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ABSTRACT: Site specific mutants in the pol active center of RB69 DNA polymerase have been produced
and studied using rapid chemical-quench techniques. Pre-steady-state kinetic analysis carried out with
Mg2+ and Mn2+ has enabled us to divide the mutants into two groups. One group had greatly reduced
kpols values in the presence of Mg2+ but responded to Mn2+ which restored thekpol values for the nucleotidyl
transfer reaction to near wild-type levels. The other group of mutants also had lowerkpol values, relative
to that of the wild-type polymerase, but could not be rescued by Mn2+. The behavior of these mutants
was interpreted in terms of the crystal structures of the available RB69 pol complexes. Our results on the
metal ion dependence of the D621A and E686A mutants, together with knowledge of the position of
their side chains in two different RB69 pol conformations, suggest that these acidic residues serve as
alternative ligands for the metal ions destined to occupy the A and B catalytic sites. We infer that this
occurs prior to the conformational change that produces the ternary RB69 pol complex in which the A
and B metal ions are ligated by D623 and D411 as the enzyme is poised for phosphoryl transfer.

DNA polymerases play a central role in faithfully trans-
mitting genetic information from parental cells to their
progeny. All DNA polymerases catalyze a nucleotidyl
transfer reaction (pol activity) in which nucleotide residues
are added to the 3′-terminus of a primer strand. Many
polymerases have an associated 3′-5′ exonuclease activity
either in the same polypeptide with the pol activity or in a
different subunit that is a component of the replicase (1-4).
Significant progress has been made during the past decade
in understanding the mechanism of both the pol and exo
reactions. These advances have come from structural, kinetic,
and mutagenesis studies of DNA polymerases from many
different sources (for reviews, see refs5-8). Taken together,
the results have provided ample support for a two-metal ion
catalytic mechanism for both of these activities, and this
mechanism appears to be applicable across all DNA poly-
merase families (1, 9, 10).

Members of the B family of DNA polymerases, which
includes RB69 DNA polymerase (RB69 pol), are the key
components of the replication apparatus. We have focused
our efforts on RB69 pol, a T-even phage DNA polymerase,
that is remarkably similar in sequence to eukaryotic DNA
polymerases and is a good model for studying the detailed
mechanisms of both the pol and exo reactions. Its suitability
as a prototype B family DNA polymerase is described here.
(i) The crystal structures of three different forms of the
polymerase have been determined (11-13). (ii) The minimal
kinetic scheme for the closely related T4 DNA polymerase
(T4 pol) has been determined (14). (iii) The interactions with

other proteins that comprise the replicase have been well
characterized so that the basic outline of the architecture and
function of this multimeric complex can be clarified (15,
16). (iv) The consequences of site specific alterations of
conserved residues in RB69 pol can be studiedin ViVo with
respect to the type and frequency of mutations produced in
the phage genome (17). Despite the wealth of information
that has been obtained for DNA polymerases, there are still
some puzzling issues with regard to structure and function
that have not been adequately addressed. Among these is
the dynamic relationship between the divalent metal ions in
the pol active site and the residues that serve as their ligands
in the various conformational states of the enzyme. In the
ternary, pol mode complex of RB69 pol, there are two highly
conserved residues, D411 and D623, that are essential for
catalysis as their carboxylate side chains bind the two
catalytic metal ions in the pol active center (13). However,
there are indications from the crystal structures that other
acidic residues may serve as ligands for the catalytic metal
ions when the conformational state of the polymerase is
altered (12). To identify residues other than D411 and D623
that might be involved in nucleotidyl transfer, we constructed
several active site RB69 pol mutants having single-site
replacements of relatively well conserved residues in the
palm and fingers domains. In this paper, we report the
properties of these mutants with respect to their ability to
function with Mg2+ and Mn2+. We have attempted to
interpret our results within the framework of the crystal
structures of RB69 pol and its complexes with primer-
template motifs (P/Ts)1 and dNTPs. We present a scheme
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that contrasts the proposed dynamic nature of metal ion
binding in the pol site with the static metal ion binding
exhibited by the exo domain.

