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ABSTRACT: The core of DNA polymerase III, the replicative polymerase inEscherichia coli, consists of
three subunits (R, ε, andθ). Theε subunit is the 3′-5′ proofreading exonuclease that associates with the
polymerase (R) through its C-terminal region andθ through a 185-residue N-terminal domain (ε186). A
spectrophotometric assay for measurement ofε activity is described. Proteinsε andε186 and theε186‚θ
complex catalyzed the hydrolysis of the 5′-p-nitrophenyl ester of TMP (pNP-TMP) with similar values of
kcat andKM, confirming that the N-terminal domain ofε bears the exonuclease active site, and showing
that association withθ has little direct effect on the chemistry occurring at the active site ofε. On the
other hand, formation of the complex withθ stabilizedε186 by∼14 °C against thermal inactivation. For
ε186,kcat ) 293 min-1 andKM ) 1.08 mM at pH 8.00 and 25°C, with a Mn2+ concentration of 1 mM.
Hydrolysis ofpNP-TMP byε186 depended absolutely on divalent metal ions, and was inhibited by the
product TMP. Dependencies on Mn2+ and Mg2+ concentrations were examined, giving aKMn of 0.31
mM and akcat of 334 min-1 for Mn2+ and aKMg of 6.9 mM and akcat of 19.9 min-1 for Mg2+. Inhibition
by TMP was formally competitive [Ki ) 4.3µM (with a Mn2+ concentration of 1 mM)]. The pH dependence
of pNP-TMP hydrolysis byε186, in the pH range of 6.5-9.0, was found to be simple.KM was essentially
invariant between pH 6.5 and 8.5, whilekcat depended on titration of a single group with a pKa of 7.7,
approaching limiting values of 50 min-1 at pH <6.5 and 400 min-1 at pH >9.0. These data are used in
conjunction with crystal structures of the complex ofε186 with TMP and two Mn(II) ions bound at the
active site to develop insights into the mechanisms ofpNP-TMP hydrolysis byε at high and low pH
values.

Since its discovery nearly 25 years ago, theEscherichia
coli DNA polymerase III (pol III)1 holoenzyme has been
studied extensively as a model replication machine (1-3).
The 10 different protein subunits of the holoenzyme function
in cooperation with other replication proteins to carry out
the duplication of the entireE. coli chromosome with aston-
ishing efficiency, processivity, and fidelity. The core of pol
III contains three subunits. The 130 kDaR subunit includes
the polymerase active site. Theε subunit (28 kDa), encoded
by the dnaQ gene (4-11), is the 3′-5′ proofreading exo-
nuclease, while the 9 kDaθ subunit (12) has no known dis-
crete function. The separation of the polymerase and exo-
nuclease activities of pol III between different subunits is in
contrast to many DNA polymerases where both activities
are present on a single polypeptide chain (13-15).

The ε subunit is itself composed of two distinct domains
(16-18). The N-terminal domain (codons 2-186 ofdnaQ,

ε186) contains the exonuclease active site and the binding
site forθ, while the small C-terminal domain (within codons
187-243) contains theR binding site (16, 17). Since ε

interacts with bothR andθ, it is likely to play an important
structural role within the pol III core (12, 16, 17). Intersubunit
interactions also influence enzymatic activities; for example,
interaction ofR and ε was reported to stimulate the exo-
nuclease activity ofε on DNA substrates between 10- and
80-fold and the polymerase activity ofR 2-fold (19), while
θ stimulated the activity ofε on DNA substrates∼2-4-
fold (12, 17). Moreover, assembly of a highly processive
pol III holoenzyme requires the presence ofε in its core
(14, 20).

Amino acid alignments of 3′-5′ exonuclease domains or
subunits of prokaryotic and eukaryotic DNA polymerases
with the corresponding domain in the X-ray crystal structure
of the large (Klenow) proteolytic fragment of DNA poly-
merase I (pol I) (21) have identified several conserved motifs
(Exo I, Exo II, and Exo III) (22, 23). In ε and some other
proofreading exonucleases, the Exo III motif is substituted
with an alternative motif called Exo IIIε, which contains at
least three amino acids essential for the exonuclease activity
(18, 24, 25). The analysis ofdnaQmutants has confirmed
the importance of the three core motifs in the catalytic
activity of ε (26-28), and it has been shown that the isolated
N-terminal domain is active as an exonuclease (17, 18).
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Although the structure of the full-lengthε subunit is still
unknown, a model for the structure ofε186 has recently been
derived from a combination of NMR spectroscopy and
molecular modeling (29), and its X-ray structure has been
determined at 1.7 Å resolution (25).

The exonuclease activity ofε and other proofreading
exonucleases has usually been monitored using radiolabeled
ssDNA or primer-template substrates that have mismatched
termini (11, 17, 19, 30-32). As an alternative approach to
understanding fine details of the mechanism of action ofε,
we investigated the use of a noncanonical nucleoside
5′-phosphodiester substrate, thep-nitrophenyl ester of thy-
midine 5′-monophosphate (pNP-TMP; Scheme 1). Hydroly-
sis of such a small compound should not be influenced by
the extensive interactions in and around the active site
expected for polynucleotide substrates. Thus, comparison of
its enzyme-catalyzed hydrolysis with that of DNA substrates
should allow the contributions of these more extensive
peripheral interactions to be separated from those due to the
active site residues that actually participate in the chemistry.

