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ABSTRACT: The function of six highly conserved residues (Arg482, Lys483, Lys486, Lys560, Asn564,
and Tyr567) in the fingers domain of bacteriophage RB69 DNA polymerase (RB69 gp43) were analyzed
by kinetic studies with mutants in which each of these residues was replaced with Ala. Our results suggest
that Arg482, Lys486, Lys560, and Asn564 contact the incoming dNTP during the nucleotidyl transfer
reaction as judged by variations in apparentKm andkcat values for dNTP incorporation by these mutants
compared to those for the exonuclease deficient parental polymerase under steady-state conditions. On
the basis of our studies, as well as on the basis of the crystal structure of RB69 gp43, we propose that a
conformational change in the fingers domain, which presumably occurs prior to polymerization, brings
the side chains of Arg482, Lys486, Lys560, and Asn564 into the vicinity of the primer-template terminus
where they can contact the triphosphate moiety of the incoming dNTP. In particular, on the basis of
structural studies reported for the “closed” forms of two other DNA polymerases and from the kinetic
studies reported here, we suggest that (i) Lys560 and Asn564 contact the nonbonding oxygens of theR
andâ phosphates, respectively, and (ii) both Arg482 and Lys486 contact theγ phosphate oxygens of the
incoming dNTP of RB69 gp43 prior to the nucleotidyl transfer reaction. We also found that Ala substitutions
at each of these four RB69 gp43 sites could incorporate dGDP as a substrate, although with markedly
reduced efficiency compared to that with dGTP. In contrast in the parental exo- background, the K483A
and Y567A substituted enzymes could not use dGDP as a substrate for primer extension. These results,
taken together, are consistent with the putative roles of the four conserved residues in RB69 gp43 as
stated above.

The DNA replicase of bacteriophage T4 has proven to be
a fruitful system for studying fundamental mechanisms of
DNA replication that can be generalized to other DNA
replicases. Many of the protein components of the T4
replicase share sequence similarities with proteins having
corresponding functions in eukaryotic cells (for reviews, see
refs 1-5). Attempts to gain a deeper understanding of the
structure-function relationship in the T4 system have been
hampered by the failure to obtain useful crystals of T4 DNA
polymerase (T4 gp43) despite intensive efforts. This situation
changed dramatically with studies of the homologous poly-
merase from phage RB69, a phylogenetic relative of T4
(6, 7). The primary structures of the DNA polymerases of
T4 and RB69 share similar or identical residues at 74% of
all positions and many similarities with the B family (pol1

R-like) DNA polymerases found in eukaryotes (6, 8, 9).
Many of the polR-like DNA polymerases have a number

of highly conserved regions with essentially invariant
residues in a well-defined linear relationship to each other
(10-14). With determination of the crystal structure of RB69
gp43 as the first representative of this class, it is now possible
to place these conserved residues in a structural context
(9, 15). However, due to the absence of an incoming dNTP
or ddNTP in the crystal structure, it has not been possible to
define the dNTP binding pocket or identify residues that
contact portions of the dNTP. Nevertheless, it is possible to
make some inferences about the gp43 residues that are likely
involved in these interactions on the basis of analogies with
the crystal structures of the closed forms of T7 DNA
polymerase (16) and Klentaq (17), which are complexed with
a primer-template and a ddNTP. With this in mind, we have
targeted six highly conserved residues in the fingers domain
of RB69 gp43 for site-directed mutagenesis. Three of these
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residues (Arg482, Lys483, and Lys486) are in region VI,
and the other three (Lys560, Asn564, and Tyr567) are in
region III (see Figure 1) (9,10). Previous work from other
laboratories has provided evidence that the KX3NSXYG
sequence in region III of polymerases from the B family
(13, 18-22) plays a role in binding incoming dNTPs and
has a functional counterpart in the KX4NSXYG sequence
(motif B) in the O helix of pol I family polymerases as
represented by Klenow fragment (KF) (23). Thus, we
examined the potential role of the six conserved residues in
regions III and VI of RB69 gp43 in dNTP binding and in
the transition state during phosphodiester bond formation.
We have replaced each of these residues with Ala and
characterized the resulting mutants in terms of their steady-
state kinetic parameters for dNTP incorporation. In addition,
to determine if some of these conserved residues interact
with the phosphate moiety of the incoming dNTP, we
examined the ability of the gp43 mutants to incorporate
dGDP and found that four mutants (R482A, K486A, K560A,
and N564A) could use dGDP with low efficiency whereas
the parental exo- enzyme (D222A/D327A) and the K483A
and Y567A mutants could not. Taken together with the
kinetic parameters, these results suggest that the four
conserved basic residues could make contact with the
phosphate portion of the incoming dNTP during the primer
extension reaction.

