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ABSTRACT. DNA polymerased (Polt), a member of the X-family DNA polymerases, possesses an
N-terminal BRCT domain, a proline-rich domain, and a C-terminal polymefdiée domain (tPaol). In

this paper, we determined a minimal kinetic mechanism and the fidelity of tfsdhg pre-steady-state
kinetic analysis of the incorporation of a single nucleotide into a one-nucleotide gapped DNA substrate,
21-19/41-mer (primer-primer/template). Our Kinetic studies revealed an incoming nucleotide bound to
the enzymeDNA binary complex at a rate constant of 1.5510° M~ s~ to form a ground-state ternary
complex while the nucleotide dissociated from this complex at a rate constant of 30Birsce DNA
dissociation from tPdl (0.8 s'1) was less than 3-fold slower than polymerization, we measured saturation
kinetics for all 16 possible nucleotide incorporations under single turnover conditions to eliminate the
complication resulting from multiple turnovers. The fidelity of tRelas estimated to be in the range of
1072-10"* and was sequence-dependent. Surprisingly, the ground-state binding affinity of correct (1.1
2.4 uM) and incorrect nucleotides (148.4 uM) was very similar while correct nucleotides«8 s1)

were incorporated much faster than incorrect nucleotides (8.0@1s ). Interestingly, the misincorporation

of dGTP opposite a template base thymine (0:9 svas more rapid than all other misincorporations,
leading to the lowest fidelity (3.% 1072) among all mismatched base pairs. Additionally, fPwlas

found to possess weak strand-displacement activity during polymerization. These biochemical properties
suggest that Pallikely fills short-patched DNA gaps in base excision repair pathways and participates
in mammalian nonhomologous end-joining pathways to repair double-stranded DNA breaks.

The base excision repair (BERpathway is one of the  N-terminal dRPase domain (8 kDa) and a C-terminal
major mechanisms that removes damaged base residues ipolymerase domain (31 kDa) (Figure 1/4) 7). The dRPase
DNA (1). This mechanism involves the excision of modified activity removes the'sdeoxyribose phosphate moiet; 8)
DNA bases by DNA glycosylases, leaving noncoding apu- while the polymerase domain, which has the general right-
rinic/apyrimidinic (AP) sites in DNA. These lesions are hand fold common to all replicative DNA polymerases
further processed and repaired bytasting AP endonu-  defined by subdomains named fingers, palm, and thuinb (
cleases, 5deoxyribose-5-phosphate lyases (dRPases), DNA catalyzes gap-filling synthesis in BER)(

polymerases, and DNA ligase2~«5). In mammalian sys- The recently discovered DNA polymerasg(Poli) and
tems, the role of DNA polymerage(Pol5) in BER has been  poj3 are members of the X-family DNA polymerases and
well establishedd). Po}3 has two independent domains, an  share 33% sequence identiyo&-13). Biochemical analysis
has demonstrated that Rglossesses intrinsic dRPadel)(
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Ficure 1: Purification of the N-terminal truncated human DNA
polymerasél. (A) Schematic representations of the full-length and
truncated DNA polymerasg as well as human DNA polymerase

Fiala et al.

supported by the results from immunodepletion studies
suggesting that PoJ rather than other X-family polymerases,
is primarily responsible for the gap filling associated with
NHEJ in human nuclear extractg3).

The fidelity of Pok has been estimated to be (£3.0)
x 1074 by an M13mp2 forward mutation assaly3( 19, 22)
and an M13mp2 reversion systerh3( 19, 22). However,
these mutation assays cannot provide quantitative kinetic
constants to establish the mechanism of fidelity and the
structure-fidelity relationship 24). In this study, we use pre-
steady-state kinetic methods to measure the fidelity
(102-10"% of tPolt on the basis of all 16 possible
nucleotide incorporations into single-nucleotide gapped DNA
substrates. The reason we used tRaither than the full-
length protein was due to strong dNTP substrate inhibition
on nucleotide incorporation by the full-length R¢L3, 17).
Our results showed that tPolcatalyzed the TWGMP
misincorporation with substantially higher rates than all other
mismatches. We also established a minimal mechanism of
DNA polymerization catalyzed by tPal The potentialin
vivo role of Pok was discussed.

MATERIALS AND METHODS

Materials. These chemicals were purchased from the

$8. Each domain, with amino acid residue numbers indicated above, following companies: §-32P]ATP, Perkin-Elmer Life Sci-

is shown as a rectangle. (B) SBBAGE analysis and subsequent

Coomassie Blue staining of proteins at each step of the purification.
Lanes: M, protein marker; 1, crude extracts of noninduced cells;

ences (Boston, MA); Biospin columns, Bio-Rad Laboratories
(Hercules, CA); calf intestine alkaline phosphatase, Fermen-

2, crude extracts of IPTG-induced cells; 3, cleared lysate; 4, eluatetas (Hanover, MD); dNTPs, Gibco-BRL (Rockville, MD);

from the Ni affinity column; 5, eluate from the MonoS cation-
exchange column; 6, eluate from the ssDN&ellulose column; 7,
loading elute from the DEAE-Sepharose column.

Truncated human Pbl(tPoll) lacking the N-terminal 244
residues (Figure 1A) has 2.9- and 17.7-fold higher DNA
polymerization activities than the full-length protein in the
presence of MY and Mr?+, respectively 17). Analysis of

Pfu turbo, Stratagene (La Jolla, CA); T4 polynucleotide
kinase, USB (Cleveland, OH).

