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ABSTRACT: Previous structural and biochemical data indicate a participation of the J-héliscbirichia

coli pol I in primer positioning at the polymerase and exonuclease sites. The J-helix contains three polar
residues: N675, Q677, and N678. Preliminary characterization of alanine substitutions of these residues
showed that only Q677A DNA polymerase has substantially decreased polymerase and increased
exonuclease activity. The Q677A enzyme had- and~5-fold greater exonuclease activity than the

wild type (WT) with mismatched and matched temptapeimers (TPs), respectively. N675A and N678A

DNA polymerases did not differ significantly from the WT in these activities, despite the fact that both
residues are seen to interact with the TP in various pddMA complexes. Pre-steady-state kinetic
measurements for the exonuclease activity of WT and mutant enzymes indicated nearly identical DNA
binding affinity for ssDNA and mismatched TPs. However, with a matched TP, Q677A DNA polymerase
exhibited increased exonuclease site affinity. The most important characteristic of Q677A DNA polymerase
was its ability to continue cleavage into the matched region of the TP after mismatch excision, in contrast
to the WT and other mutant enzymes. The increase in the exonuclease activity of Q677A DNA polymerase
was further determined not to be solely due to the weakened binding at the polymerase site, by comparison
with another polymerase-defective mutant enzyme, namely, R668A DNA polymerase. These enzymes
have significantly decreased DNA binding affinity at the polymerase site, yet the exonuclease activity
parameters of R668A DNA polymerase remain similar to those of the WT. These results strongly suggest
that participation of Q677 is required for positioning the primer terminus (a) in the polymerase site for
continued nucleotide addition and (b) in tHeeXonuclease site for the controlled removal of mismatched
nucleotides.

DNA polymerases perform faithful DNA replication by two atoms (N3 and O2) may perturb the interactions between
an intricate combination of two events: (a) accurate nucleo- protein side chains and DNA, which could lead either to
tide incorporation and (b) exonucleolytic removal of an steric hindrance or to a loss of hydrogen bonding. This
incorrectly added nucleotide. It has been suggested thatphenomenon may be one of the mechanisms of sensing both
hydrogen bonding interactions between specific amino acid paired and mispaired TPs. Thus, the efficient proofreading
side chains and the minor groove of the templaiemer by polymerase requires the presence of specific side chains
(TP) play a central role in the ability of a polymerase to within the polymerase domain, which bind the primer strand
distinguish between correct and incorrect base pajrsli and also sense mismatched basespaising the Klenow
the case of correct base pairs, the positions of two minor fragment (KF) ofEscherichia coliDNA polymerase | and
groove hydrogen bond acceptors (N3 in purines and O2 in T4 DNA polymerase, several attempts have been made to
pyrimidines) are topologically similar, but are clearly dif- understand the mechanism of “mismatch” sensing in the
ferent in mismatched pair&), The altered positions of these polymerase site and switching of the primer between the

polymerase and exonuclease si{g8—9).

T Supported in part by a grant from the National Institute of General In an earlier study, we sgggested that the Conformatlon of
Medical Sciences (GM 36307). a short segment present in the polyme_r_asg domain (_)f KF,
*To whom correspondence should be addressed: Biochemistry namely, the J-helix, influences the partitioning of a primer

and Molecular Biology, UMD-New Jersey Medical School, hetween these two siteS)( Substitution of the C-terminal

,1:21)5(:S&%)%%'1%%Q{e,'z’_mg‘i’l\fa%bg;k(gﬁ%sdniggﬂé: (973) 972-5515. proline of J-helix with a glycine significantly reduced the

1 Abbreviations: pol I,E. coli DNA polymerase I; KF, Klenow polymerase activity but caused an increase in exonuclease
fragment of E. coli DNA polymerase I; DTT, dithiothreitol; BSA,  activity, indicating a possible role of the J-helix in the

bovine serum albumin; TP, templatprimer; KlenTag, Klenow frag- ¢ pling of the two activities. These results corroborate the
ment equivalent oThermus aquaticuUBNA polymerase I; Bst, Klenow

fragment equivalent dBacillus stearothermophiluBNA polymerase  Structural data available on the KF as well as other poly-
I; sSDNA, single-stranded DNA; dsDNA, double-stranded DNA. merases of the same family (A-familyl@12). Thus, in
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Table 1: H-Bonding Interactions of J-Helix Residues As Seen in C. Joyce of Yale University (New Haven, CT}4). The

Different Crystal Structurés maintenance and expression strains for the pCJ141 plasmid,
interacting _ residues _ distance _interaction E. cph CJ406 ancE. coli CJ376, respectively, were also
structure atoms involved R) type obtained from C. Joyce. pfu-turbo polymerase, used for
apoenzyme MESC Q677-N675 325 intramolecular PCR-based site-directed mutagenesis, was from Stratagene.