EXPERIMENTAL PROCEDURES

Materials

The sources of reagents were as follows. Restriction
endonucleases and T4 polynucleotide kinase were obtained
from New England Biolabs. dGDP was from Sigma and
[γ-32P]ATP from Amersham Corp. The QuickChange Site-
Directed Mutagenesis Kit andEscherichia colistrain BL21/
DE3 were from Stratagene. dNTPs were from Pharmacia/
LKB. Chromatography media were from either Pharmacia
or Bio-Rad and electrophoresis reagents from American
Bioanalytical Corp., and the Complete protease inhibitor
tablet was from Boehringer-Mannheim. Plasmid CW50
(pCW50) was constructed by C. C. Wang in the laboratory
of J. Karam (Tulane University), and oligonucleotides and
DNA sequencing services were provided by the W. M. Keck
Foundation Biotechnology Resource Laboratory (Yale Uni-
versity). All other chemicals used were of analytical grade.

Methods

Oligonucleotide-Directed Mutagenesis. Two plasmids,
pCW50 and pCJ42H, which express high levels of RB69
gp43 were used for site-directed mutagenesis. Both plasmids
were constructed by inserting the gene for RB69 gp43 exo
deficient (D222A/D327A) into theBamHI andHindIII sites
of the expression vector pSP72 (Promega Corp.). The
resulting plasmid expressed the parental exo- enzyme. The
only difference between pCW50 and pCJ42H was that
pCJ42H contained a DNA sequence encoding three His
residues at the 3′-terminus (3′-His tag) of the polymerase
gene. The specific polymerase (pol) and exonuclease (exo)
activities of the gp43 with the (His)3 tag were identical to
the parental exo- gp43 (data not shown).

We followed the PCR-based protocol of the QuickChange
Site-Directed Mutagenesis Kit to obtain the desired muta-
tions. The presence of the altered codon was confirmed by
DNA sequencing.

Expression and Purification of RB69 gp43 and Its Mutant
DeriVatiVes. Expression of wild-type and mutant RB69 gp43
was carried out essentially as described previously (24).
Purification of plasmid-encoded gp43 lacking the (His)3 tag
utilized about 3 g of cells that were lysed in 50 mL of lysis
buffer [50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 10
mM DTT, containing one Complete protease inhibitor tablet].
After sonication on ice for eight 30 s cycles, the lysates were
cleared by centrifugation at 180000g for 60 min and the
supernatants dialyzed overnight at 4°C against 2 L of dialysis
buffer [40 mM Tris-HCl (pH 7.5), 1 mM EDTA, 10%
glycerol, and 10 mMâ-mercaptoethanol]. The dialysate was
loaded onto the DEAE Sepharose fast flow column (50 cm
× 3 cm) which had been equilibrated with buffer A (30 mM
Tris-HCl, 1 mM EDTA, 1 mM DTT, 1 mM Na2S2O5, 0.1%
NaN3, and 10% glycerol). After the column had been washed
with 450 mL of buffer A containing 100 mM KCl, bound
material was eluted using 200 mL of buffer A containing
200 mM KCl. Fractions containing gp43 (as judged by SDS-
PAGE) were pooled and applied directly to the Source 30Q
column (10 cm× 2 cm) which had been equilibrated with
buffer A. After the column had been washed with 150 mL
of 100 mM KCl in buffer A, fractions containing gp43 were
eluted with 100 mL of 200 mM KCl in buffer A. These
fractions were pooled, dialyzed overnight at 4°C against

