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ABSTRACT. The core of DNA polymerase lll, the replicative polymerasdstherichia coli consists of
three subunitsd, ¢, andf). Thee subunit is the 3-5' proofreading exonuclease that associates with the
polymerased) through its C-terminal region anélthrough a 185-residue N-terminal doma#i86). A
spectrophotometric assay for measuremert adtivity is described. Proteinsande186 and the-186 6
complex catalyzed the hydrolysis of thegnitrophenyl ester of TMPENP-TMP) with similar values of
keat and Ky, confirming that the N-terminal domain efbears the exonuclease active site, and showing
that association witl# has little direct effect on the chemistry occurring at the active site @n the
other hand, formation of the complex withstabilizede186 by~14 °C against thermal inactivation. For
€186, keat = 293 mirt andKy = 1.08 mM at pH 8.00 and 2%C, with a Mr#™ concentration of 1 mM.
Hydrolysis of pNP-TMP by e186 depended absolutely on divalent metal ions, and was inhibited by the
product TMP. Dependencies on Kthand Mg" concentrations were examined, givingan of 0.31

mM and akca: of 334 mirm? for Mn?™ and aKyg of 6.9 mM and &k.a: 0f 19.9 min? for Mg2*. Inhibition

by TMP was formally competitiveli = 4.3uM (with a Mn?* concentration of 1 mM)]. The pH dependence
of pNP-TMP hydrolysis by186, in the pH range of 6:59.0, was found to be simpl&y was essentially
invariant between pH 6.5 and 8.5, white,: depended on titration of a single group with i of 7.7,
approaching limiting values of 50 mih at pH <6.5 and 400 min® at pH >9.0. These data are used in
conjunction with crystal structures of the complexedB6 with TMP and two Mn(ll) ions bound at the
active site to develop insights into the mechanismeMP-TMP hydrolysis bye at high and low pH
values.

Since its discovery nearly 25 years ago, Emcherichia €186) contains the exonuclease active site and the binding
coli DNA polymerase 1l (pol I} holoenzyme has been site for, while the small C-terminal domain (within codons
studied extensively as a model replication machihe3). 187—-243) contains thex binding site (6, 17). Sincee¢
The 10 different protein subunits of the holoenzyme function interacts with bothe and#, it is likely to play an important
in cooperation with other replication proteins to carry out structural role within the pol Ill corel@, 16, 17). Intersubunit
the duplication of the entirE. colichromosome with aston-  interactions also influence enzymatic activities; for example,
ishing efficiency, processivity, and fidelity. The core of pol interaction ofa and ¢ was reported to stimulate the exo-
Il contains three subunits. The 130 kl@asubunit includes nuclease activity ot on DNA substrates between 10- and
the polymerase active site. Teesubunit (28 kDa), encoded  80-fold and the polymerase activity of 2-fold (19), while
by thednaQgene §—11), is the 3—5' proofreading exo- @ stimulated the activity ok on DNA substrates~2—4-
nuclease, while the 9 kD@ subunit (2) has no known dis-  fold (12, 17). Moreover, assembly of a highly processive
crete function. The separation of the polymerase and exo-pol Il holoenzyme requires the presenceeoin its core
nuclease activities of pol lll between different subunits is in (14, 20).
contrast to many DNA polymerases where both activities  Amino acid alignments of'3-5' exonuclease domains or
are present on a single polypeptide chai8«15). ~ subunits of prokaryotic and eukaryotic DNA polymerases

The e subunit is itself composed of two distinct domains  ith the corresponding domain in the X-ray crystal structure
(16-18). The N-terminal domain (codons-286 ofdnaQ  of the large (Klenow) proteolytic fragment of DNA poly-
merase | (pol I) 21) have identified several conserved motifs

*This work was supported in part by an Australian Postgraduate (Exo |, Exo II, and Exo Ill) 2, 23). In € and some other
Research Award (to P.R.T.) and an Australian Research Council proofreading exonucleases, the Exo Il motif is substituted
Australian Postdoctoral Fellowship (to S.E.B.). with an alternative motif called Exo K| which contains at
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2-6125 4391. Fax+61-2-6125 0750. E-mail: dixon@rsc.anu.edu.au. least three amino acids essential for the exonuclease activity

! Abbreviations: DTT, dithiothreitol¢186, N-terminal domain of (18, 24, 25). The analysis ofinaQ mutants has confirmed
the e subunit of E. coli DNA polymerase IIl; pNP-TMP, 3-p- the importance of the three core motifs in the catalytic
nitrophenyl ester of thymidine'Bnonophosphate; pol E. coli DNA - . .
polymerase I: pol lIL,E. coli DNA polymerase III; ssDNA, single-  activity of € (26-28), and it has been shown that the isolated
stranded DNA. N-terminal domain is active as an exonuclea%g, (L8).
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Mechanism of a Proofreading Exonuclease

Scheme 1: Hydrolysis of Thymidine-Monophosphate
p-Nitrophenyl Ester g]NP-TMP) to TMP andp-Nitrophenol,
Promoted by the Subunit of DNA Polymerase llI
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Although the structure of the full-length subunit is still
unknown, a model for the structure ¢86 has recently been
derived from a combination of NMR spectroscopy and
molecular modeling29), and its X-ray structure has been
determined at 1.7 A resolutior2%).