Cloning and Purification of N-Terminal Truncated Poly-
merasel. The human gene encoding tRdresidues 245
575) was PCR amplified from a plasmid, pET28b-Rol
encoding the full-length P&l (K. A. Fiala and Z. Suo,
unpublished results) using the following primeyiike.for,

deletion mutants suggests that the proline-rich domain 5-GCGTCCATATGTCAAGCCAGAAGGCGACCAATC-

functionally suppresses the polymerase activity)(In the
presence of M#t, both full-length Pol and tPol display
terminal deoxyribonucleotidy! transferase activity with se-
guence preference to pyrimidine nucleotid&d) (Moreover,
Poll is shown to bypass an abasic sii®,(20).

The biological function of Pdlis not clear yet although

3, and g-like.rev, 3-GCAATTCTCGAGTCACCAGTC-
CCGCTCAG-3. The resulting PCR product was cloned into
the Ndd/Xhd sites of pET24b to construct pET24b-tRol
The constructed plasmid pET24b-tPelas transformed into
Escherichia colistrain BL21(DE3)pLysS (Stratagene) to
express tPdl fused to a C-terminal Histag. Transformed

Poll~'~ mice display hydrocephalus, situs inversus, chronic E. coli cells were grown at 37C in the presence of 40g/

sinusitis, and male infertilityZ1). The gene encoding Pol

mL kanamycin and 5@g/mL chloramphenicol until OB

is mapped to mouse chromosome 19 and shown to bereached 0.5. Then the cultures were induced with 0.4 mM
expressed at high level in the developing mouse testis, IPTG and incubated at 2ZC for 7 h. Cells were harvested

suggesting a possible function of Roin DNA repair
synthesis associated with meiosidy. It has been reported
that proliferating cell nuclear antigen (PCNA) interacts with
Poll, increasing the processivity of Foin DNA synthesis
without affecting either the rate of nucleotide incorporation
or discrimination efficiencyZ0). These results suggest that
Poll may be involved in the PCNA-dependent “long-patch”
BER pathway 19). In addition to the potential role in BER,
human DNA Pol is recently shown to generate single base

(4000 rpm, 15 min) and resuspended in buffer A (10 mM
potassium phosphate, pH 7.0, 0.5 M NaCl, 10 mM MgCI
10% glycerol, 0.1%3-mercaptoethanol, 5 mM imidazole).
After the addition of 2 mM PMSF, resuspended cells were
lysed by passing through a French press cell at 16000 psi
three times, and the resulting lysate was cleared by spinning
in an ultracentrifuge (40000 rpm, 40 min). After overnight
incubation of cleared lysate with nickel-NTA resin (Qiagen),
the tPok in the supernatant was purified through a linear

deletions at average rates substantially higher than its basegradient of 26-500 mM imidazole in buffer B (10 mM

substitution rates2?). The high deletion frequency may rule
out a significant role for Pdlin translesion synthesis and in
somatic hypermutation but may suggest tha Foinvolved

potassium phosphate, pH 7.0, 0.35 M NaCl, 2.5 mM
MgOAc;,, 10% glycerol, 0.1%53-mercaptoethanol). tPol
containing fractions were pooled and dialyzed against buffer

in repair of double-stranded breaks (DSBs) through nonho- C (50 mM Tris-HCI, pH 7.0, 25 mM NacCl, 10% glycerol, 2
mologous end-joining (NHEJ) pathways. This hypothesis is mM EDTA, 0.1%/-mercaptoethanol) at4C. The dialyzed
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Table 1: DNA 21-19/41-mer Substrates

D-1 5’ -CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3'
3’ -GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5"
D-6 5’ -CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3'
3’ -GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5"
D-7 5’ -CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3”
3’ -GCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5"
D-8 5’ -CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3’
3’ -GCGTCGGCAGGTTGGTTGAGTCGCAGCTAGGTTACGGCAGG-5"
D-12 5’'-CGCAGCCGTCCAACCAACTCA TGTCGATCCAATGCCGTCC-3’

3’ -GCGTCGGCAGGTTGGTTGAGTCACAGCTAGGTTACGGCAGG-5"

@ The downstream 19-mer primer wasghosphorylated. The top
strand was composed of two oligonucleotides (21-mer and 19-mer) with
a single-nucleotide gap between them.

protein solution was passed through a 10 mL DEAE-
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Optimized Reaction Buffer lAll experiments using tPa|
if not specified, were performed in buffer L containing 50
mM Tris-HCI (pH 8.4 at 37°C), 5 mM MgCh, 100 mM
NaCl, 0.1 mM EDTA, 5 mM DTT, 10% glycerol, and 0.1
mg/mL BSA. All reactions were carried out at 3C.

Rapid Quench Experimentsxperiments were carried out
in a rapid chemical quench-flow apparatus manufactured by
KinTek (Clarence, PA). The experiments were carried out
by allowing enzyme and DNA to preincubate in buffer L.
An aliquot of this solution (1%L) was rapidly mixed with
an equal volume of solution of the incoming nucleotide in
buffer L. The reactions were quenched with 0 of 0.37
M EDTA (final concentration) after time intervals ranging
from milliseconds to several minutes. All concentrations
reported in this paper refer to concentrations during the
reaction following rapid mixing.