FIGURE 1: Sequence alignment in the fingers domain among polR (B family) DNA polymerases (9). Amino acid residues 481-488 and
559-568 of RB69 gp43 were aligned with corresponding residues from five other DNA polymerases in the polR family. Those shown are
RB69 (rb69), T4 (t4), herpes simplex virus I (hsv1), human polR (hpolR), andSaccharomyces cereVisiaepol I (ypol1). The six conserved
residues that were replaced with Ala in RB69 are in solid boxes along with the identical residues from other polymerases. The two conserved
residues that were not altered are enclosed in boxes with dashed lines. The first set of three conserved residues is in helix N (shown above)
and in region VI (shown below). The second set of three conserved residues is in helix P (shown above) and in region III (shown below)
(40).
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1 L of buffer B (25 mM K2HPO4, 25 mM KH2PO4, 1 mM
DTT, 1 mM Na2S2O5, 0.1% NaN3, and 10% glycerol), and
then applied to the ceramic hydroxyapatite type I column
(60 cm× 2 cm) which had been equilibrated with buffer B.
After the column had been washed with 150 mL of a solution
containing 95% buffer B and 5% buffer C (200 mM K2-
HPO4, 200 mM KH2PO4, 1 mM DTT, 1 mM Na2S2O5, 0.1%
NaN3, and 10% glycerol) and 150 mL of a solution
containing 90% buffer B and 10% buffer C, the highly
purified RB69 gp43 was eluted with 150 mL of buffer C.
Fractions containing gp43 were pooled, dialyzed overnight
at 4 °C against 2 L of protein storage buffer [20 mM Tris-
HCl (pH 7.5), 0.1 mM EDTA, 5 mMâ-mercaptoethanol,
and 50% glycerol] and then concentrated 5-fold by pressure
filtration to a final concentration of about 10 mg/mL.

Purification of gp43 with the (His)3 Tag. After lysis
sonication and centrifugation as described above, the super-
natant was dialyzed against dialysis buffer, and the gp43
purified using a chelating Sepharose fast flow column (2.5
cm × 1.0 cm) according to the protocol provided by
Pharmacia. The eluted fractions were pooled, dialyzed against
dialysis buffer, and loaded onto a MonoQ column (5 cm×
0.75 cm) which had been equilibrated with buffer A. After
the column had been washed once with 25 mL of buffer A,
the fractions containing the RB69 gp43 with the (His)3 tag
were eluted with 90 mL of a linear gradient made from buffer
A and buffer A containing 2 M KCl.

The purity of gp43 preparations was judged by SDS-
PAGE, and the enzyme concentrations were determined
spectrophotometrically as described previously (25).

Exonuclease Assays. Assays for 3′ to 5′ exonuclease
activity on a 16/24mer double-stranded DNA substrate were
carried out as described previously (24, 25), except that the
oligonucleotide concentration was 50 nM instead of 600 nM
in the experiments reported here.

Preparation of a 13/20mer for Primer Extension Assays.
The exo- RB69 gp43 and its derivatives still exhibited
residual exonuclease activity (but reduced by 104-fold as
compared to that of the wild type) (25), and it was necessary
to design substrates that would allow estimation of the rates

of a single nucleotide addition without interference from this
competing activity. Substrate design was especially important
for mutants that had very low pol activity. For this purpose,
four sets of 13/20mer dsDNA primer-templates were
constructed in which the first base distal to the 3′-primer
terminus on the template strand was complementary to the
incoming dNTP for which kinetic parameters were to be
estimated (Table 1). The remaining six bases in the template
were identical to each other but different from the first. The
concentration of the first incoming dNTP was varied, but
the concentration of the dNTP complementary to the next
six template bases was never more than 1 mM and was
always 100-fold greater than the concentration of the dNTP
being studied. Under these conditions, the primer was
extended to a 20mer very rapidly once the limiting dNTP
reacted with the 3′-hydroxyl at the primer terminus. As a
result, very little of the fully extended primer was degraded
by the residual exo activity of the mutant gp43s. The 13mers
were 5′-labeled withγ-32P by standard procedures, annealed
with the complementary 20mers, and used as substrates for
primer extension assays.

Primer Extension Assays and Kinetic Analyses. The 10
µL reaction mixture for primer extension assays contained
the appropriate 13/20mer at 50 nM, 66 mM Tris-HCl (pH
8.8), 17 mM (NH4)2SO4, 10 mMâ-mercaptoethanol, 6.5 mM
MgSO4, 10% glycerol, 166µg/mL BSA, various concentra-
tions of the first incoming dNTP, a 100-fold excess of the
dNTP complementary to the remaining bases on the template
strand, and various concentrations of the parental exo- or
mutant RB69 gp43 preparations. Assays and kinetic analyses
were performed as described previously (24, 25). For each
Km andkcat determination, we used five different concentra-
tions of the first incoming dNTP (which spanned a 10-fold
range on either side of theKm), and a large excess of the
dNTP complementary to the remaining six bases on the
template. Values obtained for the enzyme concentration
required to yield a 50% depletion of the primer (involving
elongation of the 13mer at a fixed time) were used to estimate
the velocity of the reaction. The data obtained from at least
three assays where the derivation from linearity was less than

