalytically competent complex. Phosphoryl transfer occurs
followed by a second conformational change, perhaps translocation, and pyrophosphate release
(12).

Despite the availability of complete kinetic mechanisms for single nucleotide incorporation in
the presence of Mg2* for a variety of polymerases (13-17), comparable data do not exist for
nucleotide incorporation in the presence of Mn2*. We have filled this gap by elucidating the
complete kinetic mechanism for 3DP°l-catalyzed single nucleotide incorporation in the
presence of Mn2*. These studies have permitted us not only to develop a complete kinetic and
thermodynamic understanding for correct and incorrect nucleotide incorporation in the
presence of Mn2* but also to expand our kinetic and thermodynamic appreciation for incorrect
nucleotide incorporation in the presence of Mg?*. Succinctly, we find that, by using Mg2* as
the divalent cation cofactor, 3DP°! can use both the first conformational-change step and the
phosphoryl-transfer step to distinguish between correct and incorrect nucleotides. However,
by using Mn2* as the cofactor, the ability to diminish the rate of phosphoryl transfer for
incorrect nucleotides relative to correct nucleotides is lost completely, leaving only the
conformational-change step for selection of the correct nucleotide. We discuss these results in
the context of our structural model for the 3DP°! ternary complex (18).

EXPERIMENTAL PROCEDURES

Materials

[y-32P]ATP (>7000 Ci/mmol) was from ICN; [0-32PJATP (3000 Ci/mmol) was from New
England Nuclear; nucleoside 5'-triphosphates, 2'-deoxynucleoside 5'-triphosphates (all
nucleotides were ultrapure solutions), adenosine 5’-O-(1-thiotriphosphate) (ATPaS), and 2'-
deoxyadenosine 5'-O-(1-thiotriphosphate) (2’-dATPaS) were from Amersham Pharmacia
Biotech, Inc. Guanosine 5-O-(1-thiotriphosphate) (GTPaS) was from TriLink
Biotechnologies; all RNA oligonucleotides were from Dharmacon Research, Inc. (Boulder,
CO); T4 polynucleotide kinase was from New England Biolabs, Inc.; sodium pyrophosphate
was from American Bioanalytical; all other reagents were of the highest grade available from
Sigma, Fisher, or VWR.

Expression and Purification of 3DP°!

Expression and purification of 3DP°! were performed as described previously (19).

Purification, 5"-32P Labeling, and Annealing of sym/sub

RNA oligonucleotides were purified, labeled, and annealed as described previously (11).

3DPO!I Assays

Reactions contained 50 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 5 mM MnCl,, 60
1M ZnCls, nucleotide, sym/sub, and 3DP°!. Reactions were performed at 30 °C. 3DP°! was
diluted immediately prior to use in 50 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 60
1M ZnCls, and 20% glycerol. Zn2* was added to increase the stability of the enzyme; however,
the level of Zn?* employed is insufficient to support nucleotide incorporation. The volume of
enzyme added to any reaction was always less than or equal to one-tenth the total volume.
Reactions were quenched by addition of EDTA to a final concentration of either 50 mM or 0.3
M or by addition of HCI to a final concentration of 1 M. Immediately after the addition of HCI,
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the solution was neutralized by addition of 1 M KOH and 300 mM Tris (final concentration).
Specific concentrations of primer/template and 3DP°!, along with any deviations from the
above, are indicated in the appropriate figure legend.

Rapid Chemical-Quench-Flow Experiments

Rapid mixing/quenching experiments were performed by using a Model RQF-3 chemical-
quench-flow apparatus (KinTek Corp., Austin, TX). Experiments were performed at 30 °C by
using a circulating water bath. 3DP°l-sym/sub complexes were assembled by mixing 3DP°! and
sym/sub for 3 min at room temperature and then rapidly mixed with the nucleotide substrate.
After mixing, reactant concentrations were reduced by 50%. Reactions were quenched either
by addition of EDTA to a final concentration of 0.3 M or by addition of HCI to a final
concentration of 1 M. Immediately after the addition of HCI, the solution was neutralized by
addition of 1 M KOH and 300 mM Tris (final concentration).

Product Analysis: Denaturing PAGE

An equal volume of loading buffer (90% formamide, 0.025% bromophenol blue, and 0.025%
xylene cyanol) was added to 10 uL of the quenched reaction mixtures and heated to 70 °C for
2-5 min prior to loading 5 xL on a denaturing 23% polyacrylamide gel containing 1x TBE and
7 M urea. Electrophoresis was performed in 1x TBE at 90 W. Gels were visualized by using
a phosphorimager and quantified by using the ImageQuant software (Molecular Dynamics).

Data Analysis
Data were fit by nonlinear regression using the program KaleidaGraph (Synergy Software,
Reading, PA). Time courses at fixed nucleotide concentration were fit to
[ product] = Ae 7! 4 C )

where A is the amplitude of the burst, kqps is the observed first-order rate constant describing
the burst, tis the time, and C is a constant. The apparent binding constant (Kg app) and maximal
rate constant for nucleotide incorporation (kyo|) Were determined using the equation:

kpot [NTP]

Kobs = —
% ™ Kaapp + [NTP] @

The value for the equilibrium constant across the conformational-change step was determined
using the equations (17):

o-1
kehem = kpotAp ————
chem pol£32 Eops — 1 3
K = 1
2T A1 )
K, = K2
k_o (5)

Kchem s the rate constant for the chemical step (referred to as k.3 throughout), kyqy is the
maximal observed rate constant for nucleotide incorporation, o is the maximal elemental effect,
Eops is the observed elemental effect, and k,, and k_, are the forward and reverse rate constants
for the conformational-change step, respectively (see Scheme 1).
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Kinetic Simulation

Kinetic simulations were performed by using KinTekSim Version 2.03 (KinTek Corp., Austin,
TX). All rate constants were determined experimentally, except where noted. The agreement
between the experimental data and kinetic simulations was determined by visual inspection.