Because hydrolysis ofpNP-TMP to p-nitrophenol and
TMP can be monitored spectrophotometrically, it also
provides a continuous, convenient, and reproducible assay
for measuring the rates of nucleotide phosphodiester hy-
drolysis byε. We used this assay to confirm previous results,
in particular, that the N-terminal domain ofε is responsible
for the exonuclease activity. It was further shown that
although the thermal stability ofε186 is increased very
substantially by formation of its complex withθ, the complex
is just a little less active inpNP-TMP hydrolysis thanε186
alone. Hydrolysis rates were also dependent on the presence
of metal ion cofactors such as Mn2+ and Mg2+, and were
inhibited by TMP, a nucleotide product of the exonuclease
reaction. We also examined the pH dependence of Michae-
lis-Menten parameters for theε186-catalyzed hydrolysis of
pNP-TMP. These data, in conjunction with the recently
determined crystal structures of the active site in complex
with two Mn(II) ions and TMP at low and high pH (25),
give interesting insights into the mechanism of substrate
hydrolysis byε.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Details of the con-
struction of plasmids that direct expression ofε andε186,
as well as methods adapted from published procedures for
the isolation of purified samples ofε (11, 32), ε186 (18), θ
(33), and the ε186‚θ complex (17), and their physical
characterization by SDS-PAGE and ESI-MS, are given in
the Supporting Information. As judged by these analyses,
ε186 and theε186‚θ complex were obtained in a highly

purified form, while the sample ofε was contaminated to
the extent of∼20% by other proteins. Concentrations of
freshly dialyzed purified samples ofε, ε186,θ, and theε186‚
θ complex were determined spectrophotometrically at 280
nm, usingε280 values of 12 090, 6400, 8250, and 14 650 M-1

cm-1, respectively (34). Samples for assays were diluted
when necessary in 20 mM Tris‚HCl (pH 7.6), 2 mM DTT,
0.5 mM EDTA, and 10% (w/v) glycerol (buffer C) contain-
ing 0.1 M NaCl.

Reagents.The sodium salts ofpNP-TMP and TMP were
used as received from Sigma. Stock solutions were prepared
in 50 mM Tris‚HCl (pH 8.00) and 150 mM NaCl and stored
frozen in small aliquots at-20°C. Their concentrations were
determined spectrophotometrically, using anε270 of 16 250
M-1 cm-1 for pNP-TMP (35) and anε267 of 9600 M-1 cm-1

for TMP. Reverse phase HPLC using an analytical C18
column was used to show that stocks ofpNP-TMP were not
contaminated by TMP (<0.1%). Columns were developed
at 1 mL/min using a linear gradient from 10 to 70% methanol
in 50 mM sodium acetate buffer (pH 5) over the course of
20 min. TMP,pNP-TMP, andp-nitrophenol eluted in that
order, and were well separated.

Spectrophotometric ActiVity Assays.The activities of
samples ofε, ε186, and theε186‚θ complex were determined
spectrophotometrically by monitoring the production of
p-nitrophenolate anion produced by hydrolysis ofpNP-TMP
at 420 nm (Scheme 1), using a Cary model 1 spectropho-
tometer with the cuvette chamber thermostated at 25°C. For
routine assays, a stock solution ofpNP-TMP was diluted
with assay buffer [50 mM Tris‚HCl (pH 8.00), 150 mM
NaCl, and 1 mM DTT, to 970-980µL] to a final concentra-
tion of 3.0 mM in a 1 mL quartz cuvette. Following
equilibration at 25°C, solutions of MnCl2 (10 µL) and
enzyme (10-20µL) were added to give final concentrations
of 1 mM and 100-400 nM, respectively. The solution was
quickly and thoroughly mixed with a bent glass rod, and
changes inA420 were followed over several minutes. Routine
assays were generally carried out in duplicate, and initial
rates (V0) were estimated as tangents to curves ofA420 versus
time at zero time, using the Cary-WinUV software (version
2.00). Rates ofpNP-TMP hydrolysis were calculated using
a value of 12 950 M-1 cm-1 for theε420 of p-nitrophenol at
pH 8.00.

The dependence ofV0 on enzyme concentration ([E]0) was
determined for concentrations ofε186 in the range of 0-700
nM, under routine assay conditions. Estimates of Michaelis-
Menten parameters were obtained from data measured at
pNP-TMP concentrations ([S]0) in the range of 0.2-5.2 mM
where [Mn2+] ) 1 mM and [S]0 ) 1.5-12 mM where
[Mg2+] ) 12 mM. Values ofKM and kcat were generally
calculated by linear least-squares analysis of Hanes-Woolf
plots ([S]0/V0 vs [S]0). The effect of divalent metal ions on
the rate of reaction was studied with [Mg2+] ) 0.5-12 mM
and [S]0 ) 12 mM, or [Mn2+] ) 0.05-1.2 mM and [S]0 )
3.0 mM. Product inhibition by TMP was studied by varying
[S]0 (0.4-4.2 mM) at each [TMP]0 (0-8 µM), with [Mn2+]
) 1 mM. In this case, values ofKi for TMP inhibition and
KM and kcat for substrate hydrolysis were obtained from a
global nonlinear least-squares fit of data to equations describ-
ing competitive inhibition, using the program Dynafit (36).

Thermal stabilities ofε186 and theε186‚θ complex were
measured as follows. Enzyme samples (32 and 13µM,

Scheme 1: Hydrolysis of Thymidine 5′-Monophosphate
p-Nitrophenyl Ester (pNP-TMP) to TMP andp-Nitrophenol,
Promoted by theε Subunit of DNA Polymerase III
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respectively) in assay buffer containing 100µM MnCl2 were
treated at various temperatures between 35.0 and 59.5°C
for exactly 10 min, and then cooled in ice. Samples (10µL)
were taken, and residual activities were determined by assay
under the routine assay conditions.

pH Dependence of pNP-TMP Hydrolysis byε186.Values
of kcat andKM at each pH value were determined essentially
as described above from assays carried out at appropriate
concentrations ofε186, at 25°C in 50 mM buffer solutions
[Na‚MES (pH 6.52) or Tris‚HCl (pH 7.01-8.95)] containing
150 mM NaCl, 1 mM DTT, and 1 mM MnSO4, except that
3 mM MgSO4 was used at pH 6.52. For assays at each pH
value, a stock solution ofpNP-TMP (227 mM, in 150 mM
NaCl) was first diluted 5-fold in the particular assay buffer,
and then suitable volumes of this solution were used to give
a [S]0 in the range of 0.4-4.2 mM. The absence of buffer
catalysis was established in preliminary assays at two or more
different buffer concentrations. Concentrations ofp-nitro-
phenol were determined using anε420 of 14 365 M-1 cm-1

for p-nitrophenolate anion and the measured pKa of 7.04 for
p-nitrophenol under these conditions.