MATERIALS

Escherichia colistrain BL21(DE3) was obtained from
Stratagene Corp. DH5R cells were from Invitrogen. dNTPs,
restriction endonucleases, and T4 polynucleotide kinase were
purchased from New England Biolabs. [γ-32P]ATP was
obtained from Perkin-Elmer Life Sciences Inc. Agarose-
Ni-NTA resin was obtained from Qiagen. Other chemicals
were analytical grade. The primer (5′-CCGACCACGGAAC)
and template (5′-AAAAAACGTTCCGTGGTCGG) were
synthesized by the W. M. Keck Foundation Biotechnology
Resource Laboratory (Yale University). The plasmid encod-
ing RB69 DNA pol (pCW19) was a gift from J. Karam
(Tulane University, New Orleans, LA).

METHODS

Construction of RB69 pol Mutants and Preparation of
Proteins.Site-directed mutagenesis was used to introduce
Ala for Asp replacements at residues 222 and 327. An exo-

RB69 DNA pol was required so that theKd andkpol values
for mutants having low pol activity could be estimated. Any
residual exo activity in the enzyme preparations had to be
removed by further purification; otherwise, it would have
interfered with the primer extension assays. The RB69 DNA
pol mutants reported here were all constructed using the
Quikchange procedure (Stratagene) and introduced into the
exo- RB69 DNA pol background. Expression and purifica-
tion of RB69 DNA pol mutants polymerases were carried
out as described previously (18); however, we recloned the
cDNA for RB69 DNA pol into the pET21 vector (Invitrogen)
so that the expressed protein would have six histidine
residues appended to its C-terminus.

Chemical-Quench Experiments.All reactions were per-
formed in the KinTek quench-flow instrument (model RQF-
3, KinTek Corp., Austin, TX). Burst experiments were
performed at 25°C by mixing 16.5 µL of a solution
containing 600 nM enzyme, 2µM 5′-32P-labeled P/T, 8 mM
EDTA in assay buffer [66 mM Tris-HCl (pH 7.5)] with 16.5
µL of 2 mM dGTP, and either 28 mM MgCl2 or 48 mM
MnCl2 in assay buffer. Reactions were quenched with 86
µL of 0.5 M EDTA. Single-turnover experiments were
carried out at 25°C by mixing equal volumes (16.5µL) of
assay buffer containing 400 nM 5′-32P-labeled P/T, 8 mM
EDTA, and 2µM enzyme with different concentrations of
the complementary dNTP in the same assay buffer that also
had either 28 mM MgCl2 or 48 mM MnCl2. The pol reaction
was quenched with 0.5 M EDTA at different times. The
disappearance of the substrate and the formation of the
product were analyzed after they were separated by gel
electrophoresis (20% polyacrylamide and 50% urea) and
quantified by gel scanning using a phosphorimager (Molec-
ular Dynamics).

Data Analysis.Data obtained from kinetic assays were
fitted using Sigma Plot (Jandel Scientific) with the appropri-
ate equations. Data from the chemical-quench experiments
were fit to a single-exponential equation. Data for the
dependency ofkobsas a function of dNTP concentration were
fit to the equationkobs ) kpol[dNTP]/(Kd + [dNTP]), where

kobs is the observed first-order rate constant,kpol is the rate
of dNMP incorporation,Kd is the equilibrium dissociation
constant for dNTP, and [dNTP] is the concentration of
deoxynucleoside triphosphate.

RESULTS AND DISCUSSION

Our principal goal in this study was to realize a better
understanding of how certain conserved residues in the palm
domain affected the pol reaction, particularly with respect
to divalent metal ions. From previous reports on human pol
R and φ29 pol, members of the B family of DNA poly-
merases, we knew that replacement of many of the conserved
residues in the palm domain led to reductions in the steady-
statekcat values, in some cases by more than 100-fold relative
to the value for wild-type DNA polymerase (19-21). While
these studies have identified residues involved in binding
and catalysis, they have not provided deeper insights into
the mechanistic details of the nucleotidyl transfer reaction
because steady-state parameters include steps after chemistry
such as product dissociation or P/T translocation which are
often rate-limiting. Since neither crystal structures nor pre-
steady-state kinetic parameters were available for these two
B family DNA polymerases, only limited structure-function
correlations could be made, and these were based on minimal
sequence similarities with the Klenow fragment (22, 23). We
therefore decided to limit our study to RB69 pol, since crystal
structures of three different complexes of this polymerase
have been determined (11-13). The structures of these
complexes guided us in selecting residues for replacement
and gave us a framework for interpreting pre-steady-state
kinetic results obtained with single-site mutants. We chose
rapid, chemical-quench techniques for obtaining data that
would provide more information about the role of the
conserved residues in the various steps required for primer
extension. In particular, we were interested in the possibility
that some of the residues selected for replacement were
involved in the metal ion-dependent phosphoryl transfer
reaction. The following residues were targeted: D621, T622,
S624, Y619, E686, E716, K706, and Y708 (all located in
the palm and finger domains as shown in Figures 1 and 2).
They were replaced with Ala, except for S624 which was
replaced with Cys, Y619 with Phe, and K706 with Arg.