RESULTS

3DPol-Catalyzed Nucleotide Incorporation in the Presence of Mn2*

The goal of this study was to determine the mechanistic basis for differences observed in the
efficiency and specificity of 3DP°l-catalyzed nucleotide incorporation when the divalent cation
cofactor is changed from Mg?* to Mn2* (7). These studies employed the symmetrical primer/
template system developed to study this enzyme (11). Each primer/template will be referred
to as sym/sub; if the templating base was uracil, for example, then this substrate was designated
sym/sub-U. It is also worth noting that 3DP°-sym/sub complexes are very stable, having a half-
life of approximately 2 h at 25 °C. Consequently, neither binding nor dissociation of sym/sub
needs to be considered in our interpretation of the kinetic experiments described herein.

To perform the kinetic experiments, 3DP°l-sym/sub-U complexes were formed in the presence
of either Mg2* or Mn2", rapidly mixed with ATP, the correct nucleotide, and quenched at
various times by addition of EDTA. In the presence of Mn2*, the observed kinetics of
nucleotide incorporation were biphasic (Figure 1A, filled circles), while in the presence of
Mg?2*, the kinetics of nucleotide incorporation were monophasic (Figure 1B, filled circles).
The biphasic nature of the time course observed in the presence of Mn?* was not altered by
quenching as fast as possible (2 ms). These data were consistent with the formation of an
intermediate (e.g., *ER,NTP in Scheme 1) in the presence of Mn2* that could not be quenched
by using EDTA. Clearly, in order for EDTA to be an effective quench, at least one of the metals
required for catalysis must dissociate rapidly relative to chemistry. Because protons can enter
into the productive 3DP°l-sym/sub-U-ATP complex, acid might be a better quenching agent.
As shown in Figure 1A (open circles), by using an acid quench, the kinetics of nucleotide
incorporation were now monophasic in the presence of Mn2*. Importantly, the observed
kinetics of nucleotide incorporation were not altered when Mg2* was employed as the divalent
cation cofactor and acid was employed as the quench (Figure 1B).

The end-point values differed between experiments performed in the presence of Mn?* and
Mg?2* (cf. panels A and B of Figure 1). This difference is due to an increase in the concentration
of the 3DP°l-sym/sub complex formed when Mn?* is employed (11). In addition, the observed
rate constant for nucleotide incorporation was decreased from 43 + 3s1 in the presence of
Mg?* to 21 + 15’1 in the presence of Mn2*. The observation of a decreased rate constant for
correct nucleotide incorporation for wild-type 3DP°! in the presence of Mn2* relative to
Mg?2* differs from previously reported observations and is a reflection of the use of an EDTA
quench in that study (18).

Solution of the Complete Kinetic Mechanism for Correct Nucleotide Incorporation in the
Presence of Mn2*

Scheme 1 shows the complete kinetic mechanism for 3DP°!-catalyzed AMP incorporation into
sym/sub-U determined in the presence of Mg2* (12). Nucleotide binds to the enzyme-primer/
template complex (step 1), this complex isomerizes (step 2), phosphoryl transfer occurs (step
3) followed by a second conformational change, perhaps translocation (step 4), and
pyrophosphate release (step 5). While Mn2* likely impacts one or more of these steps, we
considered it unlikely that Mn2* causes a change in the number or nature of steps employed
by the enzyme for nucleotide incorporation (12).
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First, we evaluated the concentration dependence of AMP incorporation into sym/sub-U
(Figure 2A). The observed rate constant for nucleotide incorporation was determined for each
concentration of nucleotide employed by fitting the data to the equation describing a single
exponential (eq 1; data not shown). By plotting the observed rate constant as a function of ATP
concentration, we obtained values of 4.1 + 0.5 uM and 21.4 + 0.6 s1 for Kd,app and knol,
respectively. Relative to the values measured in the presence of Mg2*, the Kd,app value
decreased by 30-fold and the ko value decreased by 4-fold (12). The apparent increase in
affinity for the correct nucleotide and/or decrease in overall rate of incorporation were (was)
not unique to the experiment described above as incorporation of UMP into sym/sub-UA and
incorporation of GMP into sym/sub-C showed the same trends (Table 1). These data are
consistent with Mn2* having some effect on steps 1-3 of the mechanism.

To interrogate steps 2 and 3 more directly, we performed pulse-quench and pulse-chase
experiments (Figure 3A). In these experiments, the 3DP°l-sym/sub complex is mixed with
[a-32P]ATP for various amounts of time and then either quenched or chased by addition of
ATP and then quenched. If the intermediate described in step 2 of Scheme 1 exists in the
presence of Mn?*, then the pulse-chase experiment should show additional product relative to
the pulse-quench experiment because the chase period permits a fraction of the isomerized
complex to be converted to product complex (12). The data obtained from these experiments
are shown 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 of K (ky2)
=300-1500571; k_5) = 100-500 s71) and a value of 30 s™1 for k3, the rate constant for phosphoryl
transfer. From these data, it is possible to conclude that Mn?* 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 measured/modeled in the presence of Mg?*. In addition, in
the presence of Mn2*, phosphoryl transfer is the sole rate-limiting step for correct nucleotide
incorporation.