RESULTS

Hydrolysis of pNP-TMP byε, ε186, and theε186‚θ
Complex. Initial spectrophotometric experiments established
thatε andε186 could both promote release ofp-nitrophenol
from the substratepNP-TMP, and stoichiometric quantities
of the products TMP andp-nitrophenol were separated and
identified by HPLC, as described in Experimental Proce-
dures. This suggests the mechanism of cleavage (Scheme
1) mimics the natural reaction promoted byε, where the TMP
moiety is a 3′-mismatched terminal nucleotide, and the
leaving groupp-nitrophenolate substitutes for the remainder
of the polynucleotide chain (31). The rate of change ofA420

was used to determine the initial velocity of the hydrolysis
reaction (V0). In general, the rates decreased significantly with
time (not shown). Most likely, this reflects inhibition of the
enzymes by the strongly binding product inhibitor TMP (see
below). Initial rates estimated simply from tangents to the
curves at time zero were reproducible to within(5%.

In preliminary studies using full-lengthε as the enzyme
(37), we first showed that the initial rate ofε-catalyzedpNP-
TMP hydrolysis (at a particular substrate concentration)
reached a maximum at pH∼8. Although initial rates at pH
8 were unaffected by the buffer that was used (HEPES and
Tris gave identical rates), they were stimulated∼2-fold
(relative to buffer alone at pH 8.0) by 0.5 M sodium chloride,
andpNP-TMP hydrolysis byε was shown to be absolutely
dependent on the presence of a divalent metal ion, Mn2+

being preferred over Mg2+. After further measurements of
the dependence of rates on [pNP-TMP]0 and [Mn2+],
conditions for routine assays (given in Experimental Proce-
dures) were defined. Because full-lengthε had been purified
following its refolding from solutions in 3 M guanidinium
chloride and has limited solubility (29), we chose to carry
out most of the studies reported here on the isolated
N-terminal domain,ε186. In contrast toε, this domain is
isolated in good yield from the soluble fraction following
lysis of cells, by conventional chromatographic techniques
(18).

The initial rate ofpNP-TMP hydrolysis was proportional
to [ε186]0 (Figure 1A) and also [ε]0 (not shown), over a 20-

fold range of concentrations. Diluted samples ofε186 were
found to be stable on storage in buffer C containing 100
mM NaCl for >12 h when kept at 0°C.

Initial rates ofpNP-TMP hydrolysis promoted byε, ε186,
and theε186‚θ complex were determined under standard
assay conditions [with 1 mM Mn2+ (pH 8.0)] at severalpNP-
TMP concentrations. The linearity of Hanes-Woolf plots
(Figure 1B) confirmed thatpNP-TMP hydrolysis followed
Michaelis-Menten kinetics for all three enzymes. The kinetic
parameters for the hydrolysis ofpNP-TMP were as follows:
KM ) 1.08( 0.05 mM andkcat ) 293 ( 4 min-1 for ε186
andKM ) 0.95( 0.05 mM andkcat ) 148( 3 min-1 for ε

(Figure 1B). Thus, while values ofKM for the two enzymes
were essentially identical,kcat for ε186 was approximately
twice that for full-lengthε. While this difference is partly
due to the presence of impurities in our preparation ofε, a
similar difference (2.4-fold) between the two enzymes in their
efficiency of hydrolysis of a ssDNA substrate has been noted
previously (17). Nevertheless, it is clear that the N-terminal
domain ofε is responsible for the hydrolysis ofpNP-TMP,
as has also been observed directly for its 3′-5′ exonuclease
activity using a radiolabeled mismatched primer-template
(18) and a partial duplex and ssDNA (17) as substrates.

The kinetic parameters for theε186‚θ complex (KM ) 1.51
( 0.09 mM, kcat ) 215 ( 6 min-1; Figure 1B) were also

FIGURE 1: Hydrolysis ofpNP-TMP by ε, ε186, and theε186‚θ
complex, at pH 8.00 and 25°C. (A) The rate of hydrolysis of
pNP-TMP as a function ofε186 concentration. The concentration
of pNP-TMP was 3.0 mM, and the concentration of MnCl2 was 1
mM. (B) Hanes-Woolf plots, normalized for values of [E]0, for
the hydrolysis ofpNP-TMP byε, ε186, and theε186‚θ complex,
showing the effect ofpNP-TMP concentration on the rate of
hydrolysis (1 mM MnCl2). The experimental data points are shown,
and the lines were calculated using values forKM andkcatdetermined
by linear least-squares analysis, as follows:ε, KM ) 0.95 mM and
kcat ) 148 min-1 (2); ε186,KM ) 1.08 mM andkcat ) 293 min-1

(0); andε186‚θ, KM ) 1.51 mM andkcat ) 215 min-1 (O).
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similar to those forε186, indicating that complexation with
θ does not greatly affect the activity ofε186 in this assay.
Nevertheless, the∼25% reduction inkcat for ε186 on
formation of the complex is probably significant, because it
was reproduced with two independent preparations of the
complex. When quantities ofε, ε186, and theε186‚θ
complex corresponding to identical amounts ofpNP-TMP
hydrolase activity were electrophoresed through an SDS-
polyacrylamide gel and stained with Coomassie Blue (see
the Supporting Information), the minor differences in staining
intensity among theε and ε186 bands also indicated that
the observed difference inkcat probably reflects a real
difference in the activities of the protein preparations.

