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ABSTRACT: DNA polymerases from the A and B families with 3′-5′ exonucleolytic activity have
exonuclease domains with similar three-dimensional structures that require two divalent metal ions for
catalysis. B family DNA polymerases that are part of a replicase generally have a more potent 3′-5′
exonuclease (exo) activity than A family DNA polymerases that mainly function in DNA repair. To
investigate the basis for these differences, we determined pH-activity profiles for the exonuclease reactions
of T4, RB69, andφ29 DNA polymerases as representatives of B family replicative DNA polymerases
and the Klenow fragment (KF) as an example of a repair DNA polymerase in the A family. We performed
exo assays under single-turnover conditions and found that excision rates exhibited by the B family DNA
polymerases were essentially independent of pH between pH 6.5 and 8.5, whereas the exo activity of KF
increased 10-fold for each unit increase in pH. Three exo domain mutants of RB69 polymerase had much
lower exo activities than the wild-type enzyme and exhibited pH-activity profiles similar to that of KF.
On the basis of pH versus activity data and elemental effects obtained using short double-stranded DNA
substrates terminating in phosphorothioate linkages, we suggest that the rate of the chemical step is reduced
to the point where it becomes limiting with RB69 pol mutants K302A, Y323F, and E116A, in contrast
to the wild-type enzyme where chemistry is faster than the rate-determining step that precedes it.

DNA polymerases represent the major component of the
replisome, a multicomponent biological machine responsible
for faithfully replicating cellular and viral DNA. In addition
to the nucleotidyl transfer activity, many DNA polymerases
have an editing function that removes mispaired nucleotide
residues from the 3′ end of elongating primer strands, helping
to ensure the fidelity of replication (for reviews, see refs
1-5).

The three-dimensional structures of many DNA poly-
merases (DNA pols) have now been determined. Among
these, the Klenow fragment (KF)1 (6-8), T7 pol (9, 10),
and the homologous DNA pols from bacteriophages T4 and
RB69 (11-13) have been extensively studied using steady-
state and pre-steady-state kinetic methods (14-26). Detailed
mechanisms for primer extension and excision of 3′-terminal
nucleotide residues from the primer strand have been
proposed. These mechanisms all involve two divalent metal
ions which (i) orient the reactants in the proper geometry,
(ii) lower the pKa of the attacking OH group, and (iii) help
to neutralize the developing negative charge on the penta-
covalent transition state (2, 27-29). All DNA polymerases

with 3′-5′ exonuclease (exo) activity, whose structures are
known, have a cluster of highly conserved side chains at
the exo active site, including the ligands for the two divalent
metal ions required for catalysis. They also have similarly
positioned Tyr and Glu residues equivalent to Y323 and E116
in RB69 pol and Y497 and E357 in KF, respectively (for a
compilation of conserved exo domain sequences, see refs
30-34). Although the amino acid sequence of RB69 pol
differs markedly from that of KF in the exo domain, the
R-carbon backbone and the geometry of the metal ion ligands
in the exo domain of KF and RB69 pol are nearly super-
imposable (8, 11, 35). Despite this close structural resem-
blance, the specific 3′-5′ exonuclease activity of RB69 (or
T4) pol is ∼1000-fold higher than that of KF at pH 7 (22,
24). To understand the basis for this difference, we have
investigated the pH dependence of the exo activity of RB69
pol and some of its exo domain mutants, and compared them
to that of KF (14, 36, 37). By relating our kinetic data to the
crystal structures of the editing complexes of RB69 pol and
KF, we provide a rationale for the difference in the exo
activities of wild-type RB69 pol, its exo domain mutants,
and KF.

EXPERIMENTAL PROCEDURES

Materials.The QuikChange site-directed mutagenesis kit
andEscherichia colistrain BL21/DE3 were obtained from
Stratagene Corp. (La Jolla, CA). Restriction endonucleases
and T4 polynucleotide kinase were purchased from New
England Biolabs.φ29 DNA polymerase was a gift from
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Amersham Corp. [γ-32P]ATP was also from Amersham
Corp. DEAE-cellulose (DE52) and phosphocellulose were
from Whatman. Source 30Q resin was obtained from
Pharmacia. Electrophoresis reagents were from Bio-Rad.
Other chemicals were analytical-grade. Oligonucleotides used
for primers and templates were synthesized by the W. M.
Keck Foundation Biotechnology Resource Laboratory (Yale
University). The T4 pol structural gene was obtained from
a pTL7 plasmid that we had previously reported (24). A
plasmid, pCW19R, containing the RB69 pol structural gene
was a gift from J. Karam (Tulane University, New Orleans,
LA).