Measurement of the Equilibrium Dissociation Constant of

Sepharose column (Amersham Pharmacia Biotech). Theth® Next Incoming Nucleotidé\ preincubated solution of

loading elute was applied to a MonoS 10/10 column

tPoll and a gapped DNA substrate at fixed concentrations

(Amersham Pharmacia Biotech) and eluted using a gradientVaS mixed at varying concentrations of MegdNTP (0.25-

of 50—700 mM NaCl in buffer D (25 mM HEPES, pH 7.5,
50 mM NacCl, 10% glycerol, 1 mM EDTA, 0.196-mer-
captoethanol). The fractions containing tPalere pooled
and dialyzed against buffer D. The dialyzed protein solution
was loaded into a prepacked ssDNgellulose column
(Sigma). After washing, tPalwas then eluted with a 50
1000 mM NacCl gradient in buffer C. The fractions containing
tPoll were pooled and dialyzed against buffer D. The
dialyzed tPol was passed through a 10 mL DEAE-Sepharose
column. The loading elute was dialyzed against buffer D
and concentrated using a Centriprep YM-30 (Millipore). The
concentrated protein was ultimately dialyzed against buffer
E (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1
mM DTT, 50% glycerol). tPdl was purified to>95% purity

on the basis of SDSPAGE analysis (Figure 1B). The
concentration of the purified tPblwas measured spectro-
photometrically at 280 nm using the calculated extinction
coefficient of 39367 M* cm™.

Synthetic Oligonucleotide$he DNA substrates listed in
Table 1 were purchased from either Integrated DNA
Technologies or TriLink Biotechnologies and purified by
denaturing polyacrylamide gel electrophoresis (18% acry-
lamide 8 M urea), and the concentration was determined
by UV absorbance at 260 nm with the following extinction
coefficients (Mt cm™): primer 19-merg = 171000; primer
21-mer,e = 194100; D-1 template 41-me¢, = 396700;
D-6 template 41-mek = 394200; D-7 template 41-met,
= 392200; D-8 template 41-mer= 389500; D-12 template
41-mer,e = 392400. The primer strand 21-mer wds*®
labeled by incubation with T4 polynucleotide kinase and
[y-32P]ATP for 1 h at 37°C. The unreacted/f*?P]ATP was
subsequently removed by centrifugation via a Bio-Spin-6
column (Bio-Rad). The '5*?P-labeled primer 21-mer was

120uM) in buffer L at 37°C to start the reaction. The reac-
tions at each concentration of MgdNTP were terminated
with 0.37 M EDTA at varying times from milliseconds to
minutes. The reaction products were analyzed by sequencing
gel analysis. The time course of product formation was fit
to a single exponential equation (see Data Analysis) for each
concentration of Mg -dNTP to give the observed rate con-
stant of nucleotide incorporation. Then, the observed rates
extracted from these time courses of product formation were
plotted against the concentrations of MgINTP, and these
data were fit via hyperbolic regression (see Data Analysis)
to give the equilibrium dissociation constant of dNTK,

and the maximum rate constant for incorporation of dNTP,

Kp.

Measurement of the Dissociation Rate Constant of the Next
Incoming NucleotidetPoll (60 nM), unlabeled D-8 (300
nM), [o-*?P]dGTP (20uM), and EDTA (0.5 mM) were
preincubated in a buffer which was identical to buffer L
except it lacked Mg to form the tPol-DNA-[a-32P]dGTP
ternary complex. This preincubated solution was reacted with
a solution containing a large molar excess of unlabeled dGTP
(2 mM) and Mg" (5.5 mM) for various time intervals prior
to being quenched by 0.37 M EDTA. The reaction mixtures
were analyzed as described below.

Measurement of the Dissociation Rate Constant of the
21-19/41-merA preincubated solution of tPHI(60 nM),
unlabeled D-8 (300 nM) o-3?P]dGTP (2QuM), and 0.5 mM
EDTA in a buffer which was identical to buffer L except it
lacked Mg" was reacted with a solution containing g
(5.5 mM) with no additional dGTP for various time intervals.
The reactions were subsequently stopped by the addition of
EDTA (0.37 M) and analyzed as described below.

Product Analysis.Reaction products were analyzed by
sequencing gel electrophoresis (17% acrylam@l®l urea,

then annealed with the corresponding nonradiolabeled down-1x TBE buffer) and quantitated with a Phosphorimager 445
stream primer 19-mer and template 41-mer at a molar ratio SI (Molecular Dynamics).

of 1.0:1.15:1.25, respectively, to form the 21-19/41-mer

Data AnalysisData were fit by nonlinear regression using

single-nucleotide gapped substrate (the top strand wasthe program KaleidaGraph (Synergy Software). The single

composed of two oligonucleotides with a single-nucleotide
gap). Mixtures to be annealed were denatured at®%or

8 min and then cooled slowly to room temperature over
several hours.

turnover experimental data were fit to eq 1 (single expo-
[product]= A1 — exp(—k;d)] @)
nential), whereA represents the reaction amplitude, which
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is equal to the initial concentration of the enzyme and DNA a solution of 30 nM 5%P-labeled D-1 (Table 1) was

binary complex, an#,psis the observed single turnover rate
constant. Data from measurementafof ANTP were fit to
eq 2 (hyperbola), wherl, is the maximum rate constant of

Kobs= K[ANTPJA[ANTP] + K} (2)

dNTP incorporation. The substrate specificity and polymerase

fidelity were calculated as kf/Kg) and &y/Ka)incorrec!

[(kp/Kd)Correct + (kp/Kd)incorre(;], respeCtlve|y. Data from the
measurement of the nucleotide dissociation rate condtat (
were fit to eq 3. Data from thexf3?P]dNTP incorporation

[product-3-3%P] =
[ky/(k; + ko)I[E-DNA-ANTP?P][1 — exp(-k )] (3)
experiment were fit to eq 426, 26), wherek; is the DNA

[product]= {[Kypd;t/(Kops + k)] +
[Kopd (Kops + KD1{ 1 — expl—(kops+ kDU}}EG (4)

dissociation rate constanky,s is the observed nucleotide
incorporation rate constant, ando[&s the initial enzyme
active concentration.