Although formation of the complex withθ did not greatly
affect the activity ofε186, it did markedly increase its thermal
stability (Figure 2). The temperature at which 50% of the
activity of the enzyme was irreversibly lost in 10 min was
raised by some 14°C from 43 to 57°C by its interaction
with θ.

Hydrolysis of pNP-TMP byε186 Requires DiValent Metal
Ions.In proofreading assays using [dA]200‚[(dT)16-([3H]dC)6]
(37) and other substrates (32), it was found thatε had an
absolute requirement for a divalent metal ion (usually Mg2+)
for phosphodiesterase activity. We found that withpNP-TMP
as the substrate, rates were higher with Mn2+ than with Mg2+

at the same concentrations. Accordingly, the rate of hydroly-
sis ofpNP-TMP byε186 was measured as a function of both
[Mg2+] and [Mn2+], and Hanes-Woolf plots were used to
obtain estimates ofkcat and Michaelis constants for the metal
ions. For Mn2+ ([S]0 ) 3.0 mM), KMn ) 0.31 ( 0.03 mM
and kcat ) 334 ( 9 min-1 (Figure 3A). Under similar
conditions, Mg2+ could substitute, albeit poorly: when [S]0

) 3.0 mM, KMg ) 9.4 ( 1.3 mM andkcat ) 11.1 ( 0.9
min-1; when [S]0 ) 12.0 mM, KMg ) 6.9 ( 0.5 mM and
kcat ) 19.9 ( 0.7 min-1 (Figure 3B). A study of the
dependence ofV0 on [S]0 with [Mg2+] ) 12.0 mM gave a
KM of 4.1 ( 0.4 mM for pNP-TMP and akcat of 18.9( 0.6
min-1 (not shown).

Noting thatKM for pNP-TMP andKMe for the metal ions
were each determined under conditions where concentrations
of the other component were subsaturating, the values of
kcat underestimate the true maximum turnover numberkcat′.
We have not attempted at this stage to carry out a complete

study of the dependence ofKMn andKMg on [S]0, or of KM

for pNP-TMP on metal ion concentrations. Given that the
active site ofε in the crystal structure (25) contains two
divalent metal ions that both participate in substrate binding
as well as its hydrolysis (see the Discussion), it would be
surprising if metal ion and substrate binding did not occur
cooperatively. Nevertheless, estimates of maximum values
of kcat′ can be made on the assumption of the independence
of binding ofpNP-TMP and the metal ions. For Mn2+, these
calculations give akcat′ of 384 ( 14 min-1 (from kcat for
pNP-TMP at 1 mM Mn2+ and the value ofKMn at [S]0 )
3.0 mM) and akcat′ of 454 ( 17 min-1 (from kcat for Mn2+

at [S]0 ) 3.0 mM andKM for pNP-TMP at 1 mM Mn2+).
Similar calculations for Mg2+ give akcat′ of 30 ( 2 min-1

(from kcat for pNP-TMP at 12 mM Mg2+ and the value of
KMg at [S]0 ) 12 mM) and akcat′ of 27 ( 2 min-1 (from kcat

for Mn2+ at [S]0 ) 12 mM andKM for pNP-TMP at 12 mM
Mn2+).

Thus, kcat′ for Mg2+-promotedpNP-TMP hydrolysis by
ε186 is at least 12-fold lower than that for the Mn2+-catalyzed
reaction, while Mn2+ binds 20-30-fold more avidly than
Mg2+ in the Michaelis complex withpNP-TMP. On the other
hand,KM for the substrate itself was only∼4-fold lower with
Mn2+ than with Mg2+.

Hydrolysis of pNP-TMP byε186 Is Inhibited by TMP.It
was known that the proofreading activity ofε, as measured
with poly(dA)‚[(dT)18-([3H]dC)2.6-2.8]n (11) or (dT)10 (32) as
a substrate, is inhibited by nucleoside 5′-monophosphates,
products of the reaction it catalyzes. A study of the effect of
TMP onpNP-TMP hydrolysis byε186 in the presence of 1
mM Mn2+ showed that TMP also inhibits this reaction. The

FIGURE 2: Thermostability ofε186 and theε186‚θ complex.pNP-
TMP hydrolase activity (percentage of that of untreated samples)
remaining after treatment ofε186 (0, 32 µM) and ε186.θ (4, 13
µM) in 50 mM Tris‚HCl (pH 8.0), 150 mM NaCl, 1 mM DTT,
and 100µM MnCl2 for 10 min at various temperatures.

FIGURE 3: Dependence ofε186-promotedpNP-TMP hydrolysis on
concentrations of MnCl2 (A) and MgCl2 (B), normalized by values
of [E]0. The solid lines were calculated from values ofkcat andKMe
derived by linear least-squares fitting of data in the form of Hanes-
Woolf plots. (A) For Mn2+, [S]0 ) 3.0 mM, KMn ) 0.3 mM, and
kcat ) 334 min-1. (B) For Mg2+, [S]0 ) 12.0 mM,KMg ) 6.9 mM,
andkcat ) 19.9 min-1.

Mechanism of a Proofreading Exonuclease Biochemistry, Vol. 41, No. 16, 20025269



data could be fit well to equations describing competitive
inhibition with akcat of 295( 6 min-1, aKM of 1.20( 0.07
mM, and aKi of 4.3 ( 0.3 µM (Figure 4). The value ofKi

for TMP is thus almost 300-fold lower than theKM for pNP-
TMP under these conditions. It is also∼120-fold lower than
that determined previously withε using a DNA substrate in
the presence of MgCl2 at 5 mM (32). While this is
undoubtedly in part due to more avid binding of the
nucleotide inhibitor to Mn2+ than to Mg2+ at the active site
of ε186, as is seen in the effect onKM for pNP-TMP
hydrolysis with Mn2+ (1 mM) versus Mg2+ (4 mM), it is
also very likely that TMP is genuinely less effective in
competing with DNA substrates that bind through more
extensive interactions in and around the active site.

pH Dependence of Hydrolysis of pNP-TMP byε186.
Michaelis-Menten parameters describing hydrolysis of pNP-
TMP by ε186 were determined from Hanes-Woolf plots of
data measured in buffers at several pH values between 6.52
and 8.95. It was not possible to extend data to higher pHs
because of precipitation of Mn ions. At all pH values, buffers
contained MnSO4 at concentrations that were shown to be
near-saturating. A lack of a strong dependence ofKMn on
pH is expected from the structure of the active site (25),
where all of the ligands that directly coordinate the metal
ions are carboxylates, which should be deprotonated over
the pH range examined here. Measured values ofKM for
pNP-TMP were also essentially independent of pH over this
range, though the upward trend at pH>8.5 (Figure 5B) may
indicate a contribution to substrate binding by the protonated
form of a strongly basic (e.g., arginine) residue.