The exonuclease activity of and other proofreading
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purified form, while the sample of was contaminated to
the extent of~20% by other proteins. Concentrations of
freshly dialyzed purified samples ef¢186,6, and the:186

6 complex were determined spectrophotometrically at 280
nm, usinge,go Values of 12 090, 6400, 8250, and 14 650'M
cm 1, respectively 84). Samples for assays were diluted
when necessary in 20 mM TrldCI (pH 7.6), 2 mM DTT,

0.5 mM EDTA, and 10% (w/v) glycerol (buffer C) contain-
ing 0.1 M NacCl.

ReagentsThe sodium salts gfNP-TMP and TMP were
used as received from Sigma. Stock solutions were prepared
in 50 mM TrisHCI (pH 8.00) and 150 mM NacCl and stored
frozen in small aliquots at20 °C. Their concentrations were
determined spectrophotometrically, usingeas of 16 250
M~tcm ! for pNP-TMP @35) and aneze7 of 9600 Mt cm*
for TMP. Reverse phase HPLC using an analytical C18
column was used to show that stock9pbfP-TMP were not
contaminated by TMP<0.1%). Columns were developed

exonucleasgs has usually been monitored using radiolabele%t 1 mL/min using a linear gradient from 10 to 70% methanol
ssDNA or primer-template substrates that have mismatched i, 50 mM sodium acetate buffer (pH 5) over the course of

termini (11, 17, 19, 30—32). As an alternative approach to
understanding fine details of the mechanism of actios, of

20 min. TMP,pNP-TMP, andp-nitrophenol eluted in that
order, and were well separated.

we investigated the use of a noncanonical nucleoside Spectrophotometric Aclity Assays.The activities of

5'-phosphodiester substrate, thaitrophenyl ester of thy-
midine 3-monophosphatgNP-TMP; Scheme 1). Hydroly-

samples ot, €186, and the186 6 complex were determined
spectrophotometrically by monitoring the production of

sis of such a small compound should not be influenced by p-nitrophenolate anion produced by hydrolysipbP-TMP

the extensive interactions in and around the active site 5¢ 400 nm (Scheme 1), using a Cary model 1 spectropho-
expected for polynucleotide substrates. Thus, comparison ofi;meter with the cuvette chamber thermostated 25 or

its enzyme-catalyzed hydrolysis with that of DNA substrates 4 tine assays, a stock solution pXP-TMP was diluted
should allow the contributions of these more extensive \,iih assay buffer [50 mM TriiCI (pH 8.00), 150 mM
peripheral interactions to be separated from those due to theyac) and 1 mM DTT, to 970980yL] to a final concentra-
active site residues that actually participate in the chemistry. tion of 3.0 mM n a 1 mL quartz cuvette. Following

Because hydrolysis opNP-TMP to p-nitrophenol and

equilibration at 25°C, solutions of MnGl (10 uL) and

TMP can be monitored spectrophotometrically, it also enzyme (16-204L) were added to give final concentrations
provides a continuous, convenient, and reproducible assayyf 1 mm and 108-400 nM respectively. The solution was

for measuring the rates of nucleotide phosphodiester hy'quickly and thoroughly mixed with a bent glass rod, and
drolysis bye. We used this assay to confirm previous results, changes iruzowere followed over several minutes. Routine

in particular, that the N-terminal domain efis responsible

assays were generally carried out in duplicate, and initial

for the exonuclease activity. It was further shown that gt {10) were estimated as tangents to curveAgfversus

although the thermal stability of186 is increased very
substantially by formation of its complex with the complex
is just a little less active ipNP-TMP hydrolysis thar186

time at zero time, using the Cary-WinUV software (version
2.00). Rates opNP-TMP hydrolysis were calculated using
a value of 12 950 M cm? for the €40 Of p-nitrophenol at

alone. Hydrolysis rates were also dependent on the presencey g oo.

of metal ion cofactors such as ¥nand Mg", and were

The dependence @f on enzyme concentration ([gjwas

inhibited by TMP, a nucleotide product of the exonuclease yetermined for concentrations «£86 in the range of 8700
reaction. We also examined the pH dependence of Michae-n under routine assay conditions. Estimates of Michaelis

lis—Menten parameters for tkd 86-catalyzed hydrolysis of
pNP-TMP. These data, in conjunction with the recently

Menten parameters were obtained from data measured at
pNP-TMP concentrations ([g]in the range of 0.25.2 mM

determined crystal structures of the active site in complex \here [M?*] = 1 mM and [S} = 1.5-12 mM where

with two Mn(ll) ions and TMP at low and high pH2b),

Mg?"] = 12 mM. Values ofKy and k.o were generally

give interesting insights into the mechanism of substrate .g|culated by linear least-squares analysis of Haiésolf

hydrolysis bye.
EXPERIMENTAL PROCEDURES

Protein Expression and PurificatioDetails of the con-
struction of plasmids that direct expressionecdind €186,

plots ([SHvo Vs [Sh). The effect of divalent metal ions on
the rate of reaction was studied with [ffg = 0.5-12 mM
and [S}p = 12 mM, or [Mr¢*] = 0.05-1.2 mM and [S] =
3.0 mM. Product inhibition by TMP was studied by varying
[S]o (0.4—4.2 mM) at each [TMR](0—8 uM), with [Mn?*]

as well as methods adapted from published procedures for= 1 mM. In this case, values &f; for TMP inhibition and

the isolation of purified samples ef(11, 32), €186 (18), 0
(33), and theel860 complex (7), and their physical
characterization by SDSPAGE and ESI-MS, are given in