Results from single-turnover experiments showed that the
mutants could be divided into two groups. Mutants in the
first group all had greatly reducedkpol values with Mg2+;
however, their activity increased dramatically in the presence
of Mn2+ ions (Table 1). Mutants in the second group also
had lowerkobsvalues, but their activity could not be rescued
by Mn2+ (Table 2).

Kinetic BehaVior of Group 1 Mutants whose ActiVity Was
Restored by Manganese Ions. Two highly conserved residues,
D621 and E686, were of special interest because steady-
state kinetic results performed earlier in our lab had already
shown that the D621A and E686A mutants had much lower
activity in the presence of Mg2+ (data not shown). In our
experiments, we used the same conditions for obtaining pre-
steady-state kinetic parameters like those reported by Capson
et al. in their studies on the mechanism of T4 pol (14). We
observedkpol andKd values for the incorporation of dNMPs
by the exo- RB69 pol (parental enzyme) that were close to
those observed by Capsonet al. (14) for T4 pol in single-
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turnover experiments (Table 1). In addition, we found that
the optimal Mg2+ and Mn2+ concentrations for both RB69
pol and the mutants reported here were 10 and 20 mM,
respectively. To determine active site concentrations and
whether steps after chemistry were rate-limiting, we carried
out burst experiments with excess P/T over enzyme and with
saturating dNTP concentrations. We found that the E686A
and D621A mutants had nearly identical amplitudes (∼300)

which were close to the concentration of the enzymes in the
reaction mixtures when Mg2+ or Mn2+ was present (Figure
3). The burst experiments for E686A and D621A fit best to
burst equationy ) A[1 - exp(-k1t)] + rt, wherey is the
concentration of the product,A is the amplitude,k1 is the
observed “burst” rate constant, andr is the observed linear
rate. We estimatedkcat from the second phase of the
exponential by dividingr by the amplitude. For the D621A
mutant,kcat equaled 0.02 s-1 with Mg2+ but increased to 0.08
s-1 with Mn2+. For the E686A mutant,kcat equaled 0.04 s-1

with both Mg2+ and Mn2+. The results obtained for single-
turnover experiments with the parental enzyme and the
D621A mutant using Mg2+ and Mn2+ at saturating dGTP
concentrations are shown in Figure 4A-D. An example of
the data used in estimating thekpol and Kd for the E686A
and D621A mutants with dGTP and Mg2+ and Mn2+ is
shown in Figure 5. The same conditions for the single-
turnover experiments were used with all of the mutants. For
the E686A mutant, thekpol values in the presence of Mg2+

were reduced dramatically, but Mn2+ restored the activity
to wild-type levels. The pre-steady-state kinetic behavior of
the D621A mutant in the presence of either Mg2+ or Mn2+

under single-turnover conditions (Table 1) was consistent
with the steady-state results reported for the corresponding
D456G mutant ofφ29 pol, another member of the B family
of polymerases (21).

Although the conservation and involvement of the three
acidic residues, D411, D623, and D621 [which are part of
motifs A and C (11, 22)], in the pol reaction have been
reported for many other polymerases, no mutants corre-
sponding to RB69 pol E686A in any of the B family DNA

FIGURE 1: Active site in the RB69 DNA polymerase ternary
complex with a dideoxy-terminated DNA duplex and dTTP.
Residues D411, D623, and S624, which are ligands for the catalytic
metal ions (A and B), are shown in red, and ligands which are
proposed to be involved indirectly in metal ion binding (D621,
E686, and Y708) as revealed in this study (see Table 1) are shown
in purple. A noncatalytic metal ion (C) and a water molecule
mediate interactions between E686 and theγ-phosphate of dTTP.
The P/T and incoming dTTP are shown in blue. The dashed lines
represent hydrogen bonds and metal ion-ligand interactions. The
figure is based on the structural work of Franklinet al. (13).