If phosphoryl transfer is the rate-limiting step in the presence of Mn2*, then the observed
phosphorothioate effect should be greater than the value of 4.2 observed in the presence of
Mg?Z* (Table 2) (12). In fact, the phosphorothioate effect measured for a given nucleotide
substrate in the presence of Mn?* should reflect the theoretical maximum for that substrate.
As shown in Figure 4 for 100 uM ATP or ATPaS, the observed phosphorothioate effect was
7.6. This value increased to 7.9 + 0.4 when values for kpo| were employed (Tables 1 and 2). A
value of 8.2 + 0.6 was determined for the phosphorothioate effect when GTP/GTPaS was
evaluated (Tables 1 and 2). These values are in good agreement with the range of 4-11 reported
by Herschlag, Piccirilli, and Cech in their evaluation of the phosphorothioate effects in
nonenzymatic reactions (20).

In the presence of Mg2*, phosphoryl transfer can be run in reverse [pyrophosphorolysis and
pyrophosphate exchange (12)]; however, this is not the case when Mn2* is employed as the
divalent cation cofactor (data not shown). Evaluation of the reverse reaction rate permits
determination of the Kq app Value for PPj and estimation of rate constants for the
conformational-change step after nucleotide incorporation, thereby completing the mechanism
(12).

In the presence of Mg?*, the rate-limiting step for consecutive cycles of nucleotide
incorporation is likely the conformational change after nucleotide incorporation (12).
Experimentally, this conclusion was reached by kinetic simulation of two successive cycles of
nucleotide incorporation and comparison of the simulated data to that derived from empirical
analysis of single nucleotide incorporation (12). We performed a similar experiment in the
presence of Mn2* (Figure 5A). The data were simulated to the simple mechanism shown in
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Scheme 3 using the appropriate constants from Table 1 (data not shown). The kinetic simulation
set a lower limit of 160 s1 on the rate constant for the second conformational change (K+.4).
The upper limit of 1.0 x 10 s for k_4 was constrained by the fact that greater values should
produce detectable levels of ATP in the pyrophosphorolysis experiment over the 20000 s time
period monitored. By performing this experiment in the presence of pyrophosphate, we were
able to estimate a Ky value of 200 «M for pyrophosphate by evaluating the capacity of
pyrophosphate to inhibit the second cycle of nucleotide incorporation (Figure 5B). Together,
these studies permit us to conclude that the primary effect of Mn2* on correct nucleotide
incorporation is a 5-fold increase in the equilibrium constant for the conformational-change
step preceding phosphoryl transfer and a 17-fold decrease in the rate constant for phosphoryl
transfer.

Effect of Mn2* on Fidelity of 3DP°!-Catalyzed Nucleotide Incorporation

Mechanistic

We have used 2’-dATP and GTP to evaluate the mechanism employed by 3DP°! to distinguish
between nucleotides containing an incorrect sugar configuration or an incorrect base,
respectively. The concentration dependence of the kinetics of 2’-dAMP or GMP incorporation
into sym/sub-U was evaluated, and these data were used to determine values for Kq 45 and
kpol (data not shown; Table 1). In both cases, the Ky app Values decreased, and the ko values
increased relative to the corresponding values measured in the presence of Mg?* (Table 1).
The Kg app Value for 2'-dATP decreased 15-fold to 19.2 + 4.0 uM, and the value for GTP
decreased 2-fold to 173 + 20 uM (Table 1). The kpo| value for 2'-dATP increased 11-fold to
8.5 + 0.6 51, and the value for GTP increased 131-fold to 1.7 + 0.1 s'1. These changes
correspond to an overall 18-fold reduction in the ability of 3DP°! to select the correct sugar
configuration and to an overall 29-fold reduction in the ability of 3DP°! to select the correct
base when Mn?* is substituted for Mg?* (Table 3).

Basis for the Loss of 3DP°! Fidelity in the Presence of Mn2*

Because both the conformational change preceding phosphoryl transfer and phosphoryl
transfer were affected most by the divalent cation substitution, these steps were most likely to
be involved in fidelity of nucleotide selection. Therefore, we evaluated 2'-dAMP and GMP
incorporation by using an EDTA quench. As demonstrated for AMP incorporation, this
experiment can serve as a surrogate for the pulse-chase experiment, and the resulting data are
modeled well by Scheme 2 (cf. Figures 6A and 3B). The constants obtained by using ATP set
upper limits for K, (3) and k.3 (30 s'1). For both 2'-dATP and GTP, the EDTA-quench data
were modeled best by conditions in which K, changed without affecting k.3 (filled circles and
solid lines in Figure 6B,C). If k3 functioned as the sole step mediating enzyme fidelity, then
a significant quantity of EDTA-resistant intermediate should accumulate with both 2'-dATP
and GTP (dashed lines in Figure 6B,C). Clearly, this was not observed. The K, value for 2'-
dATP was 0.4, and that for GTP was 0.05 (Table 4). These experiments could not attribute the
change in K5 specifically to a decrease in k., an increase in K_,, or some combination thereof
relative to data obtained for ATP.