Table 1: Oligonucleotides for Determination of Kinetic Parameters for dNTP Incorporation

a The nucleotide residues in the template are complementary to the incoming dNTPs and, for which kinetic parameters were determined, are
boldface and underlined.b The 13mer primers were 5′-32P-labeled and then annealed with the 20mer templates.
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50% were averaged and reported. Kinetic data were analyzed
by Lineweaver-Burk double-reciprocal plots.

dGDP Purification and dGDP Incorporation Assays. We
used the double-stranded oligomer 13/20CC shown below
together with the parental exo- polymerase to remove
contaminating dGTP in commercial dGDP: 5′-CCG ACC
ACG GAA C-3′ (13mer) and 3′-GGC TGG TGC CTT GCC
CCC CC-5′ (20mer) (13/20CC). The 1 mL reaction mixture
contained the 13/20CC oligomer at 50µM, 1 mM com-
mercial dGDP, 267 nM RB69 gp43 parental exo- mutant
(D222A/D327A), 66 mM Tris-HCl (pH 8.8), 17 mM (NH4)2-
SO4, 10 mM â-mercaptoethanol, 6.5 mM MgSO4, 10%
glycerol, and 166µg/mL BSA. After incubation at 30°C
for 1 h, the reaction was stopped by heating the mixture to
75 °C for 10 min to inactivate gp43 and then passed over a
Sephadex G-10 column to separate dGDP from the dsDNA
primer-template and the denatured enzyme. Before the
recovered dGDP was used as a substrate in the primer
extension assay, its purity was checked for lack of incorpora-
tion in primer extension assays with the parental exo-

enzyme and the 13/20CC primer-template. The assays for
determining the kinetic parameters for dGDP incorporation
were the same as described above for the primer extension
assays with dGTP.

RESULTS

Site-Directed Mutagenesis and the Preparation of Mutant
Polymerases. To identify amino acid residues in RB69 gp43

that may contribute to dNTP binding or participate in the
nucleotidyl transfer reaction, we first examined the aligned
sequences of B family DNA polymerases shown in Figure
1 (9, 14). We note six highly conserved residues in the fingers
domain of gp43: Arg482, Lys483, and Lys486 located in
helix N and Lys560, Asn564, and Tyr567 located in helix P
(Figures 1 and 2) (9). We constructed gp43 mutants in which
these residues were replaced by Ala and used them for
steady-state kinetic studies designed to test their ability to
utilize each of the four dNTPs and dUTP in extending a
13mer primer annealed to a complementary template with a
seven-residue 5′-overhang (Table 1).

Because we anticipated that some of the mutants would
have greatly diminished polymerase activity, it was essential
to cripple the 3′ to 5′ exo function of the enzyme as
thoroughly as possible so that measurements of primer
extension rates would not be affected by turnover of the 3′-
terminal nucleotide. For this reason, we employed a plasmid
that specifies the exo deficient D222A/D327A RB69 gp43
as the starting point for construction of the six gp43 mutants
(25; C. C. Wang, unpublished results). By using PCR with
appropriate primers, we constructed a set of mutants in which
Ala replaced each of the designated residues in the parental
exo- background. After transformation, cells harboring the
mutant plasmids were induced and the mutant polymerases
were isolated and purified to homogeneity as described in
Experimental Procedures.

Steady-State Kinetic Parameters for dNTP Incorporation
with the Parental Exo- Polymerase. Primer extension assays
showed that four of the exo- gp43 mutants (R482A, K486A,
K560A, and N564A) had reduced pol activity (data not
shown). To better understand the basis for this reduction,
we estimated steady-state kinetic parameters for the parental
exo- enzyme and for its four mutant derivatives described
above with respect to incorporation of each of the four dNTPs
and dUTP (Table 2).

The steady-stateKm values2 for incorporation of different
dNTPs by the parental exo- enzyme showed thatKm(dTTP)

was about 15-fold greater thanKm(dGTP)which had the lowest
value (0.17µM) (Table 2). TheKm values for dCTP and
dATP were slightly higher than that for dGTP (Table 2).
Thekcat values2 also differed from one another, i.e.,kcat (dCTP)

being almost 5-fold higher thankcat(dATP). The kinetic
parameters for dUTP incorporation by the parental exo-

enzyme are almost the same as for dTTP, indicating that
the absence of a 5′-methyl group on the pyrimidine ring does
not significantly affect the rate of this reaction.