the Supporting Information. As judged by these analyses,

€186 and thec1866 complex were obtained in a highly

Km and ke for substrate hydrolysis were obtained from a
global nonlinear least-squares fit of data to equations describ-
ing competitive inhibition, using the program Dynafig).
Thermal stabilities 0£186 and the186 6 complex were
measured as follows. Enzyme samples (32 andulB
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respectively) in assay buffer containing 0@ MnCl, were
treated at various temperatures between 35.0 and %9.5

for exactly 10 min, and then cooled in ice. Samplesg LD 120

were taken, and residual activities were determined by assay —~

under the routine assay conditions. £ 80
pH Dependence of pNP-TMP Hydrolysisdi86.Values ;

of kearandKy at each pH value were determined essentially 3

as described above from assays carried out at appropriate £ 40

concentrations 0186, at 25°C in 50 mM buffer solutions
[Na-MES (pH 6.52) or TrisHCI (pH 7.01-8.95)] containing
150 mM NaCl, 1 mM DTT, and 1 mM MnSgexcept that
3 mM MgSQ, was used at pH 6.52. For assays at each pH 0.2 0.4 0.6
value, a stock solution giNP-TMP (227 mM, in 150 mM [€186] (uM)
NaCl) was first diluted 5-fold in the particular assay buffer,
and then suitable volumes of this solution were used to give

o Lk

a [S)k in the range of 0.44.2 mM. The absence of buffer =
catalysis was established in preliminary assays at two or more E
different buffer concentrations. Concentrationspaifitro- s
phenol were determined using apo of 14 365 M cm™! o
for p-nitrophenolate anion and the measur&d of 7.04 for ~
p-nitrophenol under these conditions. Qo
RESULTS ;:J'
Hydrolysis of pNP-TMP by, €186, and thee1866 T . , . ) .
ComplexInitial spectrophotometric experiments established 0 o 1 2 3 4 5
thate ande186 could both promote releasemhitrophenol [S]y (MM)

from the substratpNP—TMP_, and stoichiometric quantities  Fguge 1: Hydrolysis of pNP-TMP by e, €186, and the:1860
of the products TMP ang-nitrophenol were separated and complex, at pH 8.00 and 2%C. (A) The rate of hydrolysis of
identified by HPLC, as described in Experimental Proce- PNP-TMP as a function o186 concentration. The concentration

dures. This suggests the mechanism of cleavage (Schem%l\ﬁNFB';r Mapn‘gsa_sv\%gh[nr')\lﬂétgnﬂé?;;l?zlcde?gra\tliglr&g I\(;Ifﬂ[%??o}
1) mimics the natural reaction promoteddywhere the TMP the hydrolysis ofoNP-TMP b’ye, €186, and the-186:6 complex,

moiety is a 3mismatched terminal nucleotide, and the showing the effect ofpNP-TMP concentration on the rate of
leaving groupp-nitrophenolate substitutes for the remainder hydrolysis (1 mM MnGj). The experimental data points are shown,
of the polynucleotide chair(). The rate of change df2o and the lines were calculated using valuesdgrandke.:determined
was used to determine the initial velocity of the hydrolysis bkcy 'Telﬁge;?;f?i?riiggﬂysf'1""8%50#1?\‘/'”2'3“&: (19259@'\4i3rf'1d

. . g . = , yAM — L. -
reaction ¢o). In general, the rates decreased significantly with (ﬁ")‘; ande186:0, Ky = 1.51 mM andkes = 215 e ©).
time (not shown). Most likely, this reflects inhibition of the
enzymes by the strongly binding product inhibitor TMP (see fold range of concentrations. Diluted samplesd86 were

below). Initial rates estimated simply from tangents to the found to be stable on storage in buffer C containing 100

curves at time zero were reproducible to withi%. mM NacCl for >12 h when kept at OC.
In preliminary studies using full-length as the enzyme Initial rates ofpNP-TMP hydrolysis promoted by, €186,
(37), we first showed that the initial rate efcatalyzedoNP- and thee1866 complex were determined under standard

TMP hydrolysis (at a particular substrate concentration) assay conditions [with 1 mM M (pH 8.0)] at severghNP-
reached a maximum at pH8. Although initial rates at pH  TMP concentrations. The linearity of Hane@/oolf plots
8 were unaffected by the buffer that was used (HEPES and(Figure 1B) confirmed thapNP-TMP hydrolysis followed
Tris gave identical rates), they were stimulate@-fold Michaelis—Menten kinetics for all three enzymes. The kinetic
(relative to buffer alone at pH 8.0) by 0.5 M sodium chloride, parameters for the hydrolysis pNP-TMP were as follows:
andpNP-TMP hydrolysis by was shown to be absolutely Ky = 1.08+ 0.05 mM andka = 293+ 4 min~! for ¢186
dependent on the presence of a divalent metal ion>"Mn andKy = 0.95=+ 0.05 mM andksy; = 148+ 3 min* for ¢
being preferred over Mg. After further measurements of  (Figure 1B). Thus, while values &y for the two enzymes
the dependence of rates opNP-TMP} and [Mr?t], were essentially identicake. for €186 was approximately
conditions for routine assays (given in Experimental Proce- twice that for full-lengthe. While this difference is partly
dures) were defined. Because full-lengthad been purified  due to the presence of impurities in our preparatiow, Gt
following its refolding from solutionsn 3 M guanidinium similar difference (2.4-fold) between the two enzymes in their
chloride and has limited solubility2@), we chose to carry  efficiency of hydrolysis of a sSsSDNA substrate has been noted
out most of the studies reported here on the isolated previously (L7). Nevertheless, it is clear that the N-terminal
N-terminal domaing186. In contrast ta, this domain is domain ofe is responsible for the hydrolysis pNP-TMP,
isolated in good vyield from the soluble fraction following as has also been observed directly for its8 exonuclease
lysis of cells, by conventional chromatographic techniques activity using a radiolabeled mismatched primémplate
(18). (18) and a partial duplex and ssDNA7Y) as substrates.
The initial rate ofpNP-TMP hydrolysis was proportional The kinetic parameters for thk@ 8660 complex Ky = 1.51
to [e186], (Figure 1A) and alsod]o (not shown), over a 20- 4 0.09 mM, ket = 215+ 6 min~%; Figure 1B) were also
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Ficure 2: Thermostability 0£186 and the 1866 complex.pNP- =
TMP hydrolase activity (percentage of that of untreated samples) £ i
remaining after treatment @fL86 O, 32 uM) and €186 (a, 13 E sk
uM) in 50 mM Tris'HCI (pH 8.0), 150 mM NaCl, 1 mM DTT, =
and 100uM MnCl;, for 10 min at various temperatures. iy i
£ 4L
similar to those fok186, indicating that complexation with i Mg
6 does not greatly affect the activity @86 in this assay. oL
Nevertheless, the~25% reduction inke for €186 on °0 4 8 12