Measured values ofkcat showed a strikingly simple
dependence on pH, reflecting the titration of a single group

with an apparent pKa of ∼7.7, active in its deprotonated form.
The solid line in Figure 5A represents the theoretical pH
dependence according to the kinetic mechanism of Scheme
2 wherek1 ) 50 min-1, k2 ) 400 min-1, and pKESH ) 7.75.
An interesting aspect of this pH dependence is that activity
is not reduced to zero at pH<6.5. This suggests that
deprotonation of the group that titrates with a pKa of ∼7.7
is not strictly necessary for activity, but contributes only an
∼8-fold increase inkcat. An alternate possibility is that the
mechanism ofpNP-TMP hydrolysis is fundamentally dif-
ferent at low and high pH values. These aspects are
considered below in a detailed discussion of the mechanism.

DISCUSSION

The principal outcomes of this work are development of
a convenient continuous spectrophotometric assay for mea-
surement of the activity of theε proofreading exonuclease
and use of this assay to develop insights into how the enzyme
works. The assay system, which may be more widely useful
in studies of enzymes in this class, relies on release of
p-nitrophenolate anion duringε- and ε186-catalyzed hy-
drolysis of thep-nitrophenyl ester of thymidine 5′-mono-
phosphate (pNP-TMP) at pH 8.0 (Scheme 1).

Having an assay that measures hydrolase activity with a
small nucleoside 5′-phosphodiester substrate at the active site
of ε allows us to compare its hydrolysis with literature data
on DNA (single-stranded or mismatched primer-template)
substrates, and to use the results of recent structural studies
(25, 29) to develop mechanistic proposals to explain similari-

FIGURE 4: Competitive inhibition ofε186-promotedpNP-TMP
hydrolysis by TMP. (A) Lineweaver-Burk plots showing TMP
inhibition of the hydrolysis ofpNP-TMP byε186 (1 mM Mn2+).
Experimental points are shown: [TMP]0 ) 0 (O), 2.66 (9), 5.33
(4), and 7.99µM (b). (B) Dependence of least-squares slopes of
Lineweaver-Burk plots on [TMP]0. The lines were calculated using
akcat of 295 min-1, aKM of 1.20 mM, and aKi of 4.3µM, obtained
using a competitive inhibition model in the program Dynafit (36).

FIGURE 5: pH dependence ofkcat (A) andKM (B) for ε186-promoted
hydrolysis ofpNP-TMP at 25°C, where [Mn2+] ) 1.0 mM (except
at pH 6.52, where [Mn2+] ) 3.0 mM). The kinetic parameters at
each pH value were determined by linear least-squares fits of initial
rates plotted as Hanes-Woolf plots. Buffers that were used were
50 mM Na‚MES (pH 6.52) and 50 mM Tris‚HCl (pH 7.01-8.95)
containing 150 mM NaCl and 1 mM DTT. Standard errors in the
estimates ofKM were less than(12% and those forkcat less than
(5%. The solid line in panel A was calculated according to the
mechanism in Scheme 2, with ak1 of 50 min-1, ak2 of 400 min-1,
and a pKESH of 7.7.

Scheme 2: Kinetic Mechanism for Hydrolysis ofpNP-TMP
by ε186
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ties and differences. Here, we first verified that under the
standard assay conditions, full-lengthε and ε186 have
comparable activities (kcat and KM) in hydrolysis ofpNP-
TMP. This confirms that the C-terminal domain ofε (residues
186-245) that interacts withR (16, 17) has little direct
influence on the chemistry that occurs at the active site ofε,
and securely locates all residues directly involved inpNP-
TMP hydrolase activity within the N-terminalε186 domain.

The isolatedε186‚θ complex also catalyzed the hydrolysis
of pNP-TMP with kinetic parameterskcat andKM similar to
those ofε186 itself;kcat under the conditions that were used
was reproducibly∼25% lower than forε186. The role ofθ
in the pol III core is still uncertain. It is not required for the
polymerase or exonuclease activities of the core or holoen-
zyme (14, 19), and its gene could be inactivated without an
apparent effect on viability or growth ofE. coli (38).
Association withθ was shown previously to stimulateε 2-4-
fold in removal of terminal nucleotides from primer-
template or ssDNA substrates (12, 17). These results suggest
that this is probably not due to an effect on the structure of
the active site ofε, but rather to participation ofθ in a minor
way in facilitating interaction ofε with the DNA substrate.

The pol III core (R‚ε‚θ complex) is isolable intact and
appears to be quite stable to dissociation (19). We expected
theε‚θ andε186‚θ complexes also to have low dissociation
constants. It came as no surprise, therefore, that its interaction
with θ stabilizes ε186 against thermal inactivation to a
remarkable degree (Figure 2). This is also consistent with
other observations. At high concentrations in phosphate
buffer (pH 6.5), we observed thatε186 precipitated within
minutes at 35°C, which made it difficult to record high-
resolution NMR spectra under optimal conditions (18).
Although theθ subunit by itself is somewhat more stable
under such conditions, much of its structure is quite flexible
(33). In contrast, theε186‚θ complex is stable for at least 1
week at 30°C, and preliminary NMR data indicate that the
flexibility of θ in the complex is much reduced (33).