MC—SC N675-N678 3.94 intramolecular  Restriction enzymes and PCR-grade dNTPs were obtained
binary (pol )SC*SS gggiﬂggi’ g-gg !n:ramo:ecu:af from Roche Molecular Biochemicals. T4 polynucleotide
Inary (polymerase SES . Intramolecular . . .
(PDB entry 4kiq) SCSC  Q677-Q879 341 intramolecular  Kinase was purchaseq from Inwtroge_zn Corp. Radlo_labeled
MC—PO4 P680-primer  3.83 intermolecular nucleotides were obtained from PerkinElmer Life Sciences.
MC—PO4 1679-primer 3.24 intermolecular  The DNA extraction kit was from Qiagen, Inc, while DNA

SC-N3  N678-primer 4.17 intermolecular ; ; ; ;
SC-04 N675-template 3.36 intermolecular oligonucleotides were from MWG Biotechnologies.

binary (exonuclease) S€PO4 N678-primer  3.42 intermolecular In Vitro Site-Directed Mutagenesis, Expression, Purifica-
(PDB entry 1kin) SG-PO4 N675-primer 3.12 intermolecular tion, and Specific Polymerase Agty of WT and Mutant
2 This table shows the inter- and intramolecular hydrogen bonding Proteins.The PCR-based protocol described in Stratagene’s
interactions involving J-helix residues in the apoenzy(@2 (PDB QuickChange Site-directed Mutagenesis kit and the pCJ141

entry 1ktq), the polymerase complex (PDB entry 4 kttg)( and the : : :
editing complex (PDB entry 1kIin)1Q). The interactions required for plasmid (4, 15) were used to generate the desired mutations

the classicati-helical (between residuésindi + 4) conformation are ~ Of KF. This plasmid contains thE. coli KF gene carrying

not included. The interactions of P680 and 1689 equivalent residues & D424A mutation, which confers deficiency in-3&'

with the primer are not hydrogen bonds. Instead, they appear to be ofexonuclease activity. To generate the WT exonuclease-
tr_le van c_ier Waals type. MC represents main chain, and SC representgfficient enzyme, D424A was changed back to D424. The
side chain. mutant exonuclease-positive mutant DNA polymerases
. . . (N675A, Q677A, and N678A) were generated using this

the KF—DNA binary complex, with the primer bound to the reverted (WT) plasmid. All mutations were confirmed by

exonuclease domain, the J-helix conformation as in the ; . A o
. . . . DNA sequencing. Isolation, purification, and determination
apoenzyme is retained, whereas a coiled structure is seen

. . of specific polymerase activity and steady-state kinetic
when the TP is bound in the polymerase motig (2).
While biochemical and structural data suggest a role for parameters of N675A, Q677A, N675A, and RE68A DNA

the J-helix in efficient coordination between polymerase and polymerases were carried out as described previodsly (

exonuclease activities, it is not clear whether the alterations ~Ko.ona Determination.DNA binding affinity for ssDNA

in the secondary structure of the J-helix, or the side chain @nd TPs containing zero, one, and three mismatches was
conformation of its three polar residues, are responsible for c@lculated from the rates of exonucleolytic degradation at
such coordination. To explore the involvement of these polar different enzyme concentrations (2350 nM) with 1 nM
side chains in the proofreading activity, we generated alanineDNA. The rates of exonuclease activity were plotted against
mutants of KF at positions N675, Q677, and N678 in an €nzyme concentration, and ti& ona was determined by
exonuclease positive background. All mutant enzymes fitting the data points to a hyperbola. Here and in subsequent
together with the WT were biochemically characterized for @ssays, the curve fitting was carried out with either GraphPad
their polymerase and exonuclease properties, using pre-Prism or Sigma Plot. The TP binding affinity in the
steady-state kinetic measurements. While all the enzymePolymerase mode for wild-type, N678A, and N675A DNA
species were capable of removing terminal mismatches,Polymerases was determined by a gel mobility shift assay
Q677A DNA polymerase exhibited an unusual ability to @S described previouslyl8). Due to the extremely low
cleave the primer into the matched region of the TP, affinity of Q677A and R668A DNA polymerases, pre-steady-
indicating the loss of recognition of the matched status of State polymerase kinetics were used to assess TP binding of
the TP. Since Q677 is a member of the H-bonding track these two enzymes.