2 For simplicity, all theKm andkcat values refer to apparent steady-
stateKm andkcat values.

Table 2: Steady-State Kinetic Parameters for Incorporation of dATP, dCTP, dGTP, dTTP, and dUTP

dATP dCTP dGTP dTTP dUTP

enzymea Km (µM) kcat (s-1) Km (µM) kcat (s-1) Km (µM) kcat (s-1) Km (µM) kcat (s-1) Km (µM) kcat (s-1)

parental exo- 0.34 0.22 0.57 1.0 0.17 0.37 2.4 0.57 1.3 0.78
K483A 0.33 0.23 0.53 0.48 0.37 0.47 4.2 0.50 2.3 0.33
Y567A 0.59 0.06 0.42 0.15 0.20 0.62 4.0 1.3 2.4 1.0
R482A 6.4 5.3× 10-3 15 3.4× 10-2 5.1 5.3× 10-3 5.2 1.8× 10-3 2.7 1.1× 10-3

K486A 6.0 6.0× 10-3 17 9.3× 10-2 6.6 1.9× 10-3 5.8 4.4× 10-4 2.2 2.2× 10-4

K560A 1.0× 102 0.20 19 6.5× 10-2 51 0.17 3.3× 103 2.1 3.8× 102 0.30
N564A 10 8.3× 10-2 6.3 0.16 1.7 0.18 64 0.42 25 0.33

a All the enzymes in this study carry the D222A/D327A double mutation which makes them deficient in 3′ to 5′ exonuclease activity.

FIGURE 2: Ribbon diagram of RB69 DNA polymerase from Wang
et al. (9) showing the relative location of the five domains (Exo,
N-terminal, Fingers, Palm, and Thumb), each denoted by a different
shading. The relative locations of the six highly conserved residues
that were altered in the fingers domain are also shown as are the
two conserved Asp residues (Asp411 and Asp623) in the palm
domain.

RB69 DNA Polymerase Mutants Affecting dNTP Incorporation Biochemistry, Vol. 38, No. 25, 19998097



Steady-State Kinetic Parameters for dNTP Incorporation
with the Mutant Polymerases. Among the three mutations
in helix N, one (K483A) had no effect on the kinetic
parameters for incorporation of any of the dNTPs relative
to the parental exo- enzyme. In contrast, R482A and K486A
exhibited somewhat higherKm values (2-40-fold) that
depended on the dNTP being incorporated. Thekcat values
estimated for these two mutants were dramatically decreased
relative to the parental exo- enzyme: 30-700-fold for
R482A and 10-3000-fold for K486A (the actual values
varying with the dNTP substrate; see Table 2).

Among the three mutations in helix P, Y567A had kinetic
parameters for dNTP incorporation nearly identical to those
of the parental exo- enzyme. In contrast, K560A had much
higher Km values (40-300-fold) compared to those of the
parental exo- polymerase, while thekcat values decreased
within a 4-fold range for all the dNTPs exceptkcat(dCTP), which
was 20-fold lower than that of the parental exo- enzyme.
Similarly, the N564A mutation in helix P also yielded higher
Km (10-30-fold) and lowerkcat (2-6-fold) values compared
to the parental exo- enzyme.

Overall, the main effect of two of the mutations in helix
N, R482A and K486A, was reducedkcat values for dNTP
incorporation, while the main effect of two of the mutations
in helix P, K560A and N564A, was increasedKm values
relative to those of the parental exo- enzyme.

Kinetic Parameters for dGDP Incorporation. Since all of
the conserved residues targeted for replacement in the fingers
domain have either positively charged or polar side chains,
they have the potential to interact with the oxygen atoms of
the triphosphate portion of the dNTPs. Because we knew
that the parental exo- enzyme could not incorporate dGDP,
we decided to investigate if any of the mutants in which
charged or polar groups had been eliminated could use dNDP
as a substrate for primer extension. Four mutants (R482A,
K486A, K560A, and N564A) that exhibited large reductions
in the efficiency of dGTP incorporation (kcat/Km, Table 3)
were able to incorporate dGDP, while K483A, Y567A, and
the parental exo- enzyme could not. A representative
radioautograph that was used to demonstrate dGDP incor-
poration is shown in Figure 3 where the K560A mutant is
compared to the parental enzyme. With the parental enzyme,
dTTP can be misincorporated opposite C at high enzyme
concentrations (between 8.9 and 89 nM) in the absence of
dGDP (Figure 3, lanes 4 and 5). When dGDP is present,
there is no further extension beyond the 14mer because

dGDP inhibits the reaction (G. Yang, unpublished results)
and the residual exo activity predominates (lanes 1 and 2).
With the K560A mutant, dGDP is incorporated and the large
molar excess of dTTP rapidly extends the primer to its full
length (lanes 7-9). In the absence of dGDP, there is a small
amount of misincorporation with this mutant, but the residual
exo activity is sufficient to compete with further extension
(lanes 10-12). Compared to the values obtained with dGTP,
both the Km and kcat for dGDP incorporation decreased
slightly with the R482A and K486A mutants. With the
K560A and N564A mutants, theKm values were only slightly
reduced, whereas thekcat values decreased dramatically
(Table 3). Interestingly, the kinetic parameters for all four
mutants, which were capable of incorporating dGDP, fell
into a very narrow range,∼1 µM for Km and∼10-4 s-1 for
kcat.