The activities of polymerase-associated proofreading 3′-
5′ exonucleases have generally been measured using radio-
labeled mismatched primer-template, partial duplex, or
ssDNA substrates. These assays are cumbersome and some-
what irreproducible depending on the substrate that is used
and batch-to-batch variations. Availability of a straightfor-
ward continuous spectrophotometric assay overcomes many
of these difficulties.pNP-TMP has been used previously as
a substrate for other phosphodiesterases (39), and there has
been one report of its hydrolysis by a proofreading exonu-
clease. In 1964, Lehman and Richardson (40) demonstrated
its hydrolysis byE. coli exonuclease II (exo II, the 3′-5′
exonuclease of pol I), whereKM ) 6 mM andkcat ) 3.9
min-1, with 7 mM Mg2+ at 37°C and pH 9.2 (where it was
maximally active). By comparison, our results withε186 (KM

) 4 mM andkcat ) 19 min-1, with 12 mM Mg2+ at 25°C
and pH 8.0) indicate that it is probably no more than 10-
fold more active in Mg(II)-dependentpNP-TMP hydrolysis
than is exo II (pol I), when the activity of each is measured
at its optimum pH.

For both ε and pol I, there are substantial differences
between the kinetic parameters for hydrolysis ofpNP-TMP
and those for oligonucleotide substrates. For example,kcat

values forε acting on ssDNA at pH 7.5 (5 mM MgCl2) have

been estimated to be 12 000 min-1 (32), while the large
proteolytic (Klenow) fragment of pol I has akcat value on
ssDNA under similar conditions of∼50-70 min-1 (30). For
pol I, Lehman and Richardson (40) reported∼20-60-fold
lower KM values for short oligonucleotide substrates
[d(pT)nT, n ) 1-4], where the leaving group is a (oligo)-
nucleotide 3′-OH rather than nitrophenolate; values ofkcat

were 4-40-fold higher. For polynucleotide substrates,kcat

values were similar to those with short oligonucleotides, but
values ofKm were more than 6 orders of magnitude lower,
which reflects enhanced binding of the longer DNA chains
also via the polymerase active site of pol I. Nevertheless,
with the exception of the latter observation, which requires
comparison of pol I with the pol III core or holoenzyme
rather than withε alone, indications are that the active sites
and mechanisms of action of the exo II domain of pol I and
ε are similar (25), except thatε exhibits considerably higher
activity with DNA substrates.

As for hydrolysis of DNA substrates (32, 40, 41) promoted
by both the Klenow fragment andε, hydrolysis ofpNP-TMP
by ε186 depended on the presence of a divalent metal ion.
While ε186 appears to be more active with Mn2+ than with
Mg2+ under the conditions of the assay, further work is
necessary to establish which of these (or other) metal ions
is used in vivo and whether the same dependence is observed
with DNA substrates. It is likely that the active site metal
ions both exchange readily under the conditions of the assays,
and we have also not yet determined, for example, by
spectroscopic, kinetic, or crystallographic studies, whether
either or both metal ions bind toε186 in the absence of
substrates or dNMP inhibitors.

The structure of the Klenow fragment has been determined
at high resolution (21), and extensive crystallographic,
mutagenesis, and kinetic studies have led to the proposal of
a mechanism for its 3′-5′ exonuclease reaction (29, 41, 42).
In the presence of substrate, its active site contains two
divalent metal ions, where one (MeA) is more extensively
coordinated to protein ligands than the other (MeB). Both
metal ions are presumably Mg2+ in most of the kinetic
studies, but crystal structures have Zn2+, Mn2+, or Mg2+ at
the MeA site. In the mechanism, one phosphate oxygen atom
of the substrate bridges MeA and MeB, which polarizes it
for in-line nucleophilic attack by hydroxide ion coordinated
to MeA. The 3′-oxygen of the ester coordinates to MeB in
the trigonal bipyramidal transition state, assisting the nucle-
otide 3′-OH in leaving. In the model, deprotonation of the
MeA-bound water (or hydroxide) is influenced by the
presence, within H-bonding distance, of the OH group of
Tyr497.

This general mechanism of substrate hydrolysis at a
binuclear metal center, where a hydroxide ion coordinated
to one metal ion is the nucleophile that attacks a substrate
activated by the other, was proposed more than 20 years ago
for the nickel metalloenzyme urease (43), partly on the basis
of model studies of hydrolysis of phosphate and carboxylate
esters and amides coordinated to substitution-inert metal ions
such as Co(III) (44). Variations of this mechanism have since
been found to apply to a large class of binuclear metallo-
hydrolases (45).

As revealed by the crystal structure of theε186‚Mn(II) 2‚
TMP complex, the architecture of its active site is closely
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related to that of pol I and other enzymes in this class (25),
suggesting that the enzymes function by a similar mechanism.
Catalysis byε also involves the two metal ions in a binuclear
center, and a histidine residue (His162) occupies the position
of the active site Tyr497 in pol I. The binuclear Mn(II) center
is coordinated to protein carboxylate ligands in the exo I,
exo II, and exo IIIε motifs and to the 5′-phosphate of TMP.
Shown in Figure 6 is a proposal for the mechanism of
hydrolysis of pNP-TMP by ε that is consistent with the

crystal structure of theε186‚Mn(II) 2‚TMP complex at pH
8.5 (25) as well as data reported in this paper.

The higher activity ofε in hydrolysis of DNA substrates
compared with that ofpNP-TMP is not due to it being a
highly processive enzyme. When it is not associated withR
in the context of the holoenzyme (20), ε hydrolyzes only
one (or a few) nucleotide(s) per binding event (17, 32).
Moreover, sincep-nitrophenol is a stronger acid than the
3′-OH group at the end of a polynucleotide chain by a factor
of ∼107, it should be a very much better leaving group.
Therefore, the natural DNA substrates must be substantially
activated by a mechanism unavailable topNP-TMP, and this
would be true regardless of whether P-O bond breakage is
the rate-determining step in the reaction.