FIGURE 2: Comparison of the pol active site between the binary
complex (green) (12) and the ternary complex (yellow) (13). Only
two metal ions, A and C (gray), are present in the binary complex
and are coordinated by D621, D623, S624 (metal ion A), and E716
(metal ion C). Large conformational changes occur in the side chains
of D411, D621, T622, D623, E686, and E716 and the carbonyl
group of the L412 peptide bond.

Table 1: Single-Turnover Kinetic Parametersa for the Parental
RB69 Pol and Its Mutants with either Mg2+ or Mn2+

Mg2+ Mn2+

RB69 pol
kpol

(s-1)
Kd with dGTP

(µM)
kpol

(s-1)
Kd with dGTP

(µM)

parental exo- 170( 10 25( 5 200( 15 20( 4
D621A 1.3( 0.1 166( 40 112( 8 34( 6
E686A 7( 0.2 58( 7 200( 29 13( 3
S624C 4.5( 0.5 18( 3 108( 11 20( 4
Y708A 6 ( 0.4 34( 7 74( 3 14( 3

a Conditions: 1000 nM enzyme, 200 nM P/T, different concentra-
tions of dGTP, 10 mM MgCl2 or 20 mM MnCl2, 66 mM Tris-HCl, pH
7.5, and 25°C. Number of experiments performed: five for the parental
enzyme, three for D621A and E686A, and two for S624C and Y708A.

Table 2: Rates of Incorporation of dGTP under Single-Turnover
Conditionsa for RB69 Pol Mutants with Mg2+ and Mn2+

kobs
b (s-1)

RB69 pol mutant Mg2+ Mn2+

Y619F 14( 1 21( 1
K706A 0.1( 0.01 0.2( 0.02
K706R 20( 2 31( 4
T622A 0.2( 0.02 0.2( 0.04
E716A 200( 40 200( 28

a Conditions: 1000 nM enzyme, 200 nM P/T, 1 mM dGTP, 10 mM
MgCl2 or 20 mM MnCl2, 66 mM Tris-HCl, pH 7.5, and 25°C. Number
of experiments performed: three for Y619F and two for K706A,
K706R, T622A, and E716A.b kobs is the rate of incorporation of dGMP
at a dGTP concentration of 1 mM. This is∼50 times theKd for the
parental enzyme and is likely to be saturating for these four mutants
and therefore would approximatekpol.

Alternative Metal Ion Ligands in the Pol Site of RB69 pol Biochemistry, Vol. 43, No. 21, 20046589



pols have been described. The aforementioned results were
puzzling in view of the fact that there is no indication from
the crystal structure of the RB69 pol ternary complex that
D621 or E686 interacts directly with the P/T, the incoming
dNTP, or either of the two catalytic metal ions (13).
However, our kinetic data with Mn2+ suggest that these
residues are indirectly involved in metal ion coordination.
As discussed below, this suggestion can be rationalized on
the basis of structures determined for other RB69 pol
complexes and by analogy with structural information from
different DNA polymerases. Experiments with mutants
whose activity could not be restored by Mn2+ are also
consistent with the indirect involvement of D621 and E686
in ligating the catalytic metal ions. For example, Mn2+ cannot
restore even minimal activity to the D411A and D623A
mutants (data not shown), a result that was expected since
both D411 and D623 are directly involved in metal ion
binding in the catalytically active ternary complex. Also, as

shown below, residues that have no involvement with metal
ions, when mutated, cannot be rescued by Mn2+.