RESULTS

To kinetically define the fidelity and substrate specificity

preincubated with a 3-fold excess of tRPaind subsequently
mixed with 100uM dTTP at 37°C using a rapid chemical
guench apparatus. The reactions were quenched by the
addition of 0.37 M EDTA at various time intervals. The DNA
product 22-mer and unreacted substrate 21-mer were then
separated via gel electrophoresis and subsequently quantitated
using a phosphorimager. The data were fit to eq 1 (see
Materials and Methods). The single turnover rate constant
(kob9 varied with the MgCJ concentration, NaCl concentra-
tion, and the buffer pH in the three aforementioned assays.
Notably, in determining the optimal Mg&toncentration,

we observed a significant decrease in reaction amplitude as
we incrementally increased the concentration of MgCl
(Figure 2A). The amplitude decrease was likely due to high
ionic strength caused by high MgGtoncentration which
may inhibit polymerization either by disrupting the interac-
tions between tPaland its substrates (DNA and nucleotide)
or by forming a nonproductive ternary complex of tRol
DNA-dNTP @7—29). Interestingly, the observed single
turnover rate constants increased with increasing MgCl
concentration (Figure 2A). The reason for this result is not
clearly understood at present. Interestingly, the effect of
MgCl, concentration ork,ps has also been found in single-
nucleotide incorporation catalyzed by rat DNA polymerase
S (30) and Sulfolobus solfataricu®2 DNA polymerase IV
(312). Since the increase in Mg&£toncentration was con-

of a polymerase, we need to measure the dependence ofomitant with both an increase in the single turnover rate
nucleotide incorporation rates on nucleotide concentration. constant and a decrease in reaction amplitude, we decided

However, nucleotide incorporation by the full-length Pol
is inhibited when the nucleotide concentration is ovaihl
(13, 17). In the kinetic studies of the full-length human Pol
purified in our laboratory, we confirmed the observation of

to compromise at an optimal Mg&toncentration of 5 mM

MgCl,, which was the highest Mg&toncentration that still

retained full single turnover reaction amplitude (Figure 2A).
With the exception of the time courses carried out at the

substrate inhibition (W. Abdel-Gawad and Z. Suo, unpub- nonphysiological pH conditions of 6.0 and 10, we did not
lished results). Since the proline-rich domain is determined observe any other aberrations in regard to reaction amplitude
to be the suppressor on the basis of protein truncation studiesn the optimization process for either pH (Figure 2C) or NaCl

(17), we decided to prepare tRdresidues 245575, Figure

concentration (Figure 2B). The low reaction amplitudes

1A) and measure the kinetic parameters and fidelity of this observed at pH 6 and 10 indicated that the ternary complex

fragment, which does not contain the BRCT and proline-

of tPoll-DNA-dNTP became partially nonproductive due to

rich domains and should not exhibit substrate inhibition. Our the acidic or basic reaction conditions. The results obtained

kinetic experiments demonstrated that #Pehs active and

from the optimization experiments for tRlgbolymerization

no substrate inhibition was observed for this truncated were 5 mM MgC} (Figure 2A), 100 mM NacCl (Figure 2B),

enzyme (see below). tPoland Pob share 33% sequence
identity including critical residues involved in nucleotide and
DNA binding and catalysis10—13). Thus, tPol allowed
us to estimate the intrinsic fidelity of the full-length Rol
Protein Purification.The C-terminal hexahistidine-tagged
tPoll (38.2 kDa) was overexpressedhn coli BL21(DE3)
and purified to homogeneity (Figure 1B) through Ni affinity,
MonoS cation-exchange, single-stranded DMN&llulose

and pH 8.4 (Figure 2C). Thus, the optimized reaction buffer
contains 50 mM Tris-HCI, pH 8.4, 5 mM Mgg1100 mM
NaCl, 0.1 mM EDTA, 5 mM DTT, 10% glycerol, and 0.1
mg/mL BSA (buffer L). In addition, similar single turnover
rate constants and full reaction amplitudes were observed
with a 9-fold excess of enzyme over DNA (data not shown).
This indicated that the 3-fold excess of enzyme over DNA
was enough to ensure that almost all of the DNA molecules

affinity, and DEAE-Sepharose ion-exchange columns (seewere bound by tPdl| which satisfied the single turnover
Materials and Methods). The yield was approximately 10 conditions.

mg/L of initial E. coli culture. The N-terminal eight amino

Rapid Equilibrium of Nucleotide BindingThe kinetic

acid residues were confirmed by protein sequencing while mechanism of single-nucleotide incorporation into a synthetic
the C-terminal hexahistidine tag was detected by Westernprimer/template substrate catalyzed by many DNA poly-
blot analysis using anti-hexahistidine-tagged antibody (datamerases has been studied by employing pre-steady-state

not shown).
Optimization of Reaction Condition8ur first objective

kinetic methods 32—39). The minimal mechanism shared
by all DNA polymerases studied to this point, including DNA

was to optimize the reaction conditions for nucleotide polymerases (35), is shown in Scheme 1. In this scheme,

incorporation by tPdl. To optimize these conditions, we held
all components constant while independently varying MgCl

the binary complex of enzyme and DNA «@NA,) binds
an incoming nucleotide (dNTP) to form a ground-state

concentration, NaCl concentration, and pH. In these assaysternary complex EDNA.,-dNTP. This ternary complex
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Ficure 2: Optimization of the reaction conditions for tRoEffects
of Mg?* concentration, NaCl concentration, and buffer pH on the
activity of tPoll at 37°C. A preincubated solution of 52P-labeled
D-1 (30 nM) and a 3-fold excess of tFo{(120 nM) was mixed
with correct incoming nucleotide (108M dTTP) for various

reaction times under single turnover conditions. Concentrations of

all components were held constant while (A) Mgoncentration,
(B) NaCl concentration, or (C) buffer pH was varied independently.
Reaction rate constantiefs S™1) (®) and reaction amplitudes (nM)