Construction of Mutants and Preparation of Proteins.T4
and RB69 pol mutants were constructed by PCR muta-
genesis using the QuikChange site-directed mutagenesis kit
(Stratagene Corp.) according to the supplier’s instructions.
The altered RB69 pol coding sequences were completely
sequenced to verify the presence of the correct codons for
the site specific substitutions and to make sure that the
remaining sequence corresponded to the wild-type enzyme.
The RB69 pol cDNAs were then cloned into a Bluescript
expression vector downstream from the T7 promoter as
previously described (25). The plasmids introduced into
competent BL21-DE3 cells were induced with IPTG when
the cell density reached anA590 value of 0.4. The culture
was then shaken overnight at 16°C, and the cells were
harvested by centrifugation and lysed. Purification of the
expressed proteins to homogeneity was accomplished using
three chromatographic steps as previously described (24).
More recently, the wild-type and mutant RB69 pol cDNAs
were recloned into a pET 21b vector (Novagen Co.) so that
the expressed proteins had six His residues at their C-termini.
After overnight induction at 16°C, the cells were harvested
by centrifugation, lysed by sonication, and spun at high
speed, and the cleared supernatant was applied to a Ni-
NTA column (Novagen). After the column had been washed
with sonication buffer, and then with 0.2 M imidazole in 50
mM Tris-HCl buffer (pH 8), the His6-tagged pol was eluted
with 0.5 M imidazole in the same buffer. The 0.5 M
imidazole eluates were concentrated, dialyzed to remove the
imidazole, and further purified on a Source 30Q column (24).
Protein concentrations were determined by the Bradford
assay and by the optical density at 280 nm using a molar
extinction coefficient of 1.5× 105 M-1 cm-1 for RB69 pol
and its mutants (24). To test for contamination by other
nucleases that would interfere with the kinetic experiments,
the mutant protein preparations (5 mg/mL) were incubated
with the 3′-5′ exonuclease-resistantSp form of the 5′-32P-
labeled phosphorothioate primer (1µg/mL), described below,
in a Tris-HCl buffer [67 mM Tris-HCl (pH 8.8), 10 mM
â-mercaptoethanol, and 60 mM NaCl] for 3 h at 25°C. The
mixture was fractionated by gel electrophoresis, and the32P-
labeled degradation products were quantified using a phos-
phorimager (Molecular Dynamics). If we found that any of
theSp phosphorothioate substrate was degraded, we took this
as an indication that the mutant DNA polymerase preparation
was contaminated with exogeneous nucleases and required
further purification. This was carried out by FPLC with either
phosphocellulose or hydroxyapatite columns, using standard
procedures (25).

Preparation of Substrates.Primers were labeled at their
5′-termini using [γ-32P]ATP and T4 polynucleotide kinase

as previously described (38). The Rp and Sp forms of the
17mer phosphorothioate were separated by reverse-phase
HPLC according to the method of Grasby and Connolly (39)
before being labeled with [γ-32P]ATP. The eluate was dried
in a Speed-Vac and redissolved in water. Duplex 3′-tailed
DNA was formed by mixing equimolar amounts of the 5′-
32P-labeled 17mer primer (5′-CCGACCACGGAACCCCC)
or theRp form of 5′-CCGACCACGGAACCCC-sC with the
20mer template (3′-GGCTGGTGCCTTGACCCCCC) in
annealing buffer [10 mM Tris-HCl, 5 mM NaCl, and 0.2
mM EDTA (pH 8.2)]. Annealing was performed by denatur-
ing the oligonucleotide at 95°C for 5 min and then slowly
cooling the solution to 25°C. The32P-labeled duplexes were
checked by polyacrylamide gel electrophoresis followed by
radioautography to ensure that all the labeled primer was in
the duplex form. The DNA substrates were then stored at
-20 °C.

Single-TurnoVer Assays for Exonuclease ActiVity as a
Function of pH.All reactions were performed at 24°C in a
KinTek rapid quench flow instrument (model RQF-3, KinTek
Corp., University Park, PA). Syringe A contained 400 nM
substrate, 6 mM EDTA, and 1600 nM enzyme in 50 mM
MTEN buffer [50 mM 2-(N-morpholino)ethanesulfonic acid-
Tris, 25 mM ethanolamine, and 100 mM NaCl (adjusted to
the desired pH by addition of 0.1 M HCl)] (40). Syringe B
contained 26 mM MgCl2, in MTEN buffer at the same pH
as that of the solution in syringe A. Reactions were initiated
by mixing equal volumes (16µL) of these two samples
driven by the MTEN buffer at the same pH as that of the
solutions in each syringe. The reaction was quenched at
various times by the addition of EDTA (0.5 mM, pH 8.0).
For some mutants, for which the reactions were slower than
those catalyzed by the wild-type enzyme, assays were
performed manually using the same conditions. The mixtures
from the quenched reactions were collected in Eppendorf
tubes, and then aliquots were removed and analyzed by
polyacrylamide gel electrophoresis (20% polyacrylamide and
50% urea in TBE buffer) and quantified using a phosphor-
imager as previously described (26). In some experiments,
with wild-type RB69 pol, the order of mixing was altered.
When the enzyme was present in syringe A, and the substrate
together with MgCl2 was added from syringe B, the observed
excision rate was slower than when the substrate and enzyme
were both present in syringe A and MgCl2 was added from
syringe B. In some experiments, we doubled the enzyme
concentration but found no change in the excision rate. We
used MTEN because it is a suitable buffer for studying
reactions between pH 6.5 and 8.5 as it maintains a constant
ionic strength in this range (40). Exo rates obtained below
pH 6 are unreliable due to irreversible inactivation of RB69
pol over time. For example, when we incubated RB69 pol
at pH 5.5 in 0.1 M sodium acetate buffer at 24°C, taking
aliquots at various times, adjusting the pH to 7 with MTEN
buffer, and assaying for exo activity, the observed rates
decreased with a longer exposure of the enzyme at pH 5.5.
At pH >9.5, RB69 pol, its mutants, and KF exhibited lower
exo activity presumably because the Mg2+ concentration is
reduced to<15 mM [Ksp for Mg(OH)2 ) 1.8 × 10-11], the
optimum concentration for excision.