The value for K, can also be calculated by using the combination of egs 3-5. This calculation
requires knowledge of the values for the theoretical/maximal phosphorothioate effect and the
observed phosphorothioate effect. We assumed that chemistry was completely rate limiting
for 2'-dAMP incorporation so a value of 11 was used as both the theoretical maximum and
observed phosphorothioate effect (Tables 1 and 2), yielding a K, value of 0.4, which is in
perfect agreement with that obtained by simulation of the EDTA-quench experiment (Table 4
and Figure 6B). For GMP incorporation, we assumed that the phosphorothioate effect of 8.2
determined for GTP/GTPasS as a correct nucleotide would set an upper limit on the
phosphorothioate effect for GTP/GTPaS incorporation as an incorrect nucleotide; the
empirically determined value for GTP/GTPaS as an incorrect nucleotide was 5.7 (Tables 1 and
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2). The calculated K value was 0.10, which is in good agreement with that obtained by
simulation of the EDTA-quench experiment (Table 4 and Figure 6C). Together, these data
permit us to conclude that in the presence of Mn2* the conformational-change step preceding
chemistry is the primary step used for nucleotide selection.

Mechanistic Basis for 3DP°! Fidelity in the Presence of Mn2*

Given a value for K, and the appropriate information for theoretical and observed
phosphorothioate effects, we can calculate a value for k;3 by using eqs 3-5. Having values for
Ky and k.3 will permit a complete kinetic description of the nucleotide-selection process in the
presence of Mg2*. The Mn2* data fill important gaps by permitting this missing information
to be obtained (12). To estimate the value of K5 in the presence of Mg2* for 2'-dAMP and GMP
incorporation into sym/sub-U, we used the following logic. The ratio of Ky atp pmn2+/
K2,aTP,mg2+ (2 value of 5) represents the greatest value possible; that is, Mn2* cannot stabilize
an incorrect nucleotide in the 3DP°! active site better than a correct nucleotide. Our reasoning
for this is as follows. Formation of the activated ternary complex occurs as a result of the normal
dynamical motions of the enzyme and with a rate that is independent of the nature of the bound
nucleotide. However, the rate of decay (i.e., stability) of this complex is dependent upon the
nature of bound nucleotide (i.e., correct vs incorrect). A correct nucleotide should have more
stable interactions in the activated ternary complex than an incorrect nucleotide. Consequently,
the rate constant for opening from the closed conformation would be reduced for a correct
nucleotide relative to an incorrect nucleotide. When Mn2* is employed as the divalent cation,
the conformation of the metal-B-bound triphosphate coupled with the additional adventitious
interactions that can occur between the enzyme and MnZ* increases the stability of this
activated ternary complex; however, this increase in stability would be the same regardless of
the configuration of the nucleotide, i.e., correct or incorrect. Therefore, we can assume that the
value for K .gatp,mg2+ cannot exceed Kj o.gatp mn2+/5 (Table 4); the same logic applies to
the calculation of the K, gtp mg2+ value (Table 4). The required phosphorothioate data are
shown in Table 2. The calculations yielded values of 21 and 3 s for the phosphoryl-transfer
step when 2'-dAMP or GMP is incorporated into sym/sub-U, respectively. These data permit
us to conclude that, in the presence of Mg2*, 3DP! uses not only the conformational-change
step for nucleotide selection but also the phosphoryl-transfer step. Therefore, the fidelity loss
observed in the presence of Mn2* results from the capacity of this divalent cation to disconnect
the line of communication between the nucleoside-binding pocket and the catalytic center.

DISCUSSION

In this study, we elucidated the complete kinetic mechanism for 3DP°!-catalyzed nucleotide
incorporation in the presence of Mn2* in order to obtain greater insight into the molecular basis
for the changes in catalytic efficiency, substrate selection, and incorporation fidelity observed
by using this divalent cation cofactor instead of Mg2* (7). Because Mn2* changes the
biochemical properties of essentially all nucleic acid polymerases, a mechanistic description
of Mn2*-induced effects in the context of the RARP might also provide some insight into the
mechanistic basis for MnZ*-induced effects in other polymerase systems (4,5,7-10).

We found that the sequence of events employed by 3DP°! in the presence of Mn2* for
incorporation of a single, correct nucleotide was not different from that determined in the
presence of Mg2* (Scheme 1). We were able to obtain a single set of rate constants (Table 5)
that were sufficient to model all of the experimental data (Figures 2, 3, 5, and 6). The
experimental data provided good constraints on all of the rate constants preceding the second
conformational-change step, suggesting no greater than a 2-fold error in any of these key
parameters (Table 6).
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In the presence of Mn2*, the rate-limiting step for single nucleotide incorporation is the step
attributed to phosphoryl transfer. This is an important observation because it permitted us to
determine empirically the maximal value for the phosphorothioate effect with this polymerase.
Knowledge of this value permits calculation of the values for Ky or k43 (egs 3-5). In the past,
there has been a controversy regarding the range for the phosphorothioate effect (20,21) and
the utility of this parameter for defining rate-limiting steps in polymerase-catalyzed
phosphoryl-transfer reactions (22). Our data suggest that, for polymerase-catalyzed
phosphoryl-transfer reactions, the phosphorothioate effect may range from 8 to 11, consistent
with data obtained by Herschlag, Piccirilli, and Cech for nonenzymatic phosphoryl-transfer
reactions (20). We were able to exploit this information to provide all of the necessary values
(Tables 1 and 4 and parameters reported in ref 12) to perform a thermodynamic comparison
of 3DP°l-catalyzed incorporation of a single correct or incorrect nucleotide in the presence of
Mg?* or Mn2* (Figure 7). This analysis shows that 3DP°! can use all of the steps from ground-
state binding of nucleotide to phosphory! transfer for nucleotide selection; however, the extent
to which each step is employed, if at all, is dependent upon the divalent cation cofactor.