formation of the complex is probably significant, because it [Mg2+] (mM)
was reproduced with two independent preparations of the FioURe3: Dependence afl86-promoteNP-TMP hydrolysis on
complex. When quz_intltles_ OF, .6186’ and thee1860 concentrations of MnGI(A) and MgC}, (B), normalized by values
complex corresponding to identical amountspdfP-TMP of [E]o. The solid lines were calculated from valueskgf andKye
hydrolase activity were electrophoresed through an -SDS derived by linear least-squares fitting of data in the form of Hanes
polyacrylamide gel and stained with Coomassie Blue (see Woolf plots. (A) For Mr#*, [S]o = 3.0 mM, Ky, = 0.3 mM, and
the Supporting Information), the minor differences in staining Kea:= 334 mir %, (B) For Mg*", [S]o = 12.0 mM,Kyg = 6.9 mM,
intensity among the and €186 bands also indicated that andkea = 19.9 mirr™.
the observed difference ik probably reflects a real
difference in the activities of the protein preparations.
Although formation of the complex wit did not greatly
affect the activity 0186, it did markedly increase its thermal
stability (Figure 2). The temperature at which 50% of the

study of the dependence Bfu, andKyg on [Sh, or of Ky

for pNP-TMP on metal ion concentrations. Given that the
active site ofe in the crystal structure26) contains two
divalent metal ions that both participate in substrate binding

activity of the enzyme was irreversibly lost in 10 min was as well as its hydrolysis (see the Discussion), it would be

raised by some 14C from 43 to 57°C by its interaction surprising if metal ion and subst_rate binding dl_d not occur
with 6. cooperatively. Nevertheless, estimates of maximum values

Hydrolysis of pNP-TMP by186 Requires Dialent Metal of keaf can be made on the assumption of the independence

lons.In proofreading assays using [¢[(dT)1e-(PHIAC)] of bmdmg oprP-TMF? and the metal |c')nisl. For M these
(37) and other substrate&2), it was found thak had an ~ CAICUIAlONS give def of 384+ 14 min™ (from kea for
absolute requirement for a divalent metal ion (usually*Mg gI\(I)PrhT%Par?é ;(Cm,h/(ljfh/!lr; 4 in%ﬂ:r?irglz‘?ookahT ?ér[f/l]on;
for phosphodiesterase activity. We found that vpiiP-TMP ai S = 3.0 ml\zt andKu for bNP-TMP at 1 ?rgM MA*)
as the substrate, rates were higher with?Mihan with Mg* Similar caléulations foer\/I@* pive ake! of 30 + 2 min—i
at the same concentrations. Accordingly, the rate of hydroly- (from keu for pNP-TMP at 1zgmM Méi and the value of
sis of pNP-TMP bye186 was measured as a function of both a b ) -
[Mg2*] and [Mr#*], and HanesWoolf plots were used to Kig at [Sh = 12 mM) and &eat of 27 2 min = (from kea

: . y . ; for Mn?* at [Sp = 12 mM andKy, for pNP-TMP at 12 mM
obtain estimates d{..;:and Michaelis constants for the metal Mn+)
ions. For Mi#* ([S]o = 3.0 mM), Ky, = 0.31+ 0.03 mM ' ' ) ]
and ket = 334 + 9 mint (Figure 3A). Under similar Thus, keaf for Mg?t-promotedpNP-TMP hydrolysis by
conditions, M@" could substitute, albeit poorly: when [5] €186 is at least 12-fold lower than that for the #tatalyzed
= 3.0 MM, Kyg = 9.4 + 1.3 mM andke = 11.1+ 0.9 reaction, while MA" binds 20-30-fold more avidly than
min~%; when [S) = 12.0 mM, Ky, = 6.9 + 0.5 mM and Mg?" in the Michaelis complex witpNP-TMP. On the other
ket = 19.9 = 0.7 mim® (Figure 3B). A study of the hand Ky for the substrate itself was ony4-fold lower with
dependence of, on [Sh with [Mg2*] = 12.0 mM gave a  Mn®" than with Mg*.