Data Analysis.Data from single-turnover experiments
were fit to a single-exponential equation using Sigma Plot
version 4.14 (Jandel Scientific, San Rafael, CA).
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RESULTS

pH-ActiVity Profiles of KF, T4, and RB69 Pols.We began
this study using T4 pol since a complete kinetic scheme (22),
pH-activity profiles (41), and a considerable amount of
kinetic data for its exo activity had already been reported
(22-24). Although a crystal structure had been determined
for the exo domain of T4 pol (35), the structure of intact T4
pol has not been determined. Crystal structures of the closely
related RB69 pol have been determined in three different
forms, the apoenzyme (11); the editing mode, in a complex
with a primer-template (PT) (12); and the pol mode in a
ternary complex with a dideoxy-terminated PT and a
complementary incoming dNTP (13). When the crystal
structure of the RB69 pol editing complex was reported, we
focused all our efforts on this enzyme so that we could relate
kinetic parameters for the exo reaction to the structure of
the RB69 pol-PT complex (12). Because the exo domains
of T4 and RB69 pols are almost superimposable (11, 35),
we expected that kinetic results obtained with RB69 and T4
pols would be nearly identical; however, the excision rates,
determined under single-turnover conditions in Tris buffer,
were∼5-fold higher for T4 pol than for RB69 pol (Table
2). With T4 pol, we obtainedkexo values close to those
reported by Capsonet al. (22). The excision rates we
observed with both T4 and RB69 pol were almost identical
when the reaction was carried out in MTEN buffer. For

brevity, we report only data obtained for RB69 pol and its
mutants on pH versus activity; however, we present results
for both RB69 and T4 pol as well as their mutants for
experiments with the phosphorothioates to further support
some of the conclusions drawn from this part of the study
on the elemental effect.

To investigate the striking difference in exo activity
between RB69 pol and Klenow fragment (KF), we first
examined the pH-exonuclease activity profiles of RB69 pol
and KF under single-turnover conditions. For substrates, we
used 5′-32P-labeled 17/20mers with four mismatched C
residues, and an identical 17/20mer with a phosphorothioate
linkage at its 3′-terminus (Figure 1C,D). Double-stranded,
3′-mismatched substrates have an affinity (Kd ∼ 70 nM) (22)
higher than theKm for single-stranded (ss) DNA substrates
(∼10 µM) (24), facilitating pre-steady-state kinetic studies.
The four unpaired nucleotides at the 3′-terminus are suf-
ficiently long to extend into the exonuclease active site even
when the dsDNA substrate is bound initially in the pol mode
(12, 13, 42). It was our expectation that, with a 3′-frayed
mismatched primer, the additional complexity in interpreting

Table 1: Excision Rate Constants (kexo) as a Function of pH, Determined under Single-Turnover Conditionsa

kexo (s-1)

enzyme pH 6.5 pH 7.0 pH 7.5 pH 8.0 pH 8.5

RB69 pol 3.0 5.0 6.6 7.7 8.1
RB69 E116A 3.9× 10-5 11× 10-5 2.8× 10-4 7.5× 10-4 5.3× 10-4

RB69 K302A 1.1× 10-3 3.3× 10-3 1.0× 10-2 3.2× 10-2 0.11
RB69 Y323F 5.6× 10-4 1.8× 10-3 5.8× 10-3 1.9× 10-2 5.6× 10-2

RB69 K302A/Y323F 2.1× 10-5 6.5× 10-5 2.0× 10-4 6.4× 10-4 2.0× 10-3

KF 1.7× 10-3 5.4× 10-3 1.6× 10-2 5.2× 10-2 0.16
a Final concentrations: 800 nM enzymes, 200 nM substrate, and 10 mM Mg2+. Precision( 15%. All reactions were carried out at 24°C in

MTEN buffer which contains 50 mM 2-(N-morpholino)ethanesulfonic acid, 25 mM tris(hydroxymethyl)aminomethane, 25 mM ethanolamine, and
100 mM sodium chloride. The pH was adjusted to the stated value with 0.1 M HCl. Reactions were quenched with 400 mM EDTA.