Ground-state binding is not a significant factor for nucleotide selection in the presence of
Mg?2* (Figure 7A), consistent with the possibility that this binding event is governed primarily
by the triphosphate moiety of the bound nucleotide. In the presence of Mn?*, ground-state
binding of the correct nucleotide (ATP) is 2.4 kcal/mol more stable than in the presence of
Mg?2*. This observation may suggest that Mn2* has additional, adventitious interactions with
the enzyme, for example, interactions with the backbone or nitrogen- or sulfur-containing
residues located in or near the binding site for this metal. It is known that Mn?*, being a
transition metal, will interact with nitrogen and sulfur ligands better than Mg?* (23). In the
presence of Mn2*, this step contributes 1.0-2.3 kcal/mol to the overall fidelity of nucleotide
incorporation.

The conformational change preceding phosphory! transfer is a step in the mechanism that is
used by 3DP°! for nucleotide selection in a cation-independent manner. The free energy
diagrams were constructed by assuming that k_, is the mediator of fidelity at this stage of
incorporation. Unfortunately, our experiments could not determine whether formation and/or
stability of the “activated” ternary complex mediated selection. Additional studies will be
required to clarify this issue. Interestingly, the overall contribution of the conformational-
change step to nucleotide selection by 3DP°! s cation dependent. In the presence of Mn?*, the
conformational-change step represents the greatest contribution to the overall fidelity of
3DPO! (2.1-4.7 kcal/mol). However, in the presence of Mg2*, the contribution of the
conformational-change step to the overall fidelity is less (1.4-2.5 kcal/mol) and is shared with
the subsequent step, phosphoryl transfer (2.0-3.0 kcal/mol). The phosphoryl-transfer step is
not used at all for nucleotide selection in the presence of Mn2*. The inability to couple the
nature of the bound nucleotide to the efficiency of phosphoryl transfer is the primary reason
for the observed loss of 3DPO! fidelity in the presence of Mn2*.

Our current model to explain the cation-dependent nucleotide-selection process of 3DP! is
illustrated in Figure 8. Binding of Mg2*/Mn2*-NTP to the 3DP°!-primer/template complex is
driven by the metal-complexed triphosphate moiety of the nucleotide (Figure 8A). The
increased affinity of Mn2*-NTP may reflect the presence of adventitious interactions in the
pocket. The greatest number of interactions will occur with the correct nucleotide, permitting
this step to provide some discrimination between correct nucleotides and nucleotides
containing an incorrect sugar configuration or base (Figure 7B).

Once Mg2*/Mn2*-NTP is bound, a conformational change of the metal-complexed
triphosphate moiety brings this metal into the appropriate position to interact with the
conserved aspartyl groups of the enzyme and, at the same time, organizes the active site for
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acceptance of the second metal ion required for catalysis (Figure 8B). Again, the enhancement
of the stability of this complex in the presence of Mn2* could reflect additional, unique
interactions. However, in this complex, these extra interactions may effectively overcom-
pensate for those interactions used to stabilize this complex when Mg2?* is employed as the
divalent cation cofactor. If, in the presence of Mg2*, the interactions with the actively oriented
triphosphate originate from the ribose-binding pocket, then the presence of an incorrect sugar
configuration or an incorrect base could alter these interactions, simultaneously changing K,
and k43. The change in k,3 would be caused by the inability to maintain the triphosphate in the
catalytically competent conformation. In the presence of MnZ*, however, disruption of the
interactions between the triphosphate of an incorrect nucleotide and residues in the ribose-
binding pocket would be compensated for by the additional Mn%*-specific interactions, thereby
preventing a reduction in the value for k3.

Once reorientation of the triphosphate moiety occurs, the second metal will bind (Figure 8C)
and catalysis will occur (Figure 8D). While Mg2* is perfectly suited to this pocket, the subtle
increase in the ionic radius of Mn2* (0.75 A) relative to Mg?* (0.65 A) may be sufficient to
alter the distance between the primer 3’-OH and the a-phosphorus of the nucleotide substrate,
causing the observed 17-fold reduction in the rate of phosphoryl transfer. Indeed, Carey and
colleagues have shown that a 0.015 A change in bond length can cause a 500-fold change in
reactivity of serine protease substrates (24, 25). Additional studies will be required to determine
whether binding of the second metal, deprotonation of the 3'-OH, or some other step is actually
limiting the rate of phosphoryl transfer in the presence of Mn2*,

A distinguishing feature of this mechanism is the interpretation that the conformational change
preceding catalysis is reorientation of the metal-complexed triphosphate moiety of the
nucleotide from its ground-state configuration (Figure 8A) to the catalytically competent
configuration (Figure 8B). All of the data reported herein demonstrate that the conformational
change is the metal-sensitive step. Because the triphosphate portion of the nucleotide substrate
has a large set of interactions with the metals, it is reasonable to conclude that the triphosphate
is involved somehow in the conformational change. This interpretation is supported by the
recent work of Beese and co-workers that has provided detailed structural evidence for
reorientation of the triphosphate moiety of the nucleotide substrate during successive cycles
of nucleotide incorporation catalyzed by the large fragment of DNA polymerase | from Bacillus
stearothermophilus (BF) (26). In addition, this hypothesis was put forward by Mildvan and
colleagues (27, 28) and Benkovic and colleagues (15) in their studies of the Klenow fragment
of DNA polymerase | from Escherichia coli. The current view that the conformational change
observed kinetically reflects rigid-body movements of the polymerase fingers subdomain has
never been proved, and recent data from the Wilson and Beese laboratories refute this
possibility convincingly (26, 29). Because the mechanistic studies of 3DP°-catalyzed
nucleotide incorporation (12) provide a better mechanistic connection to the Klenow fragment
of DNA polymerase | (15) than to any other systems for which detailed kinetic and structural
studies are available (13, 15, 17, 26, 30-38), the structural studies of BF provide the best
structural surrogate for 3DP!.