Km of 4.1+ 0.4 mM for pNP-TMP and &4 0f 18.94+ 0.6 Hydrolysis of pNP-TMP by186 Is Inhibited by TMPIt
min~! (not shown). was known that the proofreading activity @fas measured
Noting thatKy for pNP-TMP andKy, for the metal ions  with poly(dA)-[(dT)1e-([?H]dC)2.6-2.6]n (11) or (dT)o (32) as
were each determined under conditions where concentrationsa substrate, is inhibited by nucleosidendonophosphates,
of the other component were subsaturating, the values ofproducts of the reaction it catalyzes. A study of the effect of

keat Underestimate the true maximum turnover numniQgt. TMP onpNP-TMP hydrolysis by186 in the presence of 1
We have not attempted at this stage to carry out a completemM Mn?* showed that TMP also inhibits this reaction. The
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Ficure 4: Competitive inhibition ofe186-promotedpNP-TMP
hydrolysis by TMP. (A) LineweaverBurk plots showing TMP
inhibition of the hydrolysis ofbNP-TMP bye186 (1 mM Mr#h).
Experimental points are shown: [TMPF 0 (O), 2.66 @), 5.33
(»), and 7.9%uM (@). (B) Dependence of least-squares slopes of
Lineweavef-Burk plots on [TMP}. The lines were calculated using
akest0f 295 minm?, aKy of 1.20 mM, and & of 4.3uM, obtained
using a competitive inhibition model in the program Dyna%é);

data could be fit well to equations describing competitive
inhibition with aksy of 2954 6 min~?%, aKy of 1.204 0.07
mM, and aK; of 4.3+ 0.3uM (Figure 4). The value oK;
for TMP is thus almost 300-fold lower than thg, for pNP-
TMP under these conditions. It is alsd.20-fold lower than
that determined previously withusing a DNA substrate in
the presence of Mgglat 5 mM @2). While this is
undoubtedly in part due to more avid binding of the
nucleotide inhibitor to MA" than to Mg* at the active site
of €186, as is seen in the effect ddy for pNP-TMP
hydrolysis with Mr#t (1 mM) versus Mg" (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 b$86.
Michaelis—-Menten parameters describing hydrolysis of pNP-
TMP by €186 were determined from Haneg/oolf plots of

Hamdan et al.
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Ficure 5: pH dependence &, (A) andKy (B) for €186-promoted
hydrolysis ofpNP-TMP at 25°C, where [Mr#t] = 1.0 mM (except

at pH 6.52, where [M#i] = 3.0 mM). The kinetic parameters at
each pH value were determined by linear least-squares fits of initial
rates plotted as HanesWoolf plots. Buffers that were used were
50 mM NaMES (pH 6.52) and 50 mM Tri$iCl (pH 7.01-8.95)
containing 150 mM NaCl and 1 mM DTT. Standard errors in the
estimates oKy were less thart12% and those fokgs less than
+5%. The solid line in panel A was calculated according to the
mechanism in Scheme 2, withkaof 50 min?t, ak, of 400 mirr?,

and a KesH of 7.7.

Scheme 2: Kinetic Mechanism for Hydrolysis piiP-TMP
by €186

Km1 k1
EH == ESH —» E+P
ﬂ PKes ﬂ PKEsH
E ==~ ES —» E+P
Km2 k2

with an apparentlg, 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 wherek; = 50 min?, k, = 400 mirr?, and Kgsy = 7.75.

An interesting aspect of this pH dependence is that activity
is not reduced to zero at pH6.5. This suggests that
deprotonation of the group that titrates with ld,mf ~7.7

is not strictly necessary for activity, but contributes only an
~8-fold increase irk.s. 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

data measured in buffers at several pH values between 6.52 The principal outcomes of this work are development of
and 8.95. It was not possible to extend data to higher pHs a convenient continuous spectrophotometric assay for mea-
because of precipitation of Mn ions. At all pH values, buffers surement of the activity of the proofreading exonuclease
contained MnS@at concentrations that were shown to be and use of this assay to develop insights into how the enzyme
near-saturating. A lack of a strong dependencd@f on works. The assay system, which may be more widely useful
pH is expected from the structure of the active si2g)( in studies of enzymes in this class, relies on release of
where all of the ligands that directly coordinate the metal p-nitrophenolate anion during- and ¢186-catalyzed hy-
ions are carboxylates, which should be deprotonated overdrolysis of thep-nitrophenyl ester of thymidine’&nono-
the pH range examined here. Measured value&pffor phosphate@NP-TMP) at pH 8.0 (Scheme 1).
pNP-TMP were also essentially independent of pH over this  Having an assay that measures hydrolase activity with a
range, though the upward trend at pt8.5 (Figure 5B) may small nucleoside'sphosphodiester substrate at the active site
indicate a contribution to substrate binding by the protonated of ¢ allows us to compare its hydrolysis with literature data
form of a strongly basic (e.g., arginine) residue. on DNA (single-stranded or mismatched priméemplate)
Measured values ok. showed a strikingly simple  substrates, and to use the results of recent structural studies
dependence on pH, reflecting the titration of a single group (25, 29) to develop mechanistic proposals to explain similari-
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ties and differences. Here, we first verified that under the been estimated to be 12 000 min(32), while the large
standard assay conditions, full-length and €186 have proteolytic (Klenow) fragment of pol | has la, value on
comparable activitiesk{y; and Ky) in hydrolysis of pNP- ssDNA under similar conditions e$50—70 min* (30). For
TMP. This confirms that the C-terminal domaineofresidues pol I, Lehman and Richardsod@) reported~20—60-fold
186—245) that interacts witho. (16, 17) has little direct lower Ky values for short oligonucleotide substrates
influence on the chemistry that occurs at the active site of [d(pT),T, n = 1—4], where the leaving group is a (oligo)-
and securely locates all residues directly involveghP- nucleotide 30OH rather than nitrophenolate; values lqf;
TMP hydrolase activity within the N-terminall86 domain. were 4-40-fold higher. For polynucleotide substrat&s