Specific Exonuclease ActiVities for the Mutant Poly-
merases. Because many of the mutants had low specific
activities for polymerization, especially when dGDP was
used as substrate, accurate estimation ofKm andkcat values
required that we determine the specific exo activities of each
mutant so that the pol activity could be normalized correctly
to that of the parental exo- enzyme. All the mutants, except
for R482A (which behaves like the parental exo- poly-
merase), exhibited reduced residual exo activities on dsDNA
as compared to the parent. For example, K483A, K486A,
K560A, N564A, and Y567A have 12, 12, 10, 30, and 10%
of the parental residual exo activity, respectively. These
results are not surprising in view of the previously reported
effects of mutations in the pol domain which have been
shown to reduce the exo activity (25).

DISCUSSION

Kinetic Parameters for Incorporation of dNTPs by the
Parental Exo- Polymerase. The relativeKm andkcat values
that we determined for dNTP incorporation with RB69 gp43
are different for each dNTP; it is tempting to think that these

Table 3: Steady-State Kinetic Parameters for Incorporation of
dGTP and dGDP

dGTP dGDP

enzymea Km (µM) kcat (s-1) Km (µM) kcat (s-1)

parental exo- 0.17 0.37 b b
K483A 0.37 0.47 b b
Y567A 0.20 0.62 b b
R482A 5.1 5.3× 10-3 1.7 3.2× 10-4

K486A 6.6 1.9× 10-3 2.2 1.4× 10-4

K560A 51 0.17 3.0 7.8× 10-5

N564A 1.7 0.18 0.83 2.7× 10-4

a All the enzymes in this study carry the D222A/D327A double
mutation and are therefore deficient in 3′ to 5′ exonuclease activity.
b dGDP incorporation was undetectable under the same assay conditions
used for R482A, K486A, K560A, and N564A.

FIGURE 3: Autoradiograms showing the results of assays for dGDP
incorporation by the parental exo- polymerase and its K560A
mutant derivative. The reaction mixture contained 30µM 13/20CA
as primer-template (with the primer labeled with32P at the 5′-
end, Table 1) and 100µM dTTP. The reaction mixtures which
included 30µM purified dGDP were run in lanes 1-3 and 7-9,
as indicated by the plus sign below the lane numbers. There was
no dGDP in the reaction mixtures run in lanes 4-6 and 10-12 as
indicated by the minus sign below the lane numbers. The enzyme
concentrations for the parental enzyme were 89 nM (lanes 1 and
4), 8.9 nM (lanes 2 and 5), and 0.89 nM (lanes 3 and 6), and the
concentrations for gp43 K560A were 16µM (lanes 7 and 10), 1.6
µM (lanes 8 and 11), and 0.16µM (lanes 9 and 12). The reactions
were stopped by adding 0.1 M EDTA after incubating at 30°C for
10 min. The mixtures were then analyzed by electrophoresis on
20% polyacrylamide gels containing 50% urea in TBE buffer.
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differences mainly reflect the ability of the polymerase to
discriminate among dNTPs because of complementarity
between the incoming dNTP and the corresponding base on
the template, but there may be other reasons as well.
Although there are some pre-steady-state kinetic data avail-
able for the binding and reaction rates of all four dNTPs
with Klentaq (26), the results are not directly comparable to
the steady-state kinetic parameters reported here. The results
reported by Astatke et al. (27) for incorporation of dGTP
and dTTP by KF showed differentKm andkcat values which
were attributed to differences in the relative strengths of A‚
T versus G‚C pairing of the incoming dNTP with its cognate
base on the template. While this explanation may be valid
for KF, it does not apply to the parental exo- form of RB69
gp43 studied here sinceKm(dATP) was nearly 7-fold lower
than Km(dTTP), and Km(dATP) was also lower thanKm(dCTP)

(Table 2).
Residues That Interact with dNTPs and Affect Their Rates

of Incorporation. Results obtained from crystal structures
(16, 17, 28) and kinetic studies (22, 27, 29) suggest that the
fingers domain of DNA polymerases are involved in dNTP
binding, although the structural details of these domains differ
among the individual enzymes (30, 31).