(m) were plotted simultaneously. The activity in (C) was assayed

in 25 mM MES-NaOH buffer between pH 6.0 and 7.0, 25 mM
Tris-HCI buffer for pH 8.0 and 8.5, and 25 mM glycine-NaOH
buffer for pH 9.0 and 10.0.
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primer is elongated by one nucleotide and pyrophosphate
(PR) is formed. For subsequent turnovers to occur in single-

nucleotide incorporation, the enzyme has to dissociate from
the product ternary complex. Our kinetic analysis described

below suggested that Scheme 1 was the kinetic pathway for
DNA polymerization catalyzed by tPal

To evaluate whether the binding of an incoming nucleotide
was at rapid equilibriumign, ko > ky), we carried out an
experiment to assess the relative rate constants of dNTP
dissociation Kq) and nucleotide polymerizatioky (Scheme
1). Here, we mixed a preincubated solution of #iR&-fold
unlabeled D-8, andof-*?P]dGTP (20uM) in the optimized
buffer lacking Mg" and containing EDTA (0.5 mM) with a
solution containing a large molar excess of unlabeled dGTP
(2 mM) and Mg for various reaction times followed by
qguenching with EDTA. Although tP#lwas purified and
stored in the absence of divalent metal ions, we used
additional 0.5 mM EDTA present in the preincubated enzyme
solution to chelate any contaminant divalent cations carried
over from the protein purification. This concentration of
EDTA was shown to be sufficient to prevent any product
formation in this preincubated solution (data not shown). If
the dissociation of dNTP from the-BNA-dNTP ternary
complex was much faster than the polymerization, we would
expect to see very little'2x-3?P-labeled product formation
due to the unfavorable kinetic partitioning, and large molar
excess of unlabeled dGTP that once bound to tHaNA
binary complex would remove the ternary complex from
observation. This assay resulted in a time course showing
an insignificant amount of radiolabeled product (approxi-
mately 1 nM at the longest reaction time in Figure 3 inset).
Additionally, each product concentration in this time course
was corrected for the contribution to product formation from
the incorporation of dissociated??P]JdGTP as measured
in a control experiment. In this control experiment, we
preincubated a solution of tHio{60 nM), unlabeled D-8 (300
nM), and unlabeled dGTP (20M) in the optimized buffer
lacking Mg and containing 0.5 mM EDTA and then mixed
this solution with another solution containing a large molar
excess of unlabeled dGTP (1.98 mM), 20 [o-*?P]dGTP,
and Mg* (5.5 mM) for various reaction times.

The time course®) shown in Figure 3 was fit to eq 3
(see Materials and Methods) to obtain the nucleotide dis-
sociation rate constant from theENA-[32P]JdNTP complex.
The measureél,s andk, are 300+ 100 st and 6+ 2 s,
respectively. Thus, the nucleotide dissociation rate constant
was indeed faster than the polymerization rate constant.
Moreover, the association rate constant of the binding of
dGTP to the tPdl-D-8 binary complexkon = Koi/Kg = 1.55
x 108 M~1 s71, was calculated from the values ki (300
s1) and Ky (1.93 uM), which was measured below. This
suggested that the binding of a nucleotide to the binary
complex tPol-DNA was rapid and under diffusion control.
Therefore, the binding of a nucleotide to form the ground-
state ternary complex tPoDNA-dNTP was at rapid equi-
librium. Such a fast equilibrium has been observed with the
Klenow fragment ofE. coli DNA polymerase | 40), T7
DNA polymerase 34), and S. solfataricusP2 DNA poly-

undergoes both a protein conformational change and chemi-merase IV 82). This rapid equilibrium of nucleotide binding,

cal reaction to form the product-containing ternary complex,

E-DNAn1*PR. Notably, these two steps are simplified into

which was much faster than the polymerization, allows us
to measure the ground-state binding affinity of an incoming

one step as shown in Scheme 1. During this step, the DNA nucleotide.
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Scheme 1
kon kp k; _
EeDNA, + ANTP === EeDNA,,6dNTP == EeDNA,; ¢PPi = E + DNA,, + PPi
kogy

nucleotide was rapid and the nucleotide incorporation was
not affected by preincubating the:BENA-dNTP ternary
complex in the absence of Mgy The data M) were fit to

eq 4 (see Materials and Methods) to obtaikyg of 2.1 +

0.3 st and a DNA dissociation rate constakt (n Scheme

1) of 0.8+ 0.3 s*. The smaller observed polymerization
rate constankg,s in comparison to the, values obtained
above and below was due to the unsaturated dNTP concen-
tration used in this experiment. The reason the dlljavere

not fit into a burst equation was because khg value was

o eeese—-=: . . *— not significantly larger thak; (25, 26). The comparabl&gys

¢ 08 ! '8 andk; values prevent the appearance of an obvious burst
phase in the time cours@y.