The isolated:186:0 complex also catalyzed the hydrolysis Values were similar to those with short oligonucleotides, but
of pNP-TMP with kinetic parametefig..; andKy, similar to values ofKr, were more than 6 orders of magnitude lower,
those 0fe186 itself; ke under the conditions that were used Which reflects enhanced binding of the longer DNA chains
was reproducibly~25% lower than fok186. The role of al§o via the po_lymerase active site of pol l. Ngverthelgss,
in the pol 11l core is still uncertain. It is not required for the ~With the exception of the latter observation, which requires
polymerase or exonuclease activities of the core or holoen-comparison of pol I with the pol Il core or holoenzyme

zyme (L4, 19), and its gene could be inactivated without an "ather than witte alone, indications are that the active sites
apparent effect on viability or growth oE. coli (39). and mechanisms of action of the exo Il domain of pol | and

Association with9 was shown previously to stimulate—4- € are.simillar £5), except that exhibits considerably higher
fold in removal of terminal nucleotides from primer  activity with DNA substrates.
template or ssSDNA substratek( 17). These results suggest As for hydrolysis of DNA substrate82, 40, 41) promoted
that this is probably not due to an effect on the structure of by both the Klenow fragment ard hydrolysis ofpNP-TMP
the active site o€, but rather to participation df in a minor by €186 depended on the presence of a divalent metal ion.
way in facilitating interaction ot with the DNA substrate. ~ While €186 appears to be more active with Mrthan with

The pol Il core @-e-0 complex) is isolable intact and Mg*" under the conditions of the assay, further work is
appears to be quite stable to dissociatib®(We expected ~ Ne€cessary to establish which of these (or other) metal ions
thee+0 ande186:0 complexes also to have low dissociation 1S Used in vivo and whether the same dependence is observed
constants. It came as no surprise, therefore, that its interactionVith DNA substrates. It is likely that the active site metal
with 6 stabilizese186 against thermal inactivation to a 10ns both exchange readily under the conditions of the assays,
remarkable degree (Figure 2). This is also consistent with @1d we have also not yet determined, for example, by
other observations. At high concentrations in phosphate SPectroscopic, kinetic, or crystallographic studies, whether
buffer (pH 6.5), we observed thal86 precipitated within ~ €ither or both metal ions bind te186 in the absence of
minutes at 35°C, which made it difficult to record high- ~ Substrates or dNMP inhibitors.
resolution NMR spectra under optimal conditions8)( The structure of the Klenow fragment has been determined
Although the@ subunit by itself is somewhat more stable at high resolution Z1), and extensive crystallographic,
under such conditions, much of its structure is quite flexible mutagenesis, and kinetic studies have led to the proposal of
(33). In contrast, the186:0 complex is stable for at least 1 a mechanism for its'3-5' exonuclease reactiof9, 41, 42).
week at 30°C, and preliminary NMR data indicate that the In the presence of substrate, its active site contains two
flexibility of 6 in the complex is much reduce@3). divalent metal ions, where one (eis more extensively

The activities of polymerase-associated proofreading 3  coordinated to protein ligands than the other g)Meoth
5 exonucleases have generally been measured using radio€tal ions are presumably Migin most of the kinetic
labeled mismatched primetemplate, partial duplex, or ~ Studies, but crystal structures have?ZnVin", or Mg?" at
ssDNA substrates. These assays are cumbersome and som#1€ Mé site. In the mechanism, one phosphate oxygen atom
what irreproducible depending on the substrate that is used©f the substrate bridges Meand Mes, which polarizes it
and batch-to-batch variations. Availability of a straightfor- for in-line nucleophilic attack by hydroxide ion coordinated
ward continuous spectrophotometric assay overcomes many© Mea. The 3-oxygen of the ester coordinates to de
of these difficultiespNP-TMP has been used previously as thg trigonal l_alpyramldal transition state, assisting the nucle-
a substrate for other phosphodiesterad8s @nd there has ~ Otide 3-OH in leaving. In the model, deprotonation of the
been one report of its hydrolysis by a proofreading exonu- Mea-bound water (or hydroxide) is influenced by the
clease. In 1964, Lehman and Richardsé) demonstrated ~ Presence, within H-bonding distance, of the OH group of
its hydrolysis byE. coli exonuclease Il (exo II, the'35 Tyrdo7.

exonuclease of pol 1), wherky = 6 mM andkg = 3.9 This general mechanism of substrate hydrolysis at a
min~%, with 7 mM Mg?" at 37°C and pH 9.2 (where it was  binuclear metal center, where a hydroxide ion coordinated
maximally active). By comparison, our results witt86 Ky to one metal ion is the nucleophile that attacks a substrate

= 4 mM andkes = 19 min !, with 12 mM Mg+ at 25°C activated by the other, was proposed more than 20 years ago
and pH 8.0) indicate that it is probably no more than 10- for the nickel metalloenzyme ureagk), partly on the basis
fold more active in Mg(ll)-dependepNP-TMP hydrolysis of model studies of hydrolysis of phosphate and carboxylate
than is exo Il (pol 1), when the activity of each is measured esters and amides coordinated to substitution-inert metal ions
at its optimum pH. such as Co(lll)44). Variations of this mechanism have since
For bothe and pol I, there are substantial differences been found to apply to a large class of binuclear metallo-
between the kinetic parameters for hydrolysigphP-TMP hydrolases 45).
and those for oligonucleotide substrates. For exaniple, As revealed by the crystal structure of #E86Mn(ll)
values fore acting on ssDNA at pH 7.5 (5 mM Mgglhave TMP complex, the architecture of its active site is closely
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FiGure 6: Proposal for the mechanism of hydrolysigadfP-TMP

by € at high pH ¢7). The structure of the enzymsubstrate
complex (A) was modeled on the experimental struct@® oOf
thee186Mn(ll) »» TMP complex at pH 8.5 (PDB entry 1J53), while
that of the enzymeproduct complex (C) is based on a slightly
different view of the structure26) 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.

related to that of pol | and other enzymes in this cl&s, (

Hamdan et al.

crystal structure of the186Mn(ll),»TMP complex at pH
8.5 (25) as well as data reported in this paper.