Are AlternatiVe Metal Ion Ligands Used in the Reaction
Cycle?In contrast to the exo domain, where two metal ion
binding sites are largely defined by conserved carboxylates
and remain fixed during all steps of nucleotide excision (12),
the situation with respect to the pol active site is more
dynamic. In the exo reaction, the single-stranded DNA
substrate enters the exo site without bound metal ions, and
the product, a nucleoside monophosphate, leaves the exo site
without an accompanying metal ion. In the pol active center,
we propose that the metal ion binding sites shift during the
polymerization cycle based on the following observations.
In the ternary complex, three metal ions were observed.
Catalytic metal ions A and B are coordinated with D411
and D623, and metal ion C appears to be ligated by E716
and was one of the residues we selected for replacement (13).
The triphosphate tail of the incoming dNTP also coordinates

FIGURE 3: Rapid-quench experiments were carried out by mixing 16.5µL of 600 nM enzyme and 2µM 5′-32P-labeled P/T in assay buffer
(pH 7.5) in syringe A with 16.5µL of 2 mM dGTP and either 20 mM MgCl2 or 40 mM MnCl2 in syringe B. Reactions were quenched with
86 µL of 0.5 M EDTA. (A) E686A with 10 mM MgCl2: A ) 304,k1 ) 1.8 s-1, andr ) 12 nM/s-1. (B) E686A with 20 mM MnCl2: A
) 320,k1 ) 5.2 s-1, andr ) 13 nM/s-1. (C) D621A with 10 mM MgCl2: A ) 242,k1 ) 0.14 s-1, andr ) 4.1 nM/s-1. (D) D621A with
20 mM MnCl2: A ) 279,k1 ) 1 s-1, andr ) 21.2 nM/s-1. The products were analyzed and quantified as described in Methods. The data
were fit to the burst equation using Sigma Plot.
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both the A and B metal ions. In the binary enzyme-P/T
complex, only two metal ions, A and C, are observed but in
slightly different positions compared to their locations in the
ternary complex (Figure 2). No B metal ion is seen in the
binary complex because the B site is not fully formed prior
to the entry of the dNTP.

After binding of the complementary dNTP, the enzyme-
P/T complex undergoes a conformational change to form a
catalytically competent ternary complex.In ViVo, the incom-
ing dNTP is coordinated with Mg2+, but when it binds to an
enzyme-P/T complex, a B site is generated by swiveling
of the D411 and D623 side chains so that their carboxylates
point toward the incoming B metal ion, thus forming a nearly
optimal octahedral coordination complex that includes the
peptide backbone carbonyl oxygen of L412 (Figures 1 and
2). This high-affinity site binds the B metal ion until the
chemical step is completed. Following chemistry, the protein
undergoes another conformational change that disrupts the
B site and facilitates dissociation of pyrophosphate that leaves

together with the B metal ion. Translocation can now occur
so that the P/T becomes properly positioned for binding and
incorporation of the next dNMP. As a consequence of this
conformational change, the side chains of D411 and D623
rotate again so that the carboxylates no longer point toward
each other, thus relieving electrostatic repulsion of their
negative charges. In addition, the carbonyl oxygen of the
L412 peptide bond, one of the ligands for metal ion B in
the ternary complex, shifts its position. As can be seen in
Figure 2, D623 is still close to metal ion A but D411 is not,
making it unlikely that D411 is a ligand for metal ion A at
this point in the reaction cycle.

The binary enzyme-P/T structure also has other acidic
residues that are in a position to coordinate a metal ion in
an uncharacterized location which is close to the position
that metal ion A would occupy in the ternary complex. In
addition to D623 and D411, three highly conserved residues,
D621, E686, and E716, are near the active site. The side
chains of these residues are reoriented when the enzyme

FIGURE 4: Determination of the rate of dGMP incorporation into 13/20mer P/T using the parental RB69 pol and the D621A mutant.
Reactions were carried out under single-turnover conditions by mixing 16.5µL of 2 µM enzyme and 400 nM 5′-32P-labeled P/T in assay
buffer (pH 7.5) with 16.5µL of 1 mM dGTP and either Mg2+ or Mn2+ in the same reaction buffer: (A) parental enzyme with 10 mM
MgCl2, (B) parental enzyme with 20 mM MnCl2, (C) D621A with 10 mM MgCl2, and (D) D621A with 20 mM MnCl2. The data were fit
to a single-exponential equation using Sigma Plot.
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switches from the ternary to the binary complex after the
addition of a nucleotide residue during primer extension.