Table 2: Elemental Effects for Wild-Type and Mutant RB69, T4
Pols, and KFa

kexo (s-1)

enzyme

3′-tailed duplex
all-oxygen
substrate

3′-tailed duplex
phosphorothioate

kexo

ratio
(O/S)b

RB69 pol 24 17 1.4
T4 pol 130 91 1.4
RB69 K302A 0.10 2.0× 10-2 5
T4 K299A 0.18 5.0× 10-2 4
RB69 Y323F 0.14 1.2× 10-3 117
T4 Y320F 0.12 9.6× 10-4 121
T4 Y320A 7.5× 10-2 8.5× 10-3 9
RB69 K302A/Y323F 1.3× 10-2 8.1× 10-4 16
T4 K299A/Y320F 1.3× 10-2 5.0× 10-4 26
KF 0.33 2.0× 10-2 16
KF Y497F 4.1× 10-3 3.5× 10-4 12

a Final concentrations: 600 nM enzymes, 150 nM substrates, 10 mM
Mg2+, and 67 mM buffer [Tris-HCl (pH 8.8), 10 mMâ-mercaptoeth-
anol, and 60 mM NaCl]. Reactions were carried out at 24°C and
quenched with 400 mM EDTA. Precision(15%. b Ratio of thekexo

values for the substrate with the all-oxygen 3′-terminal phosphodiester
to thekexo for the 3′-terminal phosphorothioate.

FIGURE 1: Digestion patterns visualized and quantified by phos-
phorimaging of urea-acrylamide gels that were loaded with timed
aliquots from rapid chemical quench experiments designed to
measure the rate of 3′-5′ exonuclease digestion of 5′-32P-labeled
substrates shown in panels C and D by (A) RB69 DNA pol and
(B) KF. Reactions were carried out in MTEN buffer at pH 7.0 and
24 °C. The reaction times prior to the quench are given above the
solid lines. Note that the time is seconds in panel A and minutes in
panel B. The reaction conditions are described in Experimental
Procedures and in the legend of Figure 2. (C) All-oxygen substrate,
17/20mer 3′-tailed duplex. (D) Sulfur-substituted (RpS) substrate,
17/20mer 3′-tailed phosphorothioate duplex.
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kinetic results, which include duplex melting and partitioning
of the substrate between the exo and pol modes, could be
avoided (22, 41, 42).

A typical digestion pattern obtained for nucleotide excision
by wild-type RB69 pol and KF at pH 7.0 is shown in panels
A and B of Figure 1. At this pH, there was a large difference
in excision rates between the two enzymes. The decrease in
the intensity of the labeled primer band for both RB69 pol
and KF (Figure 2) as a function of time fit an exponential
decay curve, indicating that we were measuring the rate of
a single process. When we determined the exo activity of
RB69 and T4 pol as a function of pH between pH 6.5 and
8.5, the slope of log(activity) versus pH was close to 0 for
both enzymes (Figure 3). We also examined the pH versus
exo activity of another B family DNA polymerase,φ29 pol,
the overall sequence of which is only slightly similar to that
of RB69 pol except for well-defined motifs, some of which
are in the exo domains, where the sequences are identical
(11, 43, 44). The φ29 pol also displayed the same pH-
activity profile as RB69 pol, suggesting that this behavior
might be a general feature of B family DNA pols that have
exo activity. By contrast, KF had a log-linear pH profile with
a slope of 1 (Figure 3). There are a few points about the exo
rates that are worth noting. (i) Buffer systems have a marked
influence on the values ofkexo. For example, at pH 8.5, the

kexo for RB69 pol is 8 s-1 in MTEN buffer (Table 1), but at
pH 8.8, thekexo is 24 s-1 in Tris-HCl buffer (Table 2). (ii)
Similar differences inkexo for T4 pol were observed in these
two buffer systems, but thekexo value of 130 s-1 in Tris-
HCl buffer (pH 8.8) (Table 2) is in good agreement with
the kexo of 100 s-1 reported by Capsonet al. (22) under
similar conditions. The influence of different buffer systems
on the exo rates of T4 pol has also been recorded (41). (iii)
In contrast to the wild-type enzymes, the exo domain mutants
of T4 and RB69 pol had similarkexo values in Tris-HCl buffer
(pH 8.8) (Table 2).