formed by five residuesl@), all of which are required for Pre-Steady-State Kinetic Assays of Q677A and R668A
the polymerase mode binding of the TP, we also examined Mutant EnzymesAll assays were carried out in 50 mM Tris-
the properties of another H-bonding track mutant enzyme, HCI (pH 7.5), 50 mM KCI, 5 mM MgCJ, 1 mM DTT, 0.01%
R668A. This mutant enzyme clearly lacked the activity to BSA, and 10% glycerol at 25C by using a Rapid Chemical
cleave the primer into the matched region of the TP. Our Quench Flow instrument (KinTek Instruments, University
results indicate that despite interaction of N675 and N678 Park, PA). Preincubated KF (80 nM) and DNA (final
with the TP seen in the crystal structures of DNA bound in concentration of 18160 nM) were loaded into one sample
the exonuclease or polymerase modes (Table 1), thesdoop, and dGTP (56100 M) and MgCh (5 mM) were
residues seem to have little or no individual contribution to loaded into the other sample loop. Reactions were quenched
either polymerase or exonuclease functions. In contrast,with 0.3 M EDTA, and the products were analyzed by 16%
Q677, which has no discernible interaction with the TP in PAGE in the presencef@ M urea. The intensities of the
reported crystal structures, is required both for binding of bands here, and in all other assays, were quantitated with a
the TP in the polymerase mode and for evaluation of the Phosphorimager and ImageQuant version 5.2 (Molecular
matched status of the TP during removal of terminal Dynamics). To ensure reproducibility, time courses for each

mismatch. set of DNA and dGTP concentrations were repeated at least
two times, and the amplitudes and rate constants that were
EXPERIMENTAL PROCEDURES obtained were in very close agreement.
Enzymes and Reagenfdl mutant enzymes were gener- Data Analysis.The amount of product formed®) was

ated from the plasmid (pCJ141) generously provided by graphed as a function of timé)(and the data were fit by
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Chart 1

Template-primer used for polymerase activity

49/17-mer

5’ -GGAAAATCAGTCACACC-3"’

3’ -CCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGAC-5"
Template-primers used for binary complex formation assay

33/20 + ddC

5’-CGT TAG CCA CTC CGA AGT GCC-3dd’

3’-GCA ATC GGT GAG GCT TCA CGG CAT ATT GCG CGT-5'

21/12 + ddC

5/ -CGT TAG CCA CTC C-3dd’

3’ -GCA ATC GGT GAG GCT TCA CGG-5'

Matched and mismatched template-primers used for exonuclease assays and in
exonuclease/polymerase coupled assay

Single stranded DNAs (14- and 16-mer)

5’ -CGT TAG CCA CTC CA-3'

5’-CGT TAG CCA CTC CAG G-3'

33p16/16-mer (matched)

5’-CGT TAG CCA CTC CAG G-3'

3’ -GCA ATC GGT GAG GTC CCA CGG CAT ATT GCG CGT-5'

33p16/14-mer (matched)

5’-CGT TAG CCA CTC CA-3’

3’ -GCA ATC GGT GAG GTA CCA CGG CAT ATT GCG CGT-5'

33/14-mer (containing one mismatch)

5’-CGT TAG CCA CTC CA-3'

3’ -GCA ATC GGT GAG GCT TCA CGG CAT ATT GCG CGT-5'

33/16-mer (containing three mismatches)

5’-CGT TAG CCA CTC CAG G-3'

3’ -GCA ATC GGT GAG GCT TCA CGG CAT ATT GCG CGT-5'

nonlinear regression to the burst equation BSA] was rapidly mixed with 10 mM MgGlin syringe B
) and the reaction quenched at various times by the addition

P=Al—-e "+t of EDTA (50 mM, pH 8.0). Because of the extremely slow

) ) i cleavage rate of the matched TP by KF, the reactions with
whereA is the amplitude of the burst phadejs the rate  Kr \were carried out manually, using the same conditions.
constant of the burst phase, ands the rate of the linear  The aliquots from the quenched reactions were analyzed on
phase. The amplitudes of the burst phaggsiere graphed 16% polyacrylamide gels contairr8 M urea.
as a function of total DNA concentration ([DNA]), and the  The exonuclease cleavage rates for ssDNA and the
data were fit to the quadratic equation matched TP were determined by using the method initially

_ suggested by Cheng and Kuchta6) and subsequently
A= 0.5(Kp pna + [Pol] + [DNA]) — modified by Konigsberg and colleaguds). In this method,
(0.25Kp pna T+ [PoI] + [DNA]) 2 — ([Pol][DNA])) °° the intensity of each individual degradation product band

was multiplied by the number of cuts made to generate that

whereKp pna is the dissociation constant for the P@NA product. The sum of these calculated values was then divided

complex and [Pol] is the concentration of active polymerase by the total intensity of all bands developed within a given

molecules. time period. This allowed the exonuclease reaction to be
Pre-Steady-State Exonuclease Rate Determinakow- expressed in terms of nucleotides cleaved (for details, see

nucleolytic cleavage of the labeled primer was observed with ref 18). The slope of a plot of nucleotides cleaved versus
ssDNA and matched and mismatched double-strandedtime then provided the rate of the exonuclease reaction. For
TPs (14 or 16 bp region; 0, 1, or 3 mismatches). The mismatch rates, the fraction of primer remaining was plotted
5'-32P-labeled substrates (Chart 1) were 14- or 16-mer single-against time and the data were fitted to a single-exponential
stranded DNA annealed to the appropriate template to function.