The crystal structures of the closed form of the T7 DNA
polymerase ternary complex (T7) (16) and the closed form
of the Klentaq DNA polymerase ternary complex (Klentaq)
(17) showed the incoming ddNTP bound in a pocket
consisting of residues from the palm, thumb, and fingers
domain of the DNA polymerase as well as part of the
template strand just distal to the primer terminus. At least
three highly conserved, positively charged, or polar residues
located in the fingers domain contact the negatively charged
triphosphate moiety through interactions with nonbonding
oxygen atoms that are not coordinated to the divalent metal
ions. For example, Arg518 (in T7) and Arg659 (in Klentaq)
from helix O make contact with two oxygen atoms of theγ
phosphate. His506 (in T7) and His639 (in Klentaq) from
helix N contact the nonbonding oxygen of theâ phosphate,
and Lys522 (in T7) and Lys663 (in Klentaq) from helix O
contact the oxygen of theR phosphate. These observations
are consistent with kinetic studies on the corresponding
residues Arg754, His734, and Lys758 in KF (27, 29).

Our results show that mutants in which four highly
conserved residues in helix N (Arg482 and Lys486) and helix
P (Lys560 and Asn564) of the fingers domain of RB69 gp43
were replaced with Ala exhibit either increasedKm or
decreasedkcat values for dNTP incorporation compared to
those of the parental enzyme. Viewed in the context of
structural data from the T7 and Klentaq polymerases, it seems
reasonable to suggest that these residues in gp43 would be
involved in dNTP binding. The RB69 gp43 crystal structure
(Figure 2) (9) also shows that these four residues, in either
the N or P helix, face the pol site, with their side chains
pointing toward the pol catalytic center in the palm domain
where three conserved acidic residues (Asp411, Asp621, and
Asp623) are located (Figure 2). Two of these residues
(Asp411 and Asp623), together with the incoming dNTP,
would be expected to coordinate the two divalent metal ions
required for catalysis (16, 30-35). The location of the four
conserved residues in the fingers makes it possible for their
side chains to contact the phosphate moiety of incoming
dNTP, providing that a conformational change occurs to
bring helices N and P closer to the reaction center.

Mutants in which the other two conserved residues in the
fingers domain (i.e., Lys483 and Tyr567) were replaced with
Ala had almost no effect on the kinetic parameters as
compared to the parental polymerase. In the gp43 crystal
structure (Figure 2) (9), Lys483 is on the side of helix N
pointing ∼90° away from the catalytic site, and thus is
unlikely to contact the incoming dNTP. We also found that
the Y567A mutant incorporated mispaired dNTPs more
efficiently than the parental polymerase (G. Yang, unpub-
lished results), suggesting that Tyr567 has a role in maintain-
ing fidelity, possibly by interacting with the base of the
dNTP. There are examples in other DNA polymerases where
single amino acid substitutions alter fidelity, e.g., Tyr766 in
helix O of the fingers domain of KF (36, 37) and Arg283 in
the thumb domain of eukaryotic DNA polymeraseâ (38).

Kinetic studies with human polymeraseR (22) andφ29
DNA polymerase (39) point to Lys950 in polR and the
corresponding Lys383 inφ29 (which are both equivalent to
Lys560 in RB69 gp43) as having a role in dNTP binding.
Specifically, Dong et al. (22) suggested that Lys950 in pol
R interacts either directly or indirectly with one of the
nonbonding oxygens of theR phosphate.

A Conformational Change May InVolVe the Fingers
Domain of RB69 DNA Polymerase when a Ternary Complex
Is Formed. From structural studies of DNA polymerases
other than gp43, it appears that the presence of a primer-
template and a correctly matched dNTP causes movement
of the fingers domain toward the catalytic center by about
40°. Under such conditions, the polymerase shifts from an
open to a closed conformation (16, 17, 28). In the case of
Klentaq, a member of the pol I family, Li et al. (17, 28)
proposed that the incoming dNTP binds first to the positively
charged and polar residues in the O helix prior to the
conformational change. Once bound, the O helix rotates 46°
to deliver the dNTP to the active site.

In the polR family, there are no published reports of binary
or ternary complexes. While the proposal by Li et al. (17,
28) for Klentaq could apply to members of the polR family,
an alternative model may have to be considered as described
below.