Inset Substrate Specificity of the Correct NucleotidEhe

25 1 ground-state binding affinity of dTTPK() to the EDNA
binary complex (Scheme 1) was measured through the dTTP
concentration dependence of the single turnover rate constant
(kobg- The single turnover method was employed because
] the above measured DNA dissociation rate constaptvas

1 ] high and the burst phase was not obvious in Figure 3. The
] experiments were performed with enzyme in molar excess
05 r ] over DNA substrate to allow the direct observation of nucleo-

‘ ‘ ] tide incorporation in a single pass of the reactants through
0.5 1 15 the enzymatic pathway without complications resulting from
Reaction Time (s) the steady-state formation of producZ§). A preincubated
FiGURE 3: Measurements of dNTRds) and DNA (;) dissociation solution of 3-radiolabeled D-1 and 4-fold tPoivas reacted

rate constants and the nucleotide polymerization rate con&jnt ( with increasing concentrations of dTTP in buffer L. The

In the second time course, a preincubated solution ofitkgd DNA product 22-mer and unextended substrate 21-mer at
E“S#Aunilr?bg:gdife(nscoeo g:‘vl)l\;{g \'TVESGEaggéMV)\;it?]nio'simtl}gn differgnt time inte_r\{als were separated and quantitated as
Containing a |arge molar excess of unlabeled dGTP (2 mM) and deSC”bed In deta” N Mate”als and MethOdS. The prOdUCt
Mg?* (5.5 mM) for various reaction time®j (see figure inset). concentration was plotted against reaction time intervals. The
The product concentrations in this time course were corrected for data were subsequently fit to a single exponential, eq 1 (see

the contribution to product formation from the incorporation of ; ; ;
dissociated §-2PJdGTP (see text). The dat®) were fit to eq 3 Materials and Methods), to yield a single turnover rate

(see Materials and Methods) to obtain the nucleotide dissociation CONStant at each concentration of dTTP (Figure 4A). The
rate constantky) from the EDNA-[32P]JdNTP complex. The  Single turnover rates were then plotted against dTTP concen-
measuredr andk, are 300+ 100 and 6+ 2 s7%, respectively. In trations (Figure 4B). The data were subsequently fit to a

th? %eﬁog%tg“(g ggurﬁ)eﬁaszgﬁg%bga? N?)"'““g% CS’WEI\EAQET‘D'VPA hyperbolic equation, eq 2 (see Materials and Methods), to
unlapele - n - , an om . 1 : : _
in the absence of Mg was reacted with a solution containing g yield ak, of 6.0+ 0.2 s™ for the maximum dTTP incor

(5.5 mM) with no additional unlabeled dGTP for various reaction Poration rate constant andka of 2.4 + 0.4 uM for dTTP
times @). The data were fit to eq 4 (see Materials and Methods) binding. Additionally, the value of the substrate specificity

to obtain ak, ?f 21+03 fl and a fast DNA dissociation rate  (k,/Kg) was calculated to be 2@V~ s™1 (Table 2).
constantky) of 0.8+ 0.3 s Similar analyses implementing single turnover conditions

Measurement of the DNA Dissociation Rate Constaat ~ Were used to determine the kinetic paramet&gsy, and
ensure that the above nucleotide incorporation rate constant®/Ka) for the incorporations of the other three correct
was not affected by preincubating theCBA-dNTP ternary nucleotides, dCTP into D-6, dATP into D-7, anq dGT_P into
complex in the absence of Mgy we performed another D-8 (data not shown), and the parameters are listed in Table
control experiment. In this experiment, a preincubated 2- The ground-state binding affinity and, moreover, the
solution of tPal (60 nM), unlabeled D-8 (300 nM), s_ubstrate speqﬁcny of all four correct nucleotlde_m.corpora—
[a-3?P]dGTP (20uM), and EDTA (0.5 mM) in the optimized ~ tions under single turnover conditions were similar. The
buffer lacking Mg+ was reacted with a solution containing Pinding affinity of correct nucleotides to the tReDNA
Mg?+ and no additional unlabeled trap dGTP for various binary complex is similar to that observed in Palith a
reaction times. This experiment yielded a time course of Single-nucleotide gapped DNALY.

Product-3'-2p (nM)

Reaction Time (s)
3 T T

Product-3'-*?P (nM)

product formation M) (Figure 3) that was very similar to Substrate Specificity of the Incorrect Nucleotidere-
that obtained when a preincubated tPBINA binary steady-state kinetic analysis of incorrect dGTP incorporation
complex in the presence of Mgreacted with dNTRMg?" into D-1 was assayed by implementing similar single

(data not shown). This suggested that the binding of turnover kinetic methods as described above. tRwhs
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dTTP (uM) Ficure 5: Concentration dependence on the pre-steady-state rate
constant of incorrect dGTP incorporation. (A) A preincubated
Ficure 4. Concentration dependence on the pre-steady-state ratesolution of tPal (120 nM) and 532P-labeled D-1 (30 nM) was
constant of correct nucleotide incorporation. (A) A preincubated mixed with increasing concentrations of ktgdGTP (0.25uM,
solution of tPal (120 nM) and 532P-labeled D-1 (30 nM) was @®; 0.5uM, O; 1.5uM, B; 6 uM, O0; 12 uM, A; 30uM, A; 60 uM,
mixed with increasing concentrations of RtgdTTP (0.25«M, @; v; 100uM, v; 120uM, @) for various time intervals. The solid
0.5uM, O; 1.5uM, B; 6 uM, O; 12 uM, A; 30uM, a; 60uM, v; lines are the best fits to the single exponential equation. (B) The
120uM, v; 200uM, #) for various time intervals. The solid lines  single exponential rates obtained from the above data fitting were
are the best fits to the single exponential equation (eq 1). (B) The plotted as a function of dGTP concentration. The d®j \ere
single exponential rates obtained from the above data fitting were then fit to the hyperbolic equation, yieldingkgof 0.022+ 0.001
plotted as a function of dTTP concentration. The d® \Were st and aKq of 8.4+ 0.7 uM.
then fit to the hyperbolic equation (eq 2), yieldinggof 6.0 +
0.2 stand aKq of 2.4 + 0.4 uM.