generate matched or mismatched TPs. All reactions were

performed at 25C in a KinTek rapid quench flow instrument RESULTS
(model RQF-3). The sample in syringe A [containing 1 nM  This study was undertaken to clarify the roles of three
DNA substrate, 0.5 mM EDTA, and 125 nM enzyme in polar residues of the J-helix in the exonuclease and poly-
50 mM Tris-HCI buffer (pH 7.0), 1 mM DTT, and 0.1% merase functions dE. coli DNA polymerase I. Only two of
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Ficure 1: 3 -5 single-stranded DNA binding affinity determination for WT and mutant enzymes using exonuclease activity. The pre-
steady-state exonuclease cleavage rates of the WT and mutant enzymes on ssDNA (16-mer) are used to compare relative active site
concentrations. The exonuclease activity was assayed by incubating the desired enzyme (125 nM) with various DNA substrates (1 nM
DNA), followed by the addition of MgGl(5 mM, final concentration) on a rapid quench instrument (KinTek). The DNA binding affinity
(Kp.ona) in exonuclease mode was determined by plotting the rate of degradation of 1-#RH&beled 16-mer DNA at various enzyme
concentrations. Panel B shows the exonuclease degradation profile of the wild-type KE528M) at 5, 15, 30, 60, and 90 s. The rate

of degradation for each enzyme concentration (shown in the inset in panel C for the WT and in panel D for Q677A) was determined as
described in Experimental Procedures. The rates plotted against the enzyme concentration were fitted to a hyperbola to yield the DNA
binding affinity.

the three polar residues, namely, N675 and N678, make Single-Strand DNA Claeage Ratesfor Comparison of
contacts with the TP in DNA-bound crystal structures, while Active Site Concentrations in WT and Indiual Mutant

the third one, Q677, does not have direct interaction, but is EnzymesPrior to carrying out detailed investigations on
required for TP binding in the polymerase mod&)( We exonuclease activity in wild-type and mutant enzymes, we
utilized a combination of pre-steady-state and steady-statefound that the concentrations of active species of enzymes
kinetic experiments to determine the binding constants of in our preparations needed to be determined so that equal
matched and mismatched TPs with wild-type and mutant quantities of various enzymes with equal concentrations of
enzymes so that the contribution of individual resislte active sites could be used. We assumed that the active
the polymerase and exonuclease activities and variationsenzyme species must contain equal active site concentrations
thereof could be discerned. for polymerase and exonuclease. Therefore, the titration of

Steady-State Kinetic Properties of N675A, N678A, and either active site would be expected to permit evaluation of
Q677A DNA Polymerase#. steady-state kinetic character- the relative concentration of both active site each enzyme
ization of mutant enzyme species for polymerase activity species. We used the single-stranded DNA degradation
clearly showed that Q677A has severely compromised property of the WT and mutant enzymes for active site
polymerase activity (Table 2), which probably results from titration. A time course of the exonuclease activity of the
its poor TP binding affinity, as judged by the60-fold WT and three mutant enzymes (125 nM) on ssDNA (1 nM)
increase irKp pna, in comparison with that of the wild-type  is shown in Figure 1A. The rates of degradation for WT,
enzyme 13). The activity of two other mutant proteins, Q677A, N675A, and N678A were 0.17, 0.15, 0.16, and
N675A and N678A, was similar to that of the WT, 0.17 s, respectively. Since the rate of ssDNA degradation
suggesting that these residues may not be individually under identical conditions of wild-type and mutant enzymes
required for the polymerase function. as well as ssDNA binding affinity (as detailed below) is
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Table 2: Steady-State Polymerase Kinetic Parameters of Wild-Type
KF and Its Mutant%
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N675A and N678A are not shown). While the rates for
ssDNA degradation were nearly the same for all enzymes

(~0.16 s1) (Table 3), the rates for dsDNA degradation were

— 1
— KDDT;‘;”M) Kmé“g" ) k“‘G(‘Z ) fzi S ——0.38,1.96, 0.55, and 0.59 minfor WT, Q677A, N675A,
N675A 0.45 9.0 40 Ok 10P and N678A DNA polymerases, respectively.
N678A 0.5 7.0 6.0 0.5 108 Primer Cleavage Actvity of WT and Mutant Enzymes on
Q677A 41.6 4.0 0.04 0.x 10° a TP Containing One and Three Terminal MismatcHes.