One source of activation of natural DNA substrates is
apparent in the mechanism in Figure 6, where thep-
nitrophenolate leaving group ofpNP-TMP is shown coor-
dinated to MnB, in the orientation required for its concerted
elimination via a SN2 reaction at the 5′-phosphate. The active
site of ε is presumably designed to accommodate the
deoxyribose moiety of the penultimate nucleotide in this
position, and there is no obvious contact that would encour-
agep-nitrophenol to occupy this site. Moreover, in parallel
with its low proton affinity due to electron withdrawal by
the p-NO2 group, the oxygen atom of the ester would be
expected to be a very feebly coordinating ligand. Thus, it is
very likely that thep-nitrophenolate leaving group spends
only a small fraction of time in the orientation required for
pNP-TMP hydrolysis by a concerted SN2 reaction. The
situation with natural polynucleotide substrates is very
different. The leaving group is a long DNA strand which,
by analogy with pol I (42, 46, 47), must interact extensively
with other residues to position the leaving group precisely
in an orientation that favors P-O bond breakage, and this
orientational effect is likely to be one of the most important
contributors to catalytic efficiency (25).

The observation that theKi for competitive inhibition of
ε186-promotedpNP-TMP hydrolysis by the product TMP
is ∼250-fold lower than theKM for the substrate is also
explained by direct coordination of the substrate (and
product) to an active site metal ion as shown in Figure 6. At
pH 8, TMP is a dianion while the substrate is a monoanion,
so the latter would be expected to bind much less avidly to
the binuclear metal center. This difference inKi for product
compared withKM for substrate is also reflected in the pKa

of His162, which is 7.7 in theε186‚pNP-TMP complex (see
below) and ∼6.5 in the complex with TMP under the
conditions of the crystallographic studies (25).

The most obvious difference between the active sites of
pol I andε186 is that Tyr497 in the exo III motif of pol I is
replaced with His162 in the exo IIIε motif of ε, where it is
ideally positioned to act as a general base to deprotonate a
water molecule coordinated to MnA. While this alone may
account for the higherpNP-TMP hydrolase activity ofε in
comparison with that of pol I, it is unlikely to do so in the
case of DNA substrates because the comparably (or more)
active exonuclease domains of the T4 (48, 49) and T7 (50,
51) DNA polymerases both have tyrosines at equivalent
positions (23, 52, 53). On the other hand, a His162 to Tyr
mutant of ε has been isolated from a screen for mutator
mutations indnaQ (54), which suggests that tyrosine and
histidine are not interchangeable at this position inε.

FIGURE 6: Proposal for the mechanism of hydrolysis ofpNP-TMP
by ε at high pH (>7). The structure of the enzyme-substrate
complex (A) was modeled on the experimental structure (25) of
theε186‚Mn(II) 2‚TMP complex at pH 8.5 (PDB entry 1J53), while
that of the enzyme-product complex (C) is based on a slightly
different view of the structure (25) determined at pH 5.8 (PDB
entry 1J54). A proposal for the structure of the phosphorane
transition state (or intermediate) is shown in panel B.
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Support for the proposition that His162, in its deprotonated
form, is involved inε-catalyzedpNP-TMP hydrolysis comes
from examination of the pH dependence ofkcat and KM

(Figure 5). These profiles are both apparently very simple,
in accord with the kinetic mechanism in Scheme 2. We are
now able to interpret these data in terms of the structure of
the active site to develop further insights into the mechanism
by which ε promotes the hydrolysis ofpNP-TMP (Figure
6). The crystal structures at low and high pH (25) differ in
the way TMP is bound at the active site so that the high-pH
structure appears to mimic the Michaelis complex (Figure
6A) while the low-pH structure mimics the first-formed
product (Figure 6C).

Values ofKM were found to be essentially independent of
pH in the range of 6.5-8.5. SinceKm1 ≈ Km2 (Scheme 2),
it follows that pKEH ≈ pKESH, so binding of the substrate
has very little influence on the pKa of the titratable group at
the active site. This is in accord with the mechanism, since
the negative charge on the 5′-phosphate of the substrate is
effectively neutralized by its coordination to the binuclear
metal center. At pH>8.5, there is a suggestion of an increase
in KM (Figure 5B), which very likely reflects the effect of
deprotonation of the side chain of Arg159 on substrate
binding. The guanidinium group of Arg159 forms a water-
mediated hydrogen bond with the phosphoryl oxygen of TMP
in the crystal structure. It is proposed in Figure 6 to do
likewise in the complex withpNP-TMP. The role of Arg159
in hydrolysis of DNA substrates, as opposed topNP-TMP,
is likely to be more profound, because model building
strongly suggests it would interact directly with the phosphate
group of the penultimate nucleotide, thereby making a larger
contribution to substrate binding when the substrate is a
polynucleotide (25).

The pH-kcat profile for Mn(II)-promotedpNP-TMP hy-
drolysis byε186 (Figure 5A) exhibited an apparently simple
dependence on a group with a pKa of 7.7, which we propose
to be His162 or, more precisely, the MnA‚OH2‚His162 array
(see below). A most surprising aspect is thatε186 retains
substantial activity towardpNP-TMP at low pH values where
this group is fully protonated (see Figure 5A and Scheme 2;
k1 ∼ 50 min-1 vs k2 ) 400 min-1). As discussed below, this
probably indicates a fundamental difference between the
mechanisms used byε for pNP-TMP hydrolysis at high and
low pH values.