In the crystal structure of RB69 gp43 (9), the distances
from the side chains of the four conserved residues in the
fingers domain to the three conserved acidic residues in the
palm domain range from 14 to 23 Å, i.e., greater than the
distances between the nonbonding oxygens of dNTP (Figure
4B). Without a conformational change, it would not be
possible for all four of the conserved residues in the fingers
domain and the carboxylate ligands in the palm domain to
simultaneously contact the triphosphate moiety of the incom-
ing dNTP. On the basis of these considerations, we suggest
that during polymerization, the fingers domain of RB69 gp43
moves toward the catalytic center, allowing all the residues
at positions 482, 486, 560, and 564 to contact the incoming
dNTP. Furthermore, we propose that the relative positions
of helix P and N would also have to be slightly adjusted.
Before adjustment, the four residues in the fingers domain
would be too far apart from each other in the open
conformation for all of them to contact the triphosphate
moiety at the same time (Figure 4A). After adjustment, they
could be reoriented to fit the shape of the triphosphate portion
of the incoming dNTP (Figure 4A,B).
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Proposed Interactions between the Fingers and the
Phosphate Moiety of dNTP. If we accept the validity of
sequence similarities between human polR and RB69 gp43,
and the suggested role of Lys950 in human polR, it seems
likely that the equivalent residue in RB69 gp43 (Lys560)
would have the same function. On the basis of this tentative
assignment, and taking into consideration the relative loca-
tions of Lys560, Asn564, Arg482, and Lys486 (Figures 2
and 4A) and the configuration of dNTP (Figure 4B), we
propose that (i) Asn564 contacts the oxygen ofâ phosphate3

and (ii) Arg482 and Lys486 contact two of the nonbonding
γ phosphate oxygens.

All four mutants in the fingers domain differ in kinetic
parameters from the parental enzyme (Table 2). TheKm

values for gp43 K560A increased dramatically, but thekcat

values were almost unchanged; N564A also exhibited
increasedKm values with almost unchangedkcat values. In
contrast, R482A and K486A had much lowerkcat values but
only slightly increasedKm values. We suggest that if the
interactions with theγ phosphate oxygens by Arg482 and
Lys486 occur, they may assist in the removal of the
pyrophosphate leaving group during the nucleotidyl transfer
reaction so that loss of either Arg482 or Lys486 would be
expected to decrease the rate of the chemical step. If Lys560
interacts with theR phosphate, instead of the leaving group,
then it is not surprising that K560A has little effect on the
kcat. If Asn564 interacts with the oxygen of theâ phosphate

via H bonding rather than via the stronger ionic interactions
that probably occur with the other positively charged
residues, we would anticipate that the effect of the N564A
mutant on the two kinetic parameters would be smaller than
that exhibited by mutations in which positively charged
residues have been changed to Ala. Our observations indicate
that this is indeed the case.

dGDP Can SerVe as a Substrate for Primer Extension with
Certain Mutants. As shown in Table 3, the R482A, K486A,
K560A, and N564A mutants were able to utilize dGDP as a
substrate for primer extension. As far as we know, this is
the first reported example of dNDP incorporation by any
DNA polymerase (or mutant derivatives). The fact that
K483A, Y567A, and the parental enzyme did not use dGDP
rules out the possibility that the observed effects were due
to a small amount of dGTP contaminating the dGDP used
in the reaction. We should emphasize, however, that we
cannot yet explain why these mutants are capable of
incorporating dGDP. Among the difficulties in interpreting
these results are (i) the inability of the parental enzyme to
utilize dGDP (thus failing to provide a control for the kinetic
data obtained with the mutants that do incorporate dGDP)
and (ii) since the leaving group is a monophosphate rather
than a pyrophosphate, the rate of the chemical step may be
expected to change. In fact, we do observe that thekcat is
severely reduced with the mutants capable of using dGDP,
but we are uncertain if the effect is due to the presence of a
different leaving group. Nevertheless, the fact that only
R482A, K486A, K560A, and N564A were able to utilize
dGDP is intriguing since these four residues in the wild-
type gp43 are those proposed in this paper to interact with
the phosphate moiety of the incoming dNTP. Structural
studies on ternary complexes of the mutant proteins would
elucidate the spatial relationships between these residues and
the incoming nucleoside triphosphate. Also, determination
of pre-steady-state kinetic parameters would provide ad-
ditional information about certain aspects of the mechanism,
such as the rate-limiting step in the primer extension reaction
catalyzed by these mutant polymerases.

While this paper was being reviewed, a report appeared
(41) describing the crystal structure of a thermostable type
B DNA polymerase which was compared with RB69 gp43
and found to have numerous structural similarities.
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