All polymerases reported to date exhibit the greatest fidelity in the presence of Mg?* (2), and
most structural studies provide evidence for the formation of extensive interactions between
the enzyme and nucleotide substrate in complexes poised for or undergoing catalysis (1,26,
30,33,39). Many of these interactions are in a position in which inappropriate sugar
configurations or base pairing would perturb these interactions, producing the same deleterious
effects on the equilibrium position of the isomerized ternary complex and phosphoryl transfer
as observed for 3DP°!. In these systems, MnZ* may also be able to suppress and/or compensate
for distortions caused by the binding of incorrect nucleotides or the presence of modified
template bases, again through adventitious interactions of the Mn2* cofactor with the enzyme.
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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 in K, that can be overcome by using Mn2* instead of Mg2* 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 the polymerase
mechanism.

CONCLUSION

This report combined with the preceding paper (12) provides the first comprehensive
quantitative evaluation of RNA-dependent RNA polymerase-catalyzed nucleotide
incorporation. This class of enzymes employs the same overall mechanism for nucleotide
incorporation and fidelity as the other classes of nucleic acid polymerases. Both the
conformational change preceding phosphoryl transfer and phosphoryl transfer are partially rate
limiting for nucleotide incorporation in the presence of Mg2*, 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 Mn2*, the ability to use the phosphoryl-transfer
step for incorporation fidelity is lost, leaving primarily the conformational-change step to
accomplish 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 affecting the myriad cellular polymerases required
for life.
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FIGURE 1.

The observed kinetics of 3DP-catalyzed nucleotide incorporation in the presence of Mn2* is
dependent upon the nature of the quench. (A) Kinetics of AMP incorporation in the presence
of MnZ* quenched by either EDTA (@) or HCI (o). 2 xM 3DP°! was incubated with 2 uM sym/
sub (1 M duplex) and rapidly mixed with 500 uM ATP (final concentration) in the presence
of Mn2* as described under Experimental Procedures. (B) Kinetics of AMP incorporation in
the presence of Mg?* quenched by either EDTA (o) or HCI (). 2 M 3DP°! was incubated
with 2 uM sym/sub (1 xM duplex) and rapidly mixed with 500 M ATP (final concentration)
in the presence of Mg?* as described under Experimental Procedures.
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FIGURE 2.

Concentration dependence of AMP incorporation into sym/sub. 2 zM 3DP°! was incubated
with 2 uM sym/sub (1 «M duplex) and rapidly mixed with either 0.125 (), 0.25 (o), 0.5 (m),
1.25 (o), 2.5 (A), 5 (A), 10 (V), 20 (V), 50 (@), or 100 (x) uM (final concentration) ATP
as described under Experimental Procedures. The solid lines represent the kinetic simulation
of the mechanism shown in Scheme 1 with the kinetic parameters shown in Table 5. (B) Kops
as 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 a Ky app for ATP 0f 4.1 £ 0.5 M and a ko
0f 21.4 £ 0.6 s,
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Intermediate identification by pulse-chase analysis. (A) Experimental design. 4 xM 3DP° was
incubated with 20 zM sym/sub (10 zM duplex) and rapidly mixed with 130 M [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 addition of 1 M KOH and 300 mM Tris. (B) Kinetics
of pulse-chase (e) 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 pulse-quench data predicts
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the rate of formation of all Rj+1-containing species; the simulated curve of the pulse-chase
data predicts the rate of formation of *ER,NTP and all R,+1-containing species.
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FIGURE 4.

Elemental effect on the pre-steady-state burst rate of AMP incorporation. (A) 2 xM 3DP°! was
incubated with 2 uM sym/sub (1 «M duplex) and rapidly mixed with either 100 uM ATP (o)
or 100 uM ATPasS (o) (final concentration) as described under Experimental Procedures. The
solid lines represent the fit of the data to a single exponential with a ko for ATP 0f 20.4 + 0.8
s'L and a kgps for ATPaS of 2.67 £ 0.04 s°1.
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FIGURE 5.