RelatiVe Positions of D621 and E686 in the Different RB69
pol Complexes.As mentioned above, metal ion A is ligated
by D411 and D623 in the ternary complex as shown in Figure
1, but in the binary complex, the A metal ion shifts by 0.5
Å and is coordinated by D623 and D621 instead of D411,
which now points away from the active site. In the ternary
complex, D621 interacts with O2 of the second base pair of
the P/T duplex in the minor groove via a hydrogen bond to
another conserved residue, K706 (Figure 1). Structural
alignment fails to show a residue equivalent to D621 in the
pol I family of DNA polymerases such as KF and Taq (11),
suggesting that D621, which is highly conserved in the B
family, might have an indirect functional role in the
phosphoryl transfer reaction with enzymes in this group. This
view is supported by pre-steady-state kinetic results which
show that thekpol for the D62A mutant was reduced by 116-
fold; however, its activity could be restored by Mn2+ to
∼60% of the wild-type level (Table 1). The conserved
residue, E686, appears to be a considerable distance from
the metal ion binding sites in the ternary complex but is
within 2.5 Å of the third metal ion (metal ion C, Figure 1)
(13). The E686A mutant has a lowerkpol than the parental
enzyme, but its activity can also be restored to wild-type
levels by Mn2+ (Table 1).

The kinetic results support a dynamic functional role for
D621 and E686 that is not evident from the structure of the
ternary complex. We propose that these residues are involved
in controlling the divalent ion movement during the polym-
erization cycle. They may also help to position the primer
terminus and the triphosphate tail of the incoming dNTP.
We suggest that D621 is a transient ligand for metal ion A
since, in the binary complex, D621 is in a position to interact
with metal ion A (Figure 2). During assembly of the ternary
complex, metal ion A can be transferred from D621 to its
final position where it is ligated by D623 and D411 in the
active site. In going from the binary to the ternary complex,
D621 must release metal ion A; otherwise, its continued
coordination by D621 would interfere with its ligation by
D411 and D623. After chemistry, metal ion A is probably
released from the active site, where it can either be religated
by D621 or diffuse into the solvent. If the latter situation
occurs, then D621 would have to capture another divalent
metal ion to continue the polymerization cycle. Clearly, the
effect of Mn2+ on the E686A mutant suggests that E686 also
has a metal ion-dependent role in the pol reaction, but it is
not obvious which metal ion or at what stage of the reaction
cycle it is involved. E686 might have a role in coordinating
metal ion B which is also ligated by the triphosphate tail of
the incoming dNTP and probably has a role in positioning
the dNTP, as implied from the 22-fold reduction inkpol

FIGURE 5: Determination ofKd (dGTP) for the RB69 pol E686A and D621A mutants with Mg2+ and Mn2+. Reactions were carried out
under single-turnover conditions by mixing 16.5µL of 2 µM enzyme and 400 nM 5′-32P-labeled P/T in assay buffer (pH 7.5) with 16.5µL
of dGTP at varying concentrations and either Mg2+ or Mn2+ in the same assay buffer in syringe B. Reactions were carried out at 25°C and
quenched with 86µL of 0.5 M EDTA. The products were analyzed and quantified as described in Methods: (A)kobs vs [dGTP] with 10
mM MgCl2 for E686A, (B)kobs vs [dGTP] with 20 mM MnCl2 for E686A, (C)kobs vs [dGTP] with 10 mM MgCl2 for D621A, and (D)kobs
vs [dGTP] with 20 mM MnCl2 for D621A. The data were fit to the hyperbolic equation (see Methods) using Sigma Plot.
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observed with the E686A mutant. The formation of the
catalytically competent complex requires the fingers domain
to rotate 60° toward the palm, locking the dNTP in the active
site (13). Accompanying this rotation is a reorientation of
E686, located in the palm domain, which allows its carboxyl
group to bind metal ion C. This metal ion interacts indirectly
with the γ-phosphate of dNTP through an ordered water
molecule (the only other interaction that is observed with
this metal ion) (Figures 1 and 2). This interaction may also
help to properly position the dNTP for nucleophilic attack
by the 3′-hydroxyl group of the primer.