aThe steady-state kinetic parameter&gfare andkea: for the wild- has been shown that the rate of removal of the terminal
type Klenow fragment and mutants of J-helix residues were measurednucleotide is~2-fold greater with one mismatch at the
under conditions where the TP was at a saturating concentration and3'-end of the primer than with the matched TI®), Recently,
dNTP was at a variable concentration. Kinetic analysis was performed ,qinq time-resolved fluorescence anisotropy, it has also been
with a dGso*dG1s homopolymer. Thé&p pna determination was carried . o -
out as described previouslg3). showq that_ DNA_ mlsmatch recognition is dependent on
specific amino acid residues within the polymerase domain
. . and is not governed solely by thermodynamic differences
nearly the same, it was inferred t‘hat all our enzyme phetween correct and mismatched base pad@. (These
preparations possessed nearly equal “active site” concentrazegits suggest that the mismatch is first recognized by
tions. binding of the TP into the polymerase active site, followed
DNA Binding Affinity of WT and Mutant Enzymes in the by its transfer to the exonuclease site. To determine the
Exonuclease Modesince our earlier studies using steady- participation of individual polar residues in this process, we
state kinetics have shown that P680G mutant KF belonging examined the rate of exonucleolytic degradation with mutant
to the J-helix exhibited increased exonuclease actidjy ( enzymes, using one- and three-mismatch-containing TP
we evaluated the DNA binding constants for the mutant substrates. The time course of exonucleolytic degradation
species of three polar J-helix residues in the exonucleaseof a single terminal mismatch by WT and Q677A DNA
mode. The pre-steady-state methods were used for thesgolymerase is shown in Figure 2B. To calculate the rate of
determinations as they provide the rate of activities resulting removal of one mismatch, the fraction of 14-mer remaining
from a single enzyme DNA encounter. TKg pna Values was plotted against time, and the data points were fitted to
for individual enzymes were determined using exonuclease@ single-exponential decay. The singhesmatch removal
assays with ssDNA and zero-, one-, and three-mismatch-rates for WT, Q677A, N678A, and N675A DNA poly-
containing TPs. The choice of the substrates is based on thenerases are provided in Table 3. The rates of mismatch
fact that their utilization pattern by the WT enzyme is well- removal by N678A and N675A DNA polymerases were only
defined. For example, ssDNA and three mismatch-containingmarginally increased compared to that with the WT. Only
TPs predominately bind to the exonuclease site, whereas thdhe Q677A mutant enzyme exhibited &2-fold increase in
matched TP binds to the polymerase site. The TP containingthe exonucleolytic cleavage rat€he exon_uplease activity
a terminal mismatch is partitioned between both polymerase ©f WT and mutant enzymes on a TP containing three terminal
and exonuclease sites. A representative degradation patterfliSmatches, at various time points ranging from 0.025 to
of ssDNA (1 nM) by the WT (25125 nM) enzyme is shown 1 S, is shown in Figure ZC. The rates of removal of three
in Figure 1B. The rates were calculated from this figure as Mismatches are-3-fold higher than those observed for a
described by Derbyshire et al§). The rates of degradation single mlsmat(_:h for all enzymes. As noted for one mismatch,
with an increasing enzyme concentration (inset of Figure 1¢ 1€_rate of mismatch removal with three mismatches for
for the WT and Figure 1D for Q677A DNA polymerase) Q677A DNA polymerase was2-fold greater than that for

were fitted to a hyperbola (Figure 1C,D) to determine the otr|1er enzytr)nes. inted h h d

Kopna at the exonuclease site. There appears to be no t may etpomte out ((ejre tta_t O;Jhr pre-stea y-st?te
significant difference between the WT and mutant proteins measurements were carried out in the presence of a
with respect to sSDNA binding, as the ona for all enzymes 125-fold excess of enzyme over substrate concentration,

ange between 79 and 89 . Simiary, the DNA inding 19170 3 Shole-Laver o @ shole encouner condion,
affinity for both one- and three-mismatch TPs also did not ' y ydroly

differ significantly between the WT and mutant enzymes. of some substrates (€.g., dSDNA), Fhese products may still
: ) . -~ have not occurred as a result of a single turnover. To assess
However, a notable difference was evident in the relative

binding of the matched TP with WT and polymerase- this situation, we carried out a trap experiment in which

defect] 677A mutant The K | f exonuclease activity is monitored after the addition of a
efective Q mutant enzyrmelne Rppna VaIUES 101~~~ 1400 fo1d excess of unlabeled TP (together with2¥)go
different substrates for the exonuclease site are collected i

"the preformed enzymeradiolabeled substrate complex.
Table 3. TheKp pna for the matched TP in the exonuclease X Y b

Results shown in Figure 2D clearly demonstrate that both
mode for Q677A {40 nM) was~2-fold lower than that  \y1 anq Q677A DNA polymerases continue cleavage after
for the WT (~70 nM) enzyme.

the addition of the trap. Therefore, our kinetic measurements
Primer Cleaage Actiity of WT and Mutant Enzymes with  may be considered to represent a single enzysubstrate
the Matched TPSince the activity with the dsDNA substrate encounter.
with all enzymes is relatively low, the exonuclease activiies ~ Comparatbe Primer Cleaage Pattern of Actity of
of WT, N675A, Q677A, and N678A mutant enzymes on Q677A and R668ASince the Q677A mutant enzyme
the matched TP (33p16/14-mer) were determined using andisplayed increased’ 35 exonuclease activity with both
extended time scale. The rates of exonucleolytic degradationmatched and mismatched TPs but had significantly low

were calculated from plots shown in Figure 2A (data for polymerase activity, it seemed plausible that other enzymes
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Table 3: Exonuclease Activity Parameters of the WT and Mutant EnZymes