Multiple nucleotide incorporation in the absence and presence of pyrophosphate. (A) 2 uM
3DP°! was incubated with 2 M sym/sub (1 M duplex) and rapidly mixed with 4 xM ATP and
7 uM UTP (final concentration) as described under Experimental Procedures. Key: Kinetics
of formation and disappearance of 11-mer (e) and 12-mer (o). The solid lines represent the
kinetic simulation of the data fit to a mechanism for two successive nucleotide incorporations
with the first nucleotide incorporation described by the kinetic mechanism shown in Scheme
1 using the kinetic parameters in Table 5 and the second nucleotide incorporation described
by the mechanism shown in Scheme 4 using the Ky app and ko) values for UTP using sym/sub-
UA shown in Table 1. (B) 2 xM 3DP°! was incubated with 2 M sym/sub (1 xM duplex) and
rapidly mixed with 4 uM ATP, 7 uM UTP, and 1000 M PP; (final concentration) as described
under Experimental Procedures. Key: Kinetics of formation and disappearance of 11-mer (e)
and 12-mer (o). The solid lines represent the kinetic simulation of the data fit to a mechanism
for two successive nucleotide incorporations with the first nucleotide incorporation described
by the kinetic mechanism shown in Scheme 1 using the kinetic parameters in Table 5 and the
second nucleotide incorporation described by the mechanism shown in Scheme 4 using the
Kd,app @nd knoy values for UTP using sym/sub-UA shown in Table 1.
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FIGURE 6.

The amount of intermediate that accumulates prior to chemistry for incorrect nucleotide
incorporation is reduced relative to correct incorporation. (A) Kinetics of AMP incorporation
in the presence of Mn2* quenched by either EDTA () or HCI (o). The solid line represents
the kinetic simulation of the data fit to the mechanism shown in Scheme 2 with K, equal to 3
and k43 equal to 30 5. 2 xM 3DP°! was incubated with 2 xM sym/sub (1 xM duplex) and
rapidly mixed with 500 uM ATP (final concentration) as described under Experimental
Procedures. (B) Kinetics of 2'-dAMP incorporation in the presence of Mn2* quenched by either
EDTA (e) or HCI (o). The solid line represents the kinetic simulation of the data fit to the
mechanism shown in Scheme 2 with K5 equal to 0.4 and k.3 equal to 30 s, The dotted line
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represents the kinetic simulation of the data fit to the mechanism shown in Scheme 2 with
K equal to 3 and k,3 equal to 10 s1. 2 xM 3DP°! was incubated with 2 M sym/sub (1 uM
duplex) and rapidly mixed with 500 M 2'-dATP (final concentration) as described under
Experimental Procedures. (C) Kinetics of GMP incorporation in the presence of Mn2*
quenched by either EDTA (e) or HCI (o). The solid line represents the kinetic simulation of
the data fit to the mechanism shown in Scheme 2 with K, equal to 0.05 and k43 equal to 30
s'1. The dotted line represents the kinetic simulation of the data fit to the mechanism shown in
Scheme 2 with K, equal to 3 and k.3 equal to 3 5. 2 M 3DP°! was incubated with 2 M sym/
sub (1 M duplex) and rapidly mixed with 1000 «M GTP (final concentration) as described
under Experimental Procedures.
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FIGURE 7.

Comparison of the free energy profile for correct and incorrect 3DP°!-catalyzed nucleotide
incorporation in the presence of Mg2* and Mn2*. (A) Free energy profile in the presence of
Mg?2*. The free energy profile for correct and incorrect nucleotide incorporation is shown as
follows: solid line for AMP incorporation, small dotted line for 2'-dAMP incorporation, and
large dotted line for GMP incorporation. (B) Free energy profile in the presence of Mn2*. The
free energy profile for correct and incorrect nucleotide incorporation is shown as follows: solid
line for AMP incorporation, small dotted line for 2’-dAMP incorporation, and large dotted line
for GMP incorporation. The concentrations of the substrates and products used were 2000
4M NTP and 20 M PP;. The free energy for each reaction step was calculated from AG = RT
[In-(KT/h) - In(kgps)], where R is 1.99 cal K2 mol-L, T is 303 K, k is 3.30 x 1024 cal K1, h is
1.58 x 1034 cal s, and kops is the first-order rate constant. The free energy for each species was
calculated from AG = RT[In(kT/h) - In(Kops for)] - RT[IN(KT/N) - In(Kops rev)]-
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FIGURE 8.

Structural model for 3DP°l-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 from ref 26 by approximate rotation and
translation movements. Atom colors correspond to the following: red, oxygen; blue, nitrogen;
gray, carbon; magenta, Mg2* or Mn2*. The images were rendered with WebLab Viewer Pro
(Accelrys Inc., San Diego, CA).
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kg k2 ki3 kiy kis
ER, + NTP & ER,NTP = *ER,NTP = *ER,+1PP; €= ER+1PP; &2 ER;y + PP,
kg k.2 k3 ky ks

Scheme 1.

Complete Kinetic Mechanism for 3DP°!-Catalyzed Nucleotide Incorporation?

a Abbreviations: ERp,, 3DP°l-sym/sub complex; NTP, nucleotide; ER,NTP, ternary complex;
*ER,NTP, activated elongation complex; *ER,+1PP;, activated product complex; ER,+1PP;,
product complex; ERp+1, 3DP°! sym/sub product complex; PP;, pyrophosphate.
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ki) ks
ER,NTP 2 *ERyNTP —» *ER,+{PP;
k.,

Scheme 2.

Minimal Mechanism for Pulse-Chase Analysis?

a Abbreviations: ER,NTP, ternary complex; *ER,NTP, activated elongation complex;
ER,+1PP;j, product complex.
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K app kpol kiq Kaapp kpot
ER, + ATP = *ER,ATP —» *ERs;j—> ERy+1 + UTP = *ER,+jUTP —» *ER,+2

Scheme 3.