Possible Function of Other Metal-Dependent Group 1
Mutants.Four of the group 1 mutants had reducedkpol values
(from 25- to 130-fold), but regained partial or full activity
with Mn2+. We interpret this as an indication that these
residues are involved in the formation and disruption of metal
ion binding sites. There is only a single residue, S624, that
serves as a common ligand for metal ion A as it shuttles
between binary and ternary complexes during polymerization.
As predicted, the S624C mutant has a lowerkpol (Table 1).
From the observed rotomer conformation of the S624 side
chain, it is likely that there is a hydrogen bond between the
hydroxyl group of S624 and the carboxylate oxygen of D411
(13) which stabilizes the position of the D411 carboxylate
so that it has the optimal geometry for binding metal ion A
(Figures 1 and 2). Substitution of Cys for Ser624 would be
expected, from modeling, to cause a steric clash between
the Cys sulfur atom and one of the carboxyl oxygens of
D411. To relieve this, the side chain of D411 must assume
a different rotomer conformation, perturbing its interaction
with metal ion A, and this, in turn, could account for the
lower kpol of the S624C mutant.

The low activity of the Y708A mutant and its partial rescue
by Mn2+ (Table 1) can be rationalized as follows. Replace-
ment of Y708 with Ala eliminates the hydrogen bond
between theγ-OH group of Y708 and the nonbridging
oxygen of the 3′-terminal phosphodiester bond in the primer
(Figure 1). This would be expected to destabilize the
conformation of the 3′-terminal nucleotide residue and
consequently reducekpol in the presence of Mg2+. When
Mn2+ rather than Mg2+ ions are used, the Mn2+ may actually
reduce the conformational flexibility of the 3′-terminus via
hydrogen bonding of a Mn2+-ligated water molecule to the
nonbridging oxygen in the terminal phosphodiester linkage.

Why is Mn2+ able to increase the pol activity of group 1
mutants? Although it is well-known that Mn2+ affects pol
activity, the principal effect is the ability of Mn2+ to reduce
base selectivity, resulting in an increased frequency of
misincorporation (19, 20, 24-28). With T4 pol, Mn2+

appears to strengthen the binding of mispaired nucleotides
to the P/T (29). With pol â, the level of base discrimination
is also reduced in the presence of Mn2+. This has been
ascribed to tighter nucleotide binding and to the higher
reactivity of Mn2+ which undergoes ligand exchange more
readily (by a factor of 100) than Mg2+ (30, 31). These
properties exhibited by Mn2+ might also be relevant to the
rescue of the pol activity of group 1 mutants by Mn2+. In
addition to these properties, the following differences
between Mg2+ and Mn2+ may also contribute to the ability
of the RB69 pol group 1 mutants to efficiently catalyze
nucleotidyl transfer in the presence of Mn2+: (i) the larger
radius of Mn2+ compared to Mg2+ (0.86 Å vs 0.60 Å) (32),

(ii) the presence of d orbital electrons in the Mn2+ outer shell,
and (iii) the observation that Mn2+ binds to the triphosphate
tail of dNTP as in anR,γ bidentate complex in contrast to
Mg2+ which binds to dNTPs in aâ,γ bidentate complex (33).
Clearly, crystal structures of some of the mutants, such as
D621A or E686A with Mn2+ in a ternary complex, would
help to explain the Mn2+ rescue phenomenon. Also, crystal
structures of RB69 pol complexes trapped in conformations
other than the three already reported would help to provide
more direct evidence for the role of these proposed alternative
metal ion ligands in the reaction cycle.

Kinetic BehaVior of Group 2 Mutants whose ActiVity Could
Not Be Restored by Mn2+. To show that Mn2+ rescue was
not an intrinsic property exhibited by this metal ion, we
picked other mutants with reduced pol activity as controls.
We determined thekobsvalues for these mutants under single-
turnover conditions with saturating amounts of dGTP.
Among the mutants whose pol activity could not be rescued
by Mn2+, T622A and K706A exhibited the largest decrease
in kobs relative to that of the parental enzyme. In the ternary
structure, the OH group of T622 is hydrogen-bonded to an
internal network of water molecules that help position the
side chains of T587 and Y416 (the “sugar gate” residue) as
well as the backbone amide nitrogen of F395 (see Figure
2B in ref 34). If the OH group of T622 is absent, the
hydrogen bonding network is compromised and the position
of the side chain of Y416 would not remain fixed. This might
interfere with the orientation of the sugar residue of the
incoming dNTP, resulting in the greatly diminishedkobsfound
when T622 was changed to Ala. This hydrogen-bonded
network of water molecules is far from the metal ion sites
so it was not surprising that Mn2+ failed to increase the pol
activity of this mutant. The fact that the K706A mutant has
a 1000-fold reduction inkpol and cannot be rescued by Mn2+