Kb.ona (EXxonuclease mode) (NM) exonuclease raté) (s
mismatch mismatch
enzyme Kppna (polymerase mode) (nM)  ssDNA  dsDNA one three ssDNA dsDNA one three
WT 0.6+0.2 79+5 70+£6 35+4 32+2 0.17+£0.02 0.006t0.003 1.53+0.3 4.5+0.9
N675A 0.5+ 0.1 - - 34+3 33+4 0.16+0.04 0.009%+0.001 1.68:0.2 3.5+0.5
N678A 0.5+ 0.1 - - 35+3 27+3 0.17+£0.04 0.010£0.001 1.71+0.3 3.84+0.8
Q677A 38+ 5 88+3 42+2 38+5 32+4 0.15+0.02 0.033+0.008 2.75+04 10.2+1.2
R668A 39+ 4 82+7 37+4 34+4 35+4 0.18+£0.02 0.012£0.005 1.61+0.5 3.9+0.6

aKp.ona Values for WT, N675A, and N678A enzymes were determined by a gel mobility shift assay as described preV@uBlye to the
extremely reduced affinity of Q677A and R668A mutant enzymesKiheua of these enzymes was determined by pre-steady-state polymerase
assays as detailed in Experimental Procedures. The DNA binding constants and rates of exonuclease activity with indicated DNA substrates were
determined from the results of pre-steady-state kinetics experiments as shown in Fig8res 1

dsDNA c Three mismatches
L o WT
k 47 » QB77A 0.8 * QB77A
3 s
gA 3 i 0.6
i
SE 2 S 0.4
46 -
% 1 > 0.2 .
8 WT s .
= .
0 T T T 1 0.0 T T T 1
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FiGurRE 2: Pre-steady-state exonuclease cleavage rates of the WT and mutants on the matched TP (33p16/14), the TP with one mismatch
(33/14), and the TP with three mismatches (33/16) in panel€ Arespectively. The exonuclease activity assay conditions were similar to

those used for ssDNA shown in Figure 1A, except the reaction time, which varied for TPs containing one and three mismatches (panels B
and C, respectively). Reactions with the matched TP were carried out manually since rates of degradation of this substrate are very slow.
The reactions were stopped by the addition of 50 mM EDTA at various time intervals. The degradation products were resolved on a 16%
polyacrylamide-8 M urea gel. For single-stranded and matched primer degradation, the cleavage rate was determined using the method
suggested by Derbyshire et alg. To determine the rate of cleavage by the WT and mutants on one- and three-mismatch-containing TP,
the percent remaining full-length primer was plotted against time and the data were fit to a single-exponential decay using nonlinear regression.
The exonuclease activity pattern shown in panel D demonstrates the exonuclease activities of wild-type and Q677A mutant enzymes are
operating under single-turnover conditions as judged by the activity in the presence of trap DNA. The reaction mixture contained 125 nM
enzyme, 1 nM three-mismatch-containing TP, andV trap DNA where indicated. The reaction conditions are marked above each lane.

The components in parentheses indicate reactions initiated by addition of these components together. The lanes marked with asterisks
represent 2 min reactions. All other lanes represent 1 min reactions.

deficient in binding the TP in the polymerase mode would, containing cleavage activity pattern with R668A DNA
by default, bind in the exonuclease mode. We therefore polymerase together with that of the WT and Q677A DNA
examined the properties of an alanine mutant of R668, which polymerases are shown in Figure 3. As can be seen from
was also shown to be defective in binding of the TP in the this figure, the mismatch portion of the primer is promptly
polymerase model@). The results of the three-mismatch- removed by the WT, Q677A, and R668A DNA polymerase;
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Time (sec) molecules by examining the pre-steady-state kinetics of
dGTP incorporation for £120 s, using 80 nM enzyme and
DNA concentrations ranging from 10 to 160 nM. For each
DNA concentration, the amount of 17-mer product formed
was graphed as a function of time (Figure 4B,E). The initial
time points for each DNA concentration were fit to an
exponential equation, using nonlinear regression. The am-
plitude was then graphed as a function of DNA concentration
WT QB77A REE8A (Figure 4C,F), and these data were fit using nonlinear
FiGURE 3: Spectrum of exonuclease activity products with three- '€9ression to a quadratic equation (see Experimental Proce-
mismatch-containing TP by WT, Q677A, and R668A mutant dures). This analysis yielded a concentration of active Q677A
enzymes. This figure depicts the continued digestion into the DNA polymerase equal to 72 2 nM and aKp pna for DNA
matched portion of the TP (after the mismatch removal) by Q677A binding equal to 38t 5 nM. The concentration of active
but not by the WT and R668A mutant enzymes. The reaction 668A was 75+ 2 nM and for DNA binding 39+ 4 nM.
conditions were essentially the same as described in the legend o .
Figure 2, except that the time points selected for this purpose ranged! N€se data suggest that the affinity for the TP was nearly
from 0.5 to 30 s whereas the time interval used for the rate identical for both mutant enzymes. Therefore, the observed
determination of three-mismatch removal (Figure 2C) was from difference in the exonuclease rate constants of Q677A and
25 ms to 5 s. The position of the primer is marked as 16-mer and Rg68A DNA polymerases is not related to the defect in their

that of matched position as 13-mer. polymerase mode binding affinities.