Klenow Fragment and the Exo Domain Mutants of RB69
Pol HaVe Similar pH-ActiVity Profiles. To further explore
the basis for the difference in exo activity between RB69
pol and KF, we examined the pH-exo activity profiles of
three single site mutants of RB69 pol (K302A, Y323F, and
E116A) as well as a double mutant (K302A/Y323F). These
residues were chosen because (i) K302 is a highly conserved
residue near the catalytic site in the exo domains of the B
family but has no equivalent in the family A DNA poly-
merases (11, 43, 44), (ii) Y323 is also highly conserved in
the exo domains of both A and B family DNA polymerases
and the equivalent Tyr residue, Y497 in KF, participates
directly in the excision reaction (7, 29, 45, 46), and (iii) E116
was also examined because its side chain points toward the
exo active center (12) and its carboxylate group may be
involved indirectly in catalysis like the corresponding E357
residue in KF (2, 14, 27, 45, 46).

All of the RB69 pol mutants with single-site substitutions
(K302A, Y323F, and E116A) hadkcat values lower than that
of the wild type for degradation of p(dC)10 and p(dT)16 under
steady-state conditions where the substrates were present in
8-fold molar excess over the enzyme (data not shown). To
determine whether the effect of each of these mutants on
the exo activity was additive, we tested the double mutant
K302A/Y323A for its exo activity, along with the corre-
sponding single-site mutants and KF, as a function of pH,
under single-turnover conditions. The assays were performed
with the enzymes and 17/20mer substrates at concentrations
3 times higher than the estimatedKd for the enzyme-
substrate complexes (22). The results in Table 1 and Figure

FIGURE 2: Single-turnover assays for the exonuclease activity of
(A) RB69 polymerase and (B) KF. All reactions were carried out
in 50 mM MTEN buffer at pH 6.5 (b), 7.0 (2), 7.5 (9), 8.0 (1),
and 8.5 ([) at 24°C. The reaction mixture contained 200 nM 5′-
32P-labeled 3′-tailed 17/20 mer substrate, 800 nM enzyme, and 10
mM MgCl2.

FIGURE 3: Excision rates (kexo) vs pH for T4 pol, RB69 pol, and
four of its exo domain mutants (K302A, Y323F, K302A/Y323F,
and E116A). The pH vs excision rates forφ29 pol and KF are also
presented. Assays were carried out under single-turnover conditions
with a 3′-tailed DNA duplex (17/20mer) having a four-base
mismatch at the 3′-terminus (Figure 1C). Reaction conditions are
given in the footnotes of Table 1, the legend of Figure 2, and
Experimental Procedures.
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3 show that there was very little change in thekexo for wild-
type RB69 pol between pH 6.5 and 8.5, whereas for KF and
for the four RB69 pol mutants, the exo activity was much
lower than that of wild-type RB69 pol at all pH values that
were studied. The plots of logkexo versus pH for KF and for
nearly all of the RB69 pol mutants were parallel with a slope
of 1, in contrast to the very shallow slope of the plot for
wild-type RB69 pol. The E116A mutant exhibited somewhat
aberrant behavior at the higher end of the pH range that we
cannot interpret at present. Thekexo values for the K302A
and Y323F RB69 pol mutants were only slightly lower than
the kexo for KF, whereas thekexo values for E116A and the
double mutant K302A/Y323F were∼100 times lower than
that of KF and 10 000 times lower than that of wild-type
RB69 pol at pH 8.5.

A Mutant in the Exo Domain that Enhances the Exo
ActiVity of RB69 Pol.On the basis of the structure of the
exo mode complex of a PT and RB69 pol (12), where Y323
is in a position to form a hydrogen bond to the side chain
amide group of Q171 (Figure 4), we produced a Q171A
variant that had akexo of 130 s-1, a value 5 times higher
than that of wild-type RB69 pol, when assayed in Tris-HCl
buffer (pH 8.8), but identical to thekexo for T4 pol (Table
2).

Effect of Phosphorothioates on the Excision Rates.Sub-
strates with a sulfur substitution in place of a nonbridging
oxygen in the terminal phosphodiester (phosphorothioates)
have been used to estimate the elemental effect for exo-
nuclease reactions of pols (36, 46-49). An increase in the
elemental effect [the ratio ofkexo for all-oxygen substrates
vskexo for 3′-terminal phosphorothioates (designated as O/S)]
has often been interpreted to mean that chemistry has become
rate-limiting. All the phosphorothioates used in this study

wereRp stereoisomers, the only form degraded by the DNA
polymerases that have been examined (36, 47-49). To
ensure that differences in the O/S ratios were due to changes
in kexo rather thanKd, we used two different enzyme
concentrations (one twice the other) while keeping the
amount of thio-substituted PTs constant in experiments with
the RB69 pol mutants shown in Table 2 and obtained
identical O/S ratios. The O/S ratios for excision by T4 and
RB69 pols were both 1.4 (Table 2). By contrast, KF had an
O/S ratio of 16. The replacement of K299 in T4 and the
equivalent residue, K302, in RB69 pol with Ala gave nearly
identical O/S ratios (∼5). Replacement of Y320 with Ala in
T4 pol resulted in an increase in the O/S ratio to 9. The
double mutant, where both the Lys and Tyr residues were
replaced with Ala, gave an O/S ratio of 26, a value somewhat
greater than the O/S ratio of 16 for the RB69 pol K302A/
Y323F double mutant and the O/S ratio of 16 for KF (Table
2). A curious finding was that the O/S ratios for the Y323F
mutant in RB69 pol and the corresponding mutant, Y320F
in T4 pol, were more than 100. By contrast, when the
equivalent conserved Tyr (Y497) in KF was replaced with
Phe, the O/S ratio was similar to that of wild-type KF (Table
2).