The higher activity of in hydrolysis of DNA substrates
compared with that opNP-TMP is not due to it being a
highly processive enzyme. When it is not associated with
in the context of the holoenzyme@@), ¢ hydrolyzes only
one (or a few) nucleotide(s) per binding evedf,(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 unavailablghP-TMP, and this
would be true regardless of whether® 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 the
nitrophenolate leaving group @NP-TMP is shown coor-
dinated to Mn, in the orientation required for its concerted
elimination via a K2 reaction at the'Sphosphate. The active
site of ¢ 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-NO, 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 concertedy® reaction. The
situation with natural polynucleotide substrates is very
different. The leaving group is a long DNA strand which,
by analogy with pol 142, 46, 47), must interact extensively
with other residues to position the leaving group precisely
in an orientation that favors-FO bond breakage, and this
orientational effect is likely to be one of the most important
contributors to catalytic efficiency2).

The observation that thi€; for competitive inhibition of
€186-promotedpNP-TMP hydrolysis by the product TMP
is ~250-fold lower than theKy 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 differencekinfor product
compared withKy for substrate is also reflected in th&p
of His162, which is 7.7 in thel86pNP-TMP complex (see
below) and~6.5 in the complex with TMP under the
conditions of the crystallographic studiezs).

The most obvious difference between the active sites of
pol | ande186 is that Tyr497 in the exo Il motif of pol | is
replaced with His162 in the exo HImotif of €, where it is
ideally positioned to act as a general base to deprotonate a
water molecule coordinated to MnWhile this alone may
account for the highepNP-TMP hydrolase activity of in

suggesting that the enzymes function by a similar mechanism.comparison with that of pol I, it is unlikely to do so in the

Catalysis by also involves the two metal ions in a binuclear

case of DNA substrates because the comparably (or more)

center, and a histidine residue (His162) occupies the positionactive exonuclease domains of the #8,(49) and T7 60,

of the active site Tyr497 in pol I. The binuclear Mn(ll) center
is coordinated to protein carboxylate ligands in the exo I,
exo Il, and exo Il& motifs and to the Bphosphate of TMP.
Shown in Figure 6 is a proposal for the mechanism of
hydrolysis of pPNP-TMP by ¢ that is consistent with the

51) DNA polymerases both have tyrosines at equivalent
positions 23, 52, 53). On the other hand, a His162 to Tyr
mutant ofe has been isolated from a screen for mutator
mutations indnaQ (54), which suggests that tyrosine and
histidine are not interchangeable at this positior.in
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Support for the proposition that His162, in its deprotonated Scheme 3

form, is involved ine-catalyzedpNP-TMP hydrolysis comes H H H

from examination of the pH dependence ke and Ky A o—t-d N0
(Figure 5). These profiles are both apparently very simple, ==/

in accord with the kinetic mechanism in Scheme 2. We are Mg Mg

now able to interpret these data in terms of the structure of Q Q
the active site to develop further insights into the mechanism H\ H\

by which e promotes the hydrolysis gfNP-TMP (Figure B O—H_ M O-=H,

6). The crystal structures at low and high p2b) differ in M/ N - / N

the way TMP is bound at the active site so that the high-pH " N]/ Mn <\1]/
structure appears to mimic the Michaelis complex (Figure +||4 5'4

6A) while the low-pH structure mimics the first-formed

product (Figure 6C). ) .
Values ofKy were found to be essentially independent of pKa of 7.7 is between that expected for an isolated protonated