however, a strong stop in the cleavage activity upon DISCUSSION
encountering a matched position (shown by the arrow marked The analyses of DNA polymerase structures of the pol |
13-mer in Figure 3) is displayed by the WT and R668A family enzymes show that the J-helix region made up of five
mutant enzymes. Similarly, N675A and N678A mutant residues exists in a helical conformation in both the apo-
Klenow fragment enzymes showed a strong stop at theenzyme 22, 23) and DNA bound in exonuclease modé&).
13-mer position (data not shown). In contrast, Q677A DNA However, in the TP-bound structures in polymerase mode
polymerase continued the cleavage of the primer in the (9), the J-helix residues are in a coiled conformation. In our
matched portion after the removal of the mismatched region. previous investigations, we showed that mutation of the
The rate of primer cleavage by Q677A DNA polymerase, C-terminal proline (P680) abolished polymerase activity with
into the matched region of the TP (33/13-mer), however, exonuclease activity increased compared to that of the WT
was slow. Nevertheless, the rate of dsSDNA degradation afterenzyme 9). The J-helix contains three polar residues,
mismatch removal is 0.04k 0.005, slightly faster than that namely, N675, Q677, and N678. In different crystal struc-
observed with dsDNA as an initial substrate (0.@38.008) tures, these residues interact differently depending upon the
(Table 3). TP binding mode (see Table 1). Thus, in the polymerase
DNA Binding Affinity of Q677A and R668A in the mode complex, the side chains of N675 and N678 form
Polymerase ModeSince both Q677A and R668A are the hydrogen bonds with the base moieties of the template and/
members of the H-bonding track required for binding of the or primer, whereas in the editing complex, they interact with
TP in the polymerase moddJ), it seemed plausible that the phosphate backbone of the primer. In contrast, Q677 does
differences in their absolute affinity for the TP in the not interact with template or primer in either of the
polymerase mode may be responsible for the variation seencomplexes. These structural and biochemical data indicate
in the exonuclease activity pattarof these mutant species. that J-helix residues may control the expression of the
We therefore carried out pre-steady-state kinetic analysis topolymerase and exonuclease functions of KF. Therefore, to
determine the DNA binding affinity using a single-nucleotide probe the importance of interactions between the TP and KF
incorporation assay. These experiments were carried outmediated by individual polar residues of the J-helix, we
using a rapid chemical quench flow instrument with 100 nM generated the alanine mutants of N675, Q677, and N678 and
DNA substrate, 80 nM enzyme, 5M dGTP, and 5 mM investigated the biochemical properties of these mutants.
MgCl, for times ranging from 1 to 120 s. The kinetics of Most interestingly, of the three mutant enzymes, the
single-nucleotide incorporation were clearly biphasic for both polymerase as well as exonuclease activity of N675A and
Q677A and R668A DNA polymerases (panels A and D of N678A DNA polymerase mutant enzymes was nearly the
Figure 4, respectively), with a rapid burst phase followed same as that of the WT, suggesting that these two residues
by a slow linear phase of nucleotide incorporation. The data are not essential individually for either activity (Tables 2
were fit to a burst equation with amplitudes of #23 and and 3). In contrast, significant loss in polymerase and an
75 + 4 nM, respectively, and rate constants equal to increase in exonuclease activities were displayed by Q677A
0.21 + 0.03 and 0.29%- 0.02 s for R668A and Q677A DNA polymerase. Earlier, we had shown that Q677 along
DNA polymerases, respectively, were obtained. The linear with R668, H881, Q849, and N845 participates in the
rate constants for Q677A and R668A mutant enzymes wereformation of the 18 A long hydrogen bonding track, which
equal to 0.0023+ 0.0005 and 0.0018t 0.0003 st facilitates binding of the TP and is required for the poly-
respectively. merase activity13). Pre-steady-state kinetic characterization
The amplitude of the pre-steady-state burst phase reflectsof the exonuclease activity using ssDNA and zero-, one-,
the concentration of the enzym®NA complex at the start  and three-mismatch-containing TPs (Figures 1 and 2)
of the reaction Z21). Thus, we could obtain thEp pna for indicated little difference ifKp pna between WT and mutant
DNA binding and the concentration of active enzyme enzymes. However, the activity of Q677A DNA polymerase
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Ficure 4: Pre-steady-state kinetics of single-nucleotide incorporation by Q677A and R668A mutant enzymes and active site titrations.
(A) Q677A (80 nM) and the DNA substrate (100 nM) were mixed with dGTP (@8\) by using a rapid chemical quench flow instrument

for various reaction times. The data were fit to the burst equation with an amplitude-6f372M and rate constants equal to 029.02

and 0.0023t 0.0005 s?. (B) Q677A (80 nM) and various concentrations of the DNA substr@é 10, ©) 20, (v) 40, (v) 80, @) 100,