Minimal Kinetic Mechanism for Consecutive Incorporation of Two Nucleotides by 3DPo! 2
a Abbreviations: ER,,, 3DP°l-sym/sub complex; ATP, adenosine 5'-triphosphate; *ER,ATP,
activated elongation complex; *ER,+1, activated product complex 1; ER+1, product complex;
UTP, uridine 5'-triphosphate; *ER,,+1UTP, activated elongation product complex 1; *ERp+2,
activated product complex 2.
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Kd,app kpol
ERp+1 + UTP &2 *ER,,(jUTP —» *ERy12

Scheme 4.

Minimal Kinetic Mechanism for UMP Incorporation into sym/sub-UA by 3DP°! a

a Abbreviations: ERp+1, product complex; UTP, uridine 5'-triphosphate; *ER,+1UTP,
activated elongation product complex 1; *ER,», activated product complex 2.
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Kinetic Constants for 3DP°l-Catalyzed Nucleotide Incorporation in the Presence of Mn2* @

substrates kinetic parameters

nucleic acid nucleotide Kg,app (#M) Kool Ge)

sym/sub-U

GCAUGGGCCC CCCGGGUACG ATP 41+05 21.4+0.6
ATPaS 1.0+0.2 27+0.1
2'-dATP 19.2+40 85+0.6
2'-dATPaS 113+22 0.76 + 0.04
GTP 173+ 20 1.7+0.1
GTP? ND® 29403
GTPasP ND® 0.51 +0.06

sym/sub-C

GAUCGGGCCC CCCGGGCUAG GTP? NDC 35.3+22
GTPas? ND® 43+02

sym/sub-UA

GCAUGGGCCCA ACCCGGGUACG uTpP 30.9+3.9 86.8+55

aExperiments 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 MnCI2 and nucleotide concentrations of 50 and 500

#M. The difference between the rates at 50 and 500 M was less than 5%.

cNot determined.
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Table 2
Observed Phosphorothioate Effect for Correct and Incorrect Nucleotide
Incorporation in the Presence of Mg2* and Mn?* 2
nucleotide Mg?* Mn?*
correct
ATP 42+04 7.9+0.4
GTP nDP 8.2+0.6
incorrect
2-dATP 6.2+0.7 111
GTP 2403 57+0.9

aThe observed phosphorothioate effect is calculated using (kpol)NTP/(Kpol)NTPosS. Values for kpol are listed in Table 1.

bNot determined.
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Table 3
Fidelity of 3DPl-Catalyzed Nucleotide Incorporation in the Presence of MgZ* and Mn2*

fidelity?
nucleotide Mg?* Mn?* Mg?*/Mn?*
2'-dATP 233 13 18
GTP 15477 532 29

aFidelity is calculated as [(kpol/Kd,app) ATP + (Kpol/Kd,app)incorrectl/[(kpol/Kd,app)incorrect] (41). sym/sub-U was employed; therefore, ATP is the

correct nucleotide. The values for kpol/Kd,app in the presence of Mg2+ were obtained from ref 12, and those in the presence of Mn2* were obtained
from Table 1.
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Table 4
Comparison of K, and k3 Values for Correct and Incorrect Nucleotide Incorporation in the Presence of Mg2* and

Mn2*

K, Kig (54)
nucleotide Mn2+@ Mg?*P Mn2* Mg?*C
ATP 3 0.6 30 520
2'-dATP 0.4 0.08 30 21
GTP 0.05 0.01 30 3

aKz was determined by kinetic simulation of the data in Figure 6 fit to the mechanism shown in Scheme 2 with k+3 equal to 30 s

sz for ATP was taken from ref 12, and the values for 2'-dATP and GTP were calculated using (K2,incorectt Mg = (K2, ATP)Mg/(K2,ATP/
K2,incorrect)Mn-

Ck+3 in the presence of Mgz"' was calculated using eqs 3-5 under Experimental Procedures using the K2 values listed above, the observed and maximal
phosphorothioate effects listed in Table 2, and the kpo| values listed in Table 1.
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Table 5
Kinetic Parameters for the Kinetic Mechanism of 3DP°!-Catalyzed Nucleotide Incorporation in the Presence of Mn2*
(Scheme 1)
parameter VE:1|LI(§a Keq
Ky 10 Mt st
ky 405 0.25 uMt
Kyp 3005
ks, 100 3
Kis 305t
ks 225t 1.4
Kes >160s
k4 <0.0001 s >1.6 x 10,
K,s 2000 s
ks 10uM?ts?t 200 uM

a\/alues for all parameters, with the exception of k-3 and k-4, were determined experimentally.
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Table 6
Values for the Rate Constants Employed in Kinetic Simulations Are Constrained by Experimental Data?

experiment 2-fold change 10-fold change insensitive
kinetics of AMP incorporation Kot k_l,b k,,© k_z'b Kis Ky, k+4d K, K Kis, Kg
pulse-chase analysis Ko Kiz Kip Ko, k_3’e kMd K1, Ka Kis K5
two-nucleotide incorporation (-PP;) Ker, K3 Ky app.utes Kootute Ky, ® Ky Ty Ko kg® Ky K Ky, Kg
two-nucleotide incorporation (+PP;) Kigs Kizo K, Ko K app,utes Koot,ute Kog, Kogo k.S k8 Kigi kg

aThe 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. However, exceptions 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 insensitive.

Only a 2-fold increase gives a significant change in the fit of the simulation to the data.

Only a 2-fold decrease gives a significant change in the fit of the simulation to the data.

dOnIy a 10-fold decrease gives a significant change in the fit of the simulation to the data.

eOnIy a 10-fold increase gives a significant change in the fit of the simulation to the data.
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