pH in the range of 6:58.5. SinceKm ~ Kz (Scheme 2), imidazole ¢-7) and Mn(ll)-coordinated water{(9 or ~10)
it follows that ey ~ pKesyy SO binding of the substrate (56). The effect of the hydrogen bond between the two
has very little influence on theia of the titratable group at ~ 9roups (Scheme 3B) can be looked upon as either raising
the active site. This is in accord with the mechanism, since the fa of the imidazole of His162 or lowering that of the
the negative charge on théghosphate of the substrate is coordinated water. Certainly, durifgNP-TMP hydrolysis,
effectively neutralized by its coordination to the binuclear it would be expected that complete transfer of the proton to
metal center. At pH-8.5, there is a suggestion of an increase HiS162 would create the Mrcoordinated hydroxide nu-
in Ky (Figure 5B), which very likely reflects the effect of cleophile that attacks th_é-ﬁhosphate_ of the substrate from
deprotonation of the side chain of Argl59 on substrate the back sideg?), resulting in inversion about phosphorus
binding. The guanidinium group of Arg159 forms a water- throug_h a trigonal t_)lpyramldal (f|ye-coord|nate phosphorane)
mediated hydrogen bond with the phosphoryl oxygen of TMP transition state (Flgu_re_GB), uIt|mater_to produce a TMP
in the crystal structure. It is proposed in Figure 6 to do complexthatis very similar to that seen in the low-pH crystal
likewise in the complex witpNP-TMP. The role of Arg159  Structure (Figure 6C). The possibility that the phosphorane
in hydrolysis of DNA substrates, as opposechMP-TMP, may be an |p§ermed|ate rather the_m a transition state, with a
is likely to be more profound, because model building lifetime sufficiently long to allow it to deprotonfite and/or
strongly suggests it would interact directly with the phosphate Undergo structural changes, should not be discounted. A
group of the penultimate nucleotide, thereby making a larger S|m.|Iar species has been detecteq asa short—llved intermediate
contribution to substrate binding when the substrate is a during hydrolysis of Co(lll)-coordinatep-nitrophenyl phos-
polynucleotide 25). phate followmg mtrgmolecular attacl§ of a C|§-coord|nated
The pH-kea profile for Mn(ll)-promotedpNP-TMP hy- hydroxide nucleophile5g). If _such an intermediate were to
drolysis bye186 (Figure 5A) exhibited an apparently simple réarrange before the leaving group were expelled, the
dependence on a group with Egof 7.7, which we propose reql_Jlrement in an & reaction fo_r concerted in-line nucleo-
to be His162 or, more precisely, the M®H,-His162 array p_hlllc attack from the k_)ack side of the phosphate and
(see below). A most surprising aspect is tha86 retains displacement of the leaving group from the froB7) could
substantial activity towardNP-TMP at low pH values where ~ be relaxed.
this group is fully protonated (see Figure 5A and Scheme 2; It is pertinent to consider the role of Glul4 (and the
ki ~ 50 mintvsk, = 400 mint). As discussed below, this  corresponding residue Glu357 in pol 1), one of whose
probably indicates a fundamental difference between the carboxylate oxygens is a ligand to Mwhile the other forms
mechanisms used kyfor pNP-TMP hydrolysis at high and  a second hydrogen bond to the nucleophilic water molecule.
low pH values. Mutational analysis of pol | suggested that the role of Glu357
At high pH values, the dependence kfy; on pH is in Mea binding is less important than some other (unidenti-
qualitatively similar to that for hydrolysis of oligonucleotide fied) aspect of its function30). Since it thus appears that
substrates by the'35' exonuclease of pol I, wherky Glu357 in pol | does not lose too much electron density to
reflects the ionization of a group with &pof ~9.8, active the metal center, both it and Glul4 in are therefore
in its deprotonated form3Q). There has been some debate estimated to havelf, values of~3—4. Now, the phospho-
about whether thisky, should be assigned to Tyr497 or the rane transition state derived from theghosphate opNP-
nucleophilic Mg,-coordinated water and whether Tyr497 TMP is likely to have a somewhat loweKpthan TMP itself
serves as a general base or simply to orient the nucleophile(i.e., 6.5) because of extensive charge neutralization by its
(30, 41, 55). Since the K, values of tyrosine and Mg(H) coordination to the binuclear Mn(ll) center. It&pis thus
OH; in isolation are similar and near 9.8, the distinction well-matched to that of Glul4, which is therefore likely to
between the two possibilities reflects only the position of a accept a further proton from the transition state (or inter-
proton between the two groups in the deprotonated active mediate), driving its collapse in the direction that would lead
site and is not meaningful or significant (Scheme 3A). Rather, to elimination of the leaving group. Because Glul4 is such
the kinetically determinediy, is that of the protonated form  a weak base, the driving force provided thus to the reaction
of the hydrogen-bonded MgOH,-Tyr497 array, regardless  when the leaving group ip-nitrophenolate is likely to be

of the position from which the proton is actually removed.
The same is to a lesser extent true for the protonateg Mn
OH,-His162 moiety inc186, where its kinetically determined

modest. With a poorer leaving group like a deoxyribose 3
OH, this second proton transfer is likely to be much more
significant.
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Now consider the need to protonate the leaving group. This material is available free of charge via the Internet at
Because thelf, of p-nitrophenol is 7, there is no advantage http://pubs.acs.org.

in providing a proton source to facilitate its leaving at high

pH. With a DNA substrate, however, a general acid would REFERENCES

clearly be required to protonate the leaving polynucleotide
3'-OH. The only appropriately placed active site acid is one
of the Mns-coordinated water molecules H-bonded to
Aspl03 (Figure 6). Although theirky 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 deoxyriboseGH.

We now turn briefly to the mechanism efpromoted
hydrolysis ofpNP-TMP at (low) pH values where the Mn
OH,-His162 array is fully protonated. The mechanism is
unlikely to be similar to that at high pH (Figure 6); because
of its coordination to Mp, the remaining base, Glul4, is
too weak to deprotonate the lghtoordinated 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 ofe.

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 12,

phosphatase$9). For example, the leaving group could now
occupy the position of the phosphoryl oxygen in Figure 6,
and a Mn-coordinated hydroxide ion could act as a
nucleophile. Although this plausibly explains the low-pH
activity of € on a small synthetic substrate lipAP-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, 17

model building based on the structures of oligonucleotide
complexes with the proofreading active site of pol | suggests
that the 5phosphate of the penultimate dNMP of DNA
substrates has an ionic interaction with the side chain of
Argl59 in € (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 bye.

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 25

site-directed mutagenesis, structure determination, and mecha-

nistic enzymology. For example, whether pH-dependent 26.

differences occur in the structures of complexesl&®6 with
pNP-TMP or other synthetic nucleosidé-ghosphoester

nucleotide substrates are questions that obviously require
further investigation.
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