Table 2: Pre-Steady-State Kinetic Parameters ofitPol

preincubated with 'Sradiolabeled D-1 and was then reacted dNTP  Ka (uM) ko (s7) k/Ka (@M *s™)  fidelity®
with increasing concentration of dGTP in buffer L. The Template A (D-1)

reactions were manually quenched with EDTA and analyzed dﬂg 3'2i 8-2 0-0%1& 8'2008 2'82 éw 11 Xllw
via gel electrophoresis, and the products were quantitated yo1p g4t 07 0022+ 0001 26x 102  1.1x 102
using a phosphorimager. The single turnover rate constantdCTP 5.4+ 0.4 0.062+ 0.003 11x 102  4.6x 103
observed at each concentration of dGTP was obtained Template G (D-6)

through the fit of the time course of product formation to eq dATP 2.4+0.7 0.0016+0.0001  6.7x 10  25x 10

1 (Figure 5A). The observed reaction rates were then plotted dTTP = 1.8+ 0.7 0.0115£00007 6310  24x 107

against the concentrations of dGTP, and these data were fitdGTP 3.2:0.4 0.0021+0.0008 6.5 107 25x 107
. O . dCTP 1.1+0.3 3.0+£0.2 2.7 1

by nonlinear regression into eq 2 (see Materials and Methods)

. e Template T (D-7)

to obtalnlkp, Kg, and substrate speuﬁchKdS) of O;(l)22_:i: dATP 17402  3.87+ 0.08 22 1

0.001 s* 84 + 0.7 uM, and 2.6 x 107° uM™* s, dTTP 1.9+0.3 0.004+0.001  21x10°  1.0x 107

respectively (Table 2 and Figure 5B). dGTP 2.9+14  0.20+0.02 7.1x 102  3.2x 10?2
With DNA substrates D-1, D-6, D-7, and D-8 the kinetic dCTP 1.9+0.6 0.015+ 0.002 7.8x 1073 35x 103

parameters for each nucleotide of the remaining 11 possible Template C (D-8)

incorrect single-nucleotide incorporations were determined dATP  1.44+0.3 0.0046+0.0001 3.2« 10r§ 15x 1“2
under the same single turnover conditions (Table 2). On ggTTF,; ﬂi 8'2 0'0361&’; 8'2001 1'4; icr 64 Xllcr
average, the incorrect nucleotide incorporations have only gctp 15:02 00098t 0.0002  6.4x 10° 3.0 x 10°3
about 2-fold lower ground-state binding affinit{{) and -3

. . . Template C (D-12)
orders of magnitude slower incorporation rates when com- qTTP 3.4+ 09 0.0110-0.0005  3.2x 103
pared to the four correct nucleotide incorporations. Since the dCTP 4.4+ 1.4 0.0051+ 0.0003 1.1x 1073
tight binding of mismatched nucleotldes.vyas surprising, we a calculated ask/Kq)incorecl[(Ks/Ke)carrect + (kf/Ke)incorred]-
repeated the measurements of the misincorporations and
obtained values similar to those listed in Table 2. In addition, into D-7 in the presence of a 9-fold, rather than 3-fold (Table
we measured the kinetic parameters of dCTP incorporation 2), excess of enzyme over DNA (data not shown). The values
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A B had a weak strand-displacement activity. This activity was

' not observed for the other three correct nucleotide incorpora-
tions including dTTP into D-1, dATP into D-7, and dGTP
into D-8 since only 22-mer was observed in each of these
three cases (data not shown). We believe the reason for these
observations is due to a combination of slow rates of
misincorporation on top of the downstream template G in
these three cases coupled with much shorter reaction time
intervals in these assays that yielded a negligible amount of
product 23-mer.

Surprisingly, the misincorporation of dCTP into D-1
(Figure 6B), D-7 (Figure 6C), and D-8 (Figure 6D) yielded
products ranging from 22-mer to 26-mer, and the major
product was 23-mer. Interestingly, the next two downstream
template bases of the three DNA substrates are G followed
by C. The incorporation of a second dCTP against the
template G was matched and fast while the third dCTP
incorporation was mismatched opposite the template C and
slow, leading to the accumulation of the 23-mer. The
downstream template base G seemed to facilitate the strand-
displacement activity of tPalin the multiple incorporations
FIGURE 6: Series of gel pictures showing the progression of product of dCTP. To prove this hypothesis, we changed the next
formation as a function of time under conditions of 10@ dNTP template base G in D-8 to A (D-12 in Table 1), and the

for each of the following nucleotide incorporations: (A) dCTP into ; ; ; . i ;
D-6. (B) dCTP into D-1, (C) dCTP into D-7, (D) dCTP into D-8, incorporation of dCTP into D-12 yielded predominantly the

(E) dCTP into D-12, and (F) dTTP into D-12. Unreacted substrate 22-mer and a _Sma” amc_)um of the 2,3'mer (Figure 6E).
(21-mer) is shown at the bottom of each gel picture with extended Moreover, the incorporation of dTTP into D-12 showed
products located sequentially above the corresponding unreactedsimilar pattern as dCTP into D-1, D-7, and D-8: (i) three

substrate. Reaction time intervals (seconds) are denoted below theyroducts and (i) the 23-mer as the major product (Figure
corresponding lane. 6F). The overall substrate specificitgpKq) was 5-fold lower

for dCTP incorporation into D-12 than dCTP into D-8 while
2-fold higher for dTTP into D-12 than dTTP into D-8 (Table
2). These results suggested that several misincorporations
of a single nucleotide occurred without deletions or additions.
In addition, these results were consistent with the hypothesis
that a correct incorporation among multiple misincorporations
facilitated the strand-displacement activity of tRol

30 60 120 180 240 300 420 660 900

003 0.06 01 0.16 0.26 0.4 06 09 15

10 30 45 60 120 180 240 200 420 10 30 45 60 120 180 240 300 420

Azes

10 30 45 60 120 180 240 300 420

o 45 90 120 180 240 300 520

of k, andKg differed less than 5% of those listed in Table 2.