is consistent with the ternary structure where theε-amino
group of K706 links the D621 carboxylate to O2 of the
penultimate base at the 3′-end of the primer (Figure 1). It
would appear that the electrostatic interaction between K706
and D621 competes effectively with the ability of D621 to
serve as a ligand for the A metal ion. The K706A mutant
obviously cannot help to reorient the D621 carboxyl group,
but the K706R mutant can by virtue of its positive charge,
although not as effectively as K706 itself. This is borne out
by the 10-fold reduction inkobs for K706R rather than the
1000-fold drop found for the K706A mutant (Table 2). The
failure of Mn2+ to affectkobs with either the K706A or the
K706R mutant was expected, given the large distance
between the side chain of either the K706A or K706R mutant
and the A metal ion site.

Residue Y619 also participates in a hydrogen bonding
network via a water molecule situated between the Tyr
hydroxyl group and the nonbridging oxygen in the terminal
phosphodiester linkage of the primer (Figure 1) (13). In the
absence of these hydrogen bonds, the residence time of the
3′-terminal deoxyribosyl moiety in the pol active site might
be expected to decrease and so would thekobs for the Y619F
mutant. As observed with the K706R mutant,kobs is reduced
by ∼15-fold for the Y619F mutant relative to the parental
enzyme, and again, because of its distance from metal ion
A, we anticipated that the activity would not be rescued by
Mn2+. This expectation was realized (Table 2), but it should
be noted that, in contrast to our results, steady-state kinetic
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assays with human polR mutants T1003N and Y1000F
(corresponding to T622A and Y619F, respectively, in RB69
pol) showed an increase in pol activity when Mn2+ was
substituted for Mg2+ (20).

Finally, E716 appears to interact with metal ion C in the
editing complex (12) but not in the ternary complex (13).
Its replacement with Ala has no effect on catalysis (Table
2); thus, the functional significance of E716 remains in doubt.

EVidence from Other DNA Polymerases for Dynamic
Metal Ion Binding Sites.The notion that residues other than
those observed in the ternary RB69 pol complex could be
involved in coordinating the divalent metal ions has been
suggested for other polymerases. For example, with HIV-
RT, Sarafianoset al. (35) proposed that, while the B metal
ion is released with PPi after the nucleotidyl transfer reaction,
the A metal ion moves in and out of the position required
for catalyzing the phosphoryl transfer. This displacement is
accompanied by torsional movements of D185 and D186.
In one conformation, the carboxylate oxygen of D186 is 2.3
Å from the A metal ion, but in the ternary complex, it is too
distant to serve as a ligand (35). This scenario is reminiscent
of the one we have proposed for D621 in RB69 pol. With
T7 DNA pol, computer simulations (36, 37), compared with
structural data (38), indicate that different Asp residues can
act as ligands for metal ion A at different times during the
cycle of dNTP binding, transfer, and P/T translocation. For
the Klenow fragment, Gangurdeet al. (39) have proposed
that either E710 or E883 is required for the pol reaction in
the active carboxylate triad (D705, D882, and E710 or E883)
(39). Their results suggest that E710 or E883 might act as
an alternative ligand for metal ion A in a precatalytic ternary
complex or that a critical hydrogen bonding interaction is
disrupted when either of the Glu residues is replaced. An
analogous situation has been described with polâ, where
there appears to be rotation of the Asp256 side chain, one
of the three highly conserved active site carboxylate-
containing residues that facilitates metal ion A binding during
catalysis (40, 41). It has also been reported that the torsion
angle of the D192 side chain bends it away from the active
site, enabling it to form a strong hydrogen bond with R258.
Once metal ions bind in the catalytic metal ion sites, the
torsional angle of D192 is altered, breaking the hydrogen
bond with R258 and reorienting the D192 side chain so that
it is in a favorable geometry for binding both catalytic metal
ions (32, 42). It seems therefore that structurally and
evolutionarily diverse DNA polymerases may use similar
strategies for catalytic metal ion binding and release.
However, no extensive Mn2+ rescue experiments have been
carried out with other DNA polymerase mutants using the
type of strategy reported in this study.
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