(O) 120, and #®) 160 nM] were mixed with dGTP (5@M) for various reaction times. The solid lines represent the best fits to the burst
equation. (C) The amplitudes of the burst phases in pand@®)Bwere plotted as a function of DNA concentration, and the solid line
represents the best fit to the quadratic equation witkogna for the Q677A-DNA complex equal to 38 5 nM and an active site
concentration equal to 72 4 nM. (D) R668A (80 nM) and the DNA substrate (100 nM) were mixed with dGTP (M) for various
reaction times. The data were fit to the burst equation with an amplitude &f #BM and rate constants equal to 02210.03 and 0.0018

4 0.0003 s. (E) R668A (80 nM) and various concentrations of the DNA substra@g 10, ©) 20, (v) 40, (v) 80, @) 100, () 120, and

(#) 160 nM] were mixed with dGTP (5@M) for various reaction times. The solid lines represent the best fits to the burst equation.
(F) The amplitudes of the burst phases in pane®Ewere graphed as a function of DNA concentration, and the solid line represents the
best fit to the quadratic equation withka pya for the R668A-DNA complex equal to 3% 4 nM and an active site concentration equal

to 75+ 2 nM.

with both matched and mismatched TPs was consistently observations suggest that Q677 of the J-helix is a primary
greater. We, therefore, extensively characterized Q677A contributor in control of exonuclease activity and that the
DNA polymerase, which exhibited maximal alteration in the observed increase in the rate of exonuclease activity of its
catalytic function. The exonuclease activity of Q677A with mutant phenotype, Q677A DNA polymerase, is probably the
a perfectly matched TP was5-fold greater than that of the  result of its decreased dissociation from the substrates.
WT enzyme. Furthermore, Q677A also cleaves the terminal The visual examination of the exonuclease reaction
mismatch ~2 times more efficiently (Table 3). These products with three mismatch-containing TPs by the WT and
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three mutant enzymes was quite revealing with respect toactual mechanism, the participation of Q677 in the regulation
the cleavage products (Figure 3). WT, N675A, and N678A of two activities (polymerase and exonuclease) appears to
DNA polymerases stall after the removal of terminal be certain. On the basis of our observations, it is clear that
mismatch, i.e., after the generation of matched template-the Q677-containing enzyme (i.e., WT) has a better ability
primer to recognize a matched versus a mismatched primer end,
(33/13-mer), as evidenced by the accumulation of 13-mer which is lost by the Q677A substitution. However, alternative
product (Figure 3). Such a stalling was significantly less roles for Q677 have not been ruled out. For example, failure
evident with the Q677A mutant enzyme, which continues to shuttle primer, after mismatch removal, to the polymerase
to cleave in the paired region of the TP, although the rate of site could very well explain the continued cleavage into the
cleavage in the double-stranded region is slower. The matched region by the Q677A enzyme. Another possibility
generation of a 13-mer as the major product by WT (as well is that Q677 participates in translocation of pol | after
as by N675A and N678A DNA polymerases) suggests that nucleotide incorporation. Its mutation (Q677A) would there-
once the mismatch is removed, the enzyme has a mechanisnfiore cause a failure to translocate to the next template
for sensing the base-pairing nature of the TP and arrests itsnucleotide, triggering another cycle of proofreading. These
further degradation most likely by shifting it to the poly- possibilities need to be resolved to pinpoint the contributions
merase site. The Q677A DNA polymerase enzyme clearly of Q677 to the mechanisms of polymerase and nuclease
lacked this activity. However, one possible argument against activities. In any event, the weakened ability of Q677A DNA
this scenario may be that all mutant enzymes which exhibit polymerase to dissociate from the exonuclease site and its
loss of binding in the polymerase mode may have intrinsic significantly weakened binding affinity for the matched TP
ability to continue the degradation of the primer in the at the polymerase site definitely implicate Q677 as an
matched region of the TP. We therefore compared the essential residue required for appropriate functioning of both
properties of another polymerase defective mutant enzyme,polymerase and exonuclease activities. This is perhaps the
namely, R668A. The loss of polymerase activity in this first residue in the pol | family of enzymes that is shown to
mutant enzyme, similar to that of Q677A, was shown to be be essential for the functioning of both polymerase and
due to significantly weakened TP binding in the polymerase proofreading activities.
mode (3). The detailed investigation of the exonuclease
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