At high pH values, the dependence ofkcat on pH is
qualitatively similar to that for hydrolysis of oligonucleotide
substrates by the 3′-5′ exonuclease of pol I, wherekcat

reflects the ionization of a group with a pKa of ∼9.8, active
in its deprotonated form (30). There has been some debate
about whether this pKa should be assigned to Tyr497 or the
nucleophilic MgA-coordinated water and whether Tyr497
serves as a general base or simply to orient the nucleophile
(30, 41, 55). Since the pKa values of tyrosine and Mg(II)‚
OH2 in isolation are similar and near 9.8, the distinction
between the two possibilities reflects only the position of a
proton between the two groups in the deprotonated active
site and is not meaningful or significant (Scheme 3A). Rather,
the kinetically determined pKa is that of the protonated form
of the hydrogen-bonded MgA‚OH2‚Tyr497 array, regardless
of the position from which the proton is actually removed.

The same is to a lesser extent true for the protonated MnA‚
OH2‚His162 moiety inε186, where its kinetically determined

pKa of 7.7 is between that expected for an isolated protonated
imidazole (∼7) and Mn(II)-coordinated water (∼9 or ∼10)
(56). The effect of the hydrogen bond between the two
groups (Scheme 3B) can be looked upon as either raising
the pKa of the imidazole of His162 or lowering that of the
coordinated water. Certainly, duringpNP-TMP hydrolysis,
it would be expected that complete transfer of the proton to
His162 would create the MnA-coordinated hydroxide nu-
cleophile that attacks the 5′-phosphate of the substrate from
the back side (57), resulting in inversion about phosphorus
through a trigonal bipyramidal (five-coordinate phosphorane)
transition state (Figure 6B), ultimately to produce a TMP
complex that is very similar to that seen in the low-pH crystal
structure (Figure 6C). The possibility that the phosphorane
may be an intermediate rather than a transition state, with a
lifetime sufficiently long to allow it to deprotonate and/or
undergo structural changes, should not be discounted. A
similar species has been detected as a short-lived intermediate
during hydrolysis of Co(III)-coordinatedp-nitrophenyl phos-
phate following intramolecular attack of a cis-coordinated
hydroxide nucleophile (58). If such an intermediate were to
rearrange before the leaving group were expelled, the
requirement in an SN2 reaction for concerted in-line nucleo-
philic attack from the back side of the phosphate and
displacement of the leaving group from the front (57) could
be relaxed.

It is pertinent to consider the role of Glu14 (and the
corresponding residue Glu357 in pol I), one of whose
carboxylate oxygens is a ligand to MnA while the other forms
a second hydrogen bond to the nucleophilic water molecule.
Mutational analysis of pol I suggested that the role of Glu357
in MeA binding is less important than some other (unidenti-
fied) aspect of its function (30). Since it thus appears that
Glu357 in pol I does not lose too much electron density to
the metal center, both it and Glu14 inε are therefore
estimated to have pKa values of∼3-4. Now, the phospho-
rane transition state derived from the 5′-phosphate ofpNP-
TMP is likely to have a somewhat lower pKa than TMP itself
(i.e., 6.5) because of extensive charge neutralization by its
coordination to the binuclear Mn(II) center. Its pKa is thus
well-matched to that of Glu14, which is therefore likely to
accept a further proton from the transition state (or inter-
mediate), driving its collapse in the direction that would lead
to elimination of the leaving group. Because Glu14 is such
a weak base, the driving force provided thus to the reaction
when the leaving group isp-nitrophenolate is likely to be
modest. With a poorer leaving group like a deoxyribose 3′-
OH, this second proton transfer is likely to be much more
significant.

Scheme 3
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Now consider the need to protonate the leaving group.
Because the pKa of p-nitrophenol is 7, there is no advantage
in providing a proton source to facilitate its leaving at high
pH. With a DNA substrate, however, a general acid would
clearly be required to protonate the leaving polynucleotide
3′-OH. The only appropriately placed active site acid is one
of the MnB-coordinated water molecules H-bonded to
Asp103 (Figure 6). Although their pKa values will not be
lowered much as a result of their interaction with Asp103,
they will still have very much lower proton affinities than
the deprotonated deoxyribose 3′-OH.

We now turn briefly to the mechanism ofε-promoted
hydrolysis ofpNP-TMP at (low) pH values where the MnA‚
OH2‚His162 array is fully protonated. The mechanism is
unlikely to be similar to that at high pH (Figure 6); because
of its coordination to MnA, the remaining base, Glu14, is
too weak to deprotonate the MnA-coordinated water and, in
the absence of a base to deprotonate it, the coordinated water
would be a far too weak nucleophile to account for the high
residual activity ofε.

To explainpNP-TMP hydrolase activity at low pH, we
therefore need to invoke fundamentally different mechanisms
that may be more closely related to those used by some acid
phosphatases (59). For example, the leaving group could now
occupy the position of the phosphoryl oxygen in Figure 6,
and a MnB-coordinated hydroxide ion could act as a
nucleophile. Although this plausibly explains the low-pH
activity of ε on a small synthetic substrate likepNP-TMP,
it is unlikely to be feasible with natural DNA substrates
because of the more extensive contacts polynucleotide chains
must make with residues around the active site. For example,
model building based on the structures of oligonucleotide
complexes with the proofreading active site of pol I suggests
that the 5′-phosphate of the penultimate dNMP of DNA
substrates has an ionic interaction with the side chain of
Arg159 in ε (25). This would preclude binding of the
phosphate group of the terminal dNMP in the orientation
required for such a mechanism to operate with DNA
substrates at low pH. At the moment, there is no detailed
information available about the pH dependence of DNA
hydrolysis byε.

In conclusion, we note that the mechanism proposed in
Figure 6 and the likelihood of a different mechanism
operating withpNP-TMP as the substrate at low pH give
rise to many further hypotheses that may be tested using
site-directed mutagenesis, structure determination, and mecha-
nistic enzymology. For example, whether pH-dependent
differences occur in the structures of complexes ofε186 with
pNP-TMP or other synthetic nucleoside 5′-phosphoester
substrates and whether they might also occur with oligo-
nucleotide substrates are questions that obviously require
further investigation.
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