DISCUSSION

The goal of this study was to provide a rationale for the
dramatically enhanced levels of 3′-5′ exonucleolytic activity
exhibited by RB69 pol relative to KF (2, 22, 24, 48). Given
the striking similarity between the overall tertiary structures
of the exo domains in RB69 pol (11-13) and KF (2, 6, 8,
27), there was no obvious structural element that could
account for the difference in activity except for a strategically
placed Lys (residue 302 in RB69 pol). This residue is highly
conserved in B family DNA polymerases that have exo
activity but is absent in the A family DNA polymerases.
Accordingly, we targeted this Lys residue for replacement
with Ala with the hope that the kinetic behavior of the
K302A mutant would help in explaining the 1000-fold
difference in exo activity between the two enzymes. We also
replaced other conserved residues whose side chains were
oriented toward the exo active site, but we excluded acidic
residues that were known to be ligands for the two divalent
metal ions in the exo active site (12, 41).

pH-ActiVity Profiles. We first decided to examine the exo
activity of wild-type and mutant RB69 pols and KF as a
function of pH, since previous studies on the pH-activity
profiles of T4 pol (41) and KF (14) indicated that their
behavior differed greatly. Although we assumed that RB69
pol would have a pH-activity profile like that of T4 pol,
we chose to check its pH-activity profile to verify this
supposition. By performing these experiments using a single
buffer system suitable for pHs ranging from pH 6.5 to 8.5,
we avoided problems that occur when buffer systems are
changed during the experiment to maintain optimal buffering
capacity. We found no evidence for the two pH optima
reported for T4 pol (41). Instead, we found that nucleotide
excision by RB69 pol was insensitive to pH, and was much
faster than the reaction catalyzed by KF, suggesting that a
step prior to chemistry is rate-limiting. The pH-activity
profile that we obtained for KF was similar to that reported
by Derbyshireet al. (14). As argued elsewhere (36, 50),
chemistry is most probably rate-limiting for the exo reaction,

FIGURE 4: Model of the exo active site of RB69 pol complexed
with a PT in the exo mode based on the 2.7 Å structure determined
by Shamoo and Steitz (12) (PDB entry 1CLQ). The dinucleotide
substrate is in green, and the protein is in yellow. The orientation
and the distance (2.66 Å) between theγ-hydroxyl group of Y323
and the amide nitrogen of Q171 are shown. The blue dots represent
the potential for hydrogen bonding. The structure has Ca2+ in place
of Mg2+, and the protein in this form has no exonuclease activity.
Although the distance is not indicated, K302 in this structure is
disordered and is further from the active site than in other exo mode
structures of RB69 and T4 pols (11, 35).
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so the pH profile represents the pH dependence of the
chemical step. The observation that site specific substitutions
in the exo domain of RB69 pol both reduced the specific
exo activity and altered the flat pH-activity profile to one
that resembled that of KF strongly implies that the rate-
limiting step of the reaction catalyzed by these RB69 pol
variants was altered. Two of these residues, K302 and Y323,
appear to be crucial for the rate enhancement of RB69 pol
relative to KF. When mutants having substitutions at these
two positions are combined, the double mutant (K302A/
Y323F) also behaves like KF, but its specific exo activity is
much lower than that found with the polymerase having
single-site replacements, suggesting that combining the two
substitutions has an additive effect on the reduction of exo
activity.

Effect of Sulfur Substitution on Excision Rates.Measure-
ments of sulfur elemental effects can also serve as a
diagnostic for a rate-limiting chemical step, and these data
support the conclusions derived from our pH studies. Wild-
type T4 and RB69 pols show essentially no elemental effect
on the exonuclease reaction, and this, like the flat pH-
activity profile, suggests that a step other than chemistry is
rate-limiting. By contrast, wild-type KF, where the available
evidence indicates rate-limiting chemistry (see above), has
an elemental effect of 16 (this work and ref46), and several
of the T4 and RB69 pol mutants have elemental effects in
the range of 4-26. Again, this correlates with the pH-
activity profiles for the corresponding proteins and is
consistent with a rate-limiting chemical step. The magnitudes
of the elemental effects observed for KF and these mutant
proteins are close to the range (4-11-fold) reported by
Herschlaget al. for the nonenzymatic cleavage of a model
phosphodiester (51). This could indicate that the enzymatic
reaction at the exonuclease active site is affected solely by
the electronic differences between the oxygen- and sulfur-
containing phosphate reaction centers. Alternatively, the
similar numbers could be largely coincidental, given that the
restricted space within an enzyme active site may result in
steric problems when processing the sulfur-substituted
substrate.

Steric effects indeed play a significant role in the structural
explanation offered by Brautigam and Steitz for the elemental
effect at the KF 3′-5′ exonuclease active site (46). They
observed a strong hydrogen bond (interatomic distance of
2.6 Å) between theγ-hydroxyl group of Y497 and the pro-
Rp oxygen of a DNA substrate bound at the exonuclease site.
This suggested that theγ-hydroxyl group of Tyr helps to
correctly position the substrate for hydrolysis, consistent with
the 62-fold drop in activity when this Tyr is replaced with
Phe (14). When a sulfur atom was in theRp position,
replacing oxygen, both the sulfur and theγ-hydroxyl group
of Y497 were pushed away from each other by 1 Å, resulting
in a displacement of the scissile phosphorus atom by 0.67
Å (Figure 5). The fact that the kinetics can be rationalized
on the basis of displacement of the scissile phosphorus is in
agreement with the proposal that chemistry is the rate-
determining step.

Further support for the idea that the sulfur elemental effect
may have a substantial steric component is provided by the
120-fold elemental effects observed with the RB69 pol
Y323F mutant and the homologous Y320F mutant of T4 pol.
These extremely large elemental effects correlate with the

presence of an aromatic side chain at residue 323 (RB69
pol) or 320 (T4 pol), together with the active site lysine
(K302 of RB69 pol or K299 of T4 pol). When the active
site lysine is mutated to alanine, or is absent in the wild-
type protein (as in KF), the elemental effect is∼10-fold
lower. Thus, the large elemental effects probably result from
extreme steric crowding in the transition state for hydrolysis
of the sulfur-containing substrate. A logical inference from
this reasoning is that the hydrolysis of the sulfur-containing
substrate by wild-type T4 and RB69 pols also proceeds
through a sterically crowded transition state; however,
because the chemical step is so much faster, the results of
an even 100-fold decrease in rate are kinetically invisible.
An analogous correlation between sulfur elemental effects
and the size of an active site side chain has been observed
at the polymerase active site of KF (52).

Relationship between the Structures of KF and RB69 Pol-
Oligonucleotide Complexes and the Rates of the Exo Reac-
tion. In RB69 pol, residues K302 and Y323, perhaps acting
in concert, enhance the rate of the chemical step so that it is
no longer limiting. Since water is the source of the nucleo-
phile (hydroxide ion), then activation of water by the divalent
metal ion in the A site would be required at the exo active
site (2, 29). In addition, orienting the water molecule or
nascent hydroxide ion so that it is optimally positioned for
in-line attack is expected to be a crucial function of the metal
ion in the A site, based on analogy with KF (7, 8). The Y323
OH group may contribute a bifurcated hydrogen bond to the
hydroxide ion and to the pro-Rp oxygen as proposed for KF
(see Figure 6 in ref46). These interactions, together with a
hydrogen bond from E116, would help to properly position
the phosphodiester bond for hydrolysis and to orient the
attacking hydroxide ion (derived from the water molecule
in the active site) prior to hydrolysis of the scissile phos-

FIGURE 5: Least-squares superposition of the KF exo active site-
substrate complexes (46). TheRpS-substrate complex is green, and
the protein is yellow. For the all-oxygen complex, the substrate is
green but the pro-Rp oxygen is red (partially hidden under the
arrowhead) and the protein is brown. The divalent ions in the A
(white) and B (blue-white) sites are shown connected to their
liganding groups by red dots (see Figures 5 and 6 in ref46 for
further details). The distance between theRpS (in green) and the
γ-hydroxyl oxygen of Y497 is 3.28 Å, an increase of 0.6 Å
compared to the distance between the pro-R oxygen and the
γ-hydroxyl oxygen of Y497 in the all-oxygen substrate-KF
complex (46).
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phodiester bond. It is also possible that the Y323 side chain
might help to position the frayed single-stranded DNA in a
strained conformation that would accelerate excision of the
nucleotide residue at the 3′-terminus as suggested for the
analogous situation with KF (50). The corresponding residues
in KF, E357 and Y497, also appear to play important roles
in keeping the substrate properly oriented for in-line attack
by the hydroxide ion (Figure 6) (7, 8). Replacement of either
of these residues with Ala significantly reduces the hydrolytic
rate but does not fully abolish the exo activity (14). The metal
ion in the A site also aligns the pro-Sp oxygen in the
phosphodiester linkage so that it is close to a position that it
would occupy in the pentacovalent transition state (see
Figures 1 and 2 in ref46).

The role proposed for the B metal ion is consistent with
all of the structures and with the kinetic parameters for KF;
however, for RB69 pol, metal ion B is likely to be assisted
in stabilizing the developing negative charges in the transition
state by the positively chargedε-amino group of K302 in
RB69 pol, presumably resulting in substantial acceleration
of the hydrolytic reaction so that a step preceding chemistry
now limits the excision rate (2). It should be noted that the
side chain of K302 is disordered in the exo mode complex
(12), perhaps because calcium rather than magnesium ions
were present in this structure. Since Ca ions have a larger
ionic radius than Mg ions, the local stereochemistry in the
exo active site was probably perturbed and could account
for the fact that this complex was devoid of activity. On the
other hand, in the 5 Å structure of the RB69 pol-ssDNA
complex, theε-amino group of K302 is∼3 Å from the
nonbridging oxygen of the scissile phosphate (11). The same
distance (3 Å) between the K299 amino group and the
relevant phosphate oxygen was also observed in the T4 pol
N388 exo domain in a complex with ssDNA (35). Both of
these structural results support the notion that this lysine
residue is an important feature of the exo catalytic site in
T4 and RB69 pol.

Because we have used a frayed 3′-PT where the ss primer
is sufficiently long to reach the exo active site (42), it is
unlikely that DNA melting would limit the exo rate for wild-

type T4 and RB69 pols. The following possibilities for the
rate-determining step should be considered. (i) The rate of
binding of the frayed PT to the enzyme might be limiting.
(ii) The rate may be limited by the time required for the
frayed single-stranded region at the 3′-end of a mismatched
PT to attain the optimal geometry in the exo active site after
addition of Mg2+. (iii) After addition of Mg2+, the orientation
of some of the metal ion ligands in the protein may require
some time to adjust to a conformation that would facilitate
catalysis. The rate of this putative adjustment would be
expected to be slower than the rate of diffusion of a divalent
cation into the active site and slower than the chemical step
which should be very rapid if the geometry of the ground
state closely resembles that of the transition state of the
enzyme-substrate complex (2, 51).

Another feature of RB69 pol that may be relevant in
explaining the rapid exo rate is the flexibility of the Y323
side chain. In one of the crystal structures (12), residue Y323
points away from the active site and the Tyr OH group is
hydrogen bonded to the side chain amide nitrogen of Q171
(Figure 4). Before a catalytically relevant structure can be
assumed, this hydrogen bond must be broken. This is likely
to happen because another crystal form of RB69 pol (13)
shows Y323 in a different position where it can potentially
form a hydrogen bond to the pro-Rp oxygen of the substrate.
When we determined the excision rate of the Q171A
derivative of RB69 pol, we found that it was 5 times faster
than that of the wild-type enzyme. It is worth noting that T4
pol has an Asp residue at the position equivalent to Q171 in
RB69 DNA and that thekexo for T4 pol is∼6 times higher
than that for RB69 pol. It is tempting to speculate that,
because of this difference, there is a longer residence time
for Y320 (in T4 pol) in an orientation where it points toward
the active site compared to the situation with Y323 (in RB69
pol).

The pH-activity profiles for KF and the RB69 pol exo
mutants assume that hydroxide ions can be freely exchanged
with the solvent either directly or via proton transfer. This
is consistent with the analysis of phosphodiester bond
hydrolysis by KF reported by Fothergillet al. (28) using
the electron valence bond method to evaluate the contribu-
tions of the two metal ions to the hydrolytic mechanism.
According to Fothergillet al. (28), the main role of metal
ion A is to electrostatically stabilize the attacking hydroxide
ion. This notion is still in agreement with a role for metal
ion A in correctly aligning the reactants and lowering the
pKa of an attacking water molecule in the active site as
suggested by Steitz and Steitz (29). The evaluation of these
subtle features of the exo mechanism will require further
structural information. In particular, a high-resolution crystal
structure of a complex poised for excision would clarify some
of the uncertainties that remain about the exo reaction
catalyzed by RB69 pol.

With the demonstration of the remarkable divergence in
the pH profiles and kinetic schemes for the exo reaction,
between KF and RB69 pol as well as other B family DNA
polymerases, the question of the possible biological signifi-
cance of these differences arises. A conceivable rationale is
that replicative DNA polymerases must rapidly and faithfully
copy long stretches of DNA which demands efficient removal
of mismatched nucleotide residues. This editing requirement
is not as stringent for repair polymerases such as KF because

FIGURE 6: Active site region of KF (yellow) (46) bound to the
all-oxygen DNA substrate (green). Hydrogen bonds to the pro-Rp
oxygen from the carboxyl group of E357 and theγ-hydroxyl group
of Y497 are shown as blue dots. Ligands to the Mg2+ and Zn2+

metal ions are shown as red dots.
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they copy shorter lengths of DNA at slower rates. Thus, the
probability of incorporating mispaired bases into the genome
would be lower; consequently, DNA polymerases having a
repair role would not need an exo activity as potent as that
of replicative polymerases.
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