This result not only confirmed the above conclusion that a

3-fold excess of enzyme over DNA was enough to satisfy

the single turnover conditions but also indicated that the

tighter binding of an incorrect nucleotide to the tPRINA

binary complex was not due to fast DNA dissociation.
Interestingly, while dGTP binding to the-B-7 binary

complex, which forms the ‘BGMP wobble base pair, was DISCUSSION

characteristic of incorrect nucleotide incorporation for fRol Mechanistic Studies of DNA Polymerizatiom this paper,

the maximum rate constant of polymerizatidg) was 106- we overexpressed and purified the fdike domain of Pol

100-fold faster than typical incorrect incorporations, leading (tPoli) (Figure 1). In our limited mechanistic studies of tRol

to its apparent higher substrate specificity. In contrast, the \ye determined the dNTP dissociation rate constant of 300

kinetic parameters .for the dTTP inc;orporati(.)n'into D-6t0 41 by performing an unlabeled dGTP trapping experiment
form the GATMP mismatch base pair were similar to those (rigyre 3 inset). As far as we know, this is the first direct

of other mismatches. This apparent asymmetry was observedneasurement of the dissociation rate constant of a nucleotide
only with these two mismatches. from the ground-state ternary complex0B®A-dNTP. How-

The values of substrate specificity and fidelity (see ever, this ground-state complex may not form in the absence
Materials and Methods) for all 12 incorrect incorporations of Mg2* on the basis of published crystal structures and metal
were calculated and listed in Table 2. The fidelity of ol  jon binding studies of other polymerase®2{44). These
with the single-nucleotide gapped DNA is in the range of studies have revealed a common two-metal-ion catalytic
1072=10" and it has the lowest value for the dGMP mechanism: one divalent ion is involved in both positioning
wobble base pair. the a-phosphate of the incoming nucleotide and activation

Strand-Displacement Acfty. For the incorporation of the  of its 3-hydroxyl group as a nucleophile; the other metal
correct nucleotide dCTP into D-6, we observed the formation ion both anchors the binding of tife andy-phosphates of
of both 22-mer and 23-mer products (Figure 6A). The the nucleotide and assists the leaving of the pyrophosphate.
formation of the 23-mer was due to a second dCTP The small amount of radiolabeled product shown in Figure
incorporation opposite the downstream template base G,3 (inset) suggested the existence eDEA-dNTP. However,
which was initially base paired with the downstream primer we cannot exclude the possibility that this complex may not
19-mer (Table 1). We also observed a small amount of be the same complex in the absence and presence f Mg
23-mer in addition to the major product 22-mer for the Furthermore, the measured dissociation rate constant should
incorporations of mismatched nucleotides with the exception not be for the nucleotide dissociation from the tight binding
of dCTP (data not shown). These results indicated thaftPol ternary complex EDNA-dNTP which formed after the initial
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E-DNA-dNTP complex undergoes protein conformational protein/protein or protein/DNA interactions through the
change. This is because the binding of the divalent metal BRCT domain or regulate the polymerase activity of APol
ions induces the protein conformational change which may through the proline-rich domairiLlQ—13). This hypothesis
be a prerequisite for catalytic activity by correctly positioning is supported by the preliminary results that dNTP substrate
the side chains of the residues located at the polymerasenhibition was only observed with the full-length Rolnot
active site 85, 45). Moreover, the measured dissociation rate tPoll.
constant (30079) is too high for nucleotide dissociation from Under single turnover conditions, the fidelity of tRavas
the tight binding ternary complex '"#ONA-dNTP. The estimated to be 3.2 1072 for the TTdGMP misincorporation
nucleotide association rate constant (165108 M1 s) and 10310 for all other incorrect incorporations (Table
calculated from this nucleotide dissociation rate constant also2). The latter value is similar to the single base substitution
supports the measured dissociation rate constant to be forerror rate of 9.0x 10~* when Pal fills a 5'-nucleotide gap
nucleotide dissociation from the ternary complesDEA- at a TGA codon in théacZ gene in M13mp2 DNAZ13). It
dNTP since a small nucleotide molecule is expected to bind is also similar to the base substitution rate of P@.0 x
to the EDNA binary complex at a rate constant close to the 104) scored both in théacZ o gene in M13mp2 during
diffusion limit (1.0 x 10® M~* s7%). The large nucleotide  synthesis to fill a 407-nucleotide gap and in the 6-nucleotide
association and dissociation rate constants indicated a rapidyap frame-shift reversion assag2j. Interestingly, these
equilibrium of nucleotide binding relative to nucleotide M13mp2-based assay$3 22) also reveal that the substitu-
incorporation. tion error is 10-fold higher at the-@GMP wobble base pair

In the absence of the unlabeled dGTP trap, the incorpora-than other mispairs. This observation agrees with our kinetic
tion of [a-32P]dGTP allowed us to measure the DNA results (Table 2). Therefore, the results from these M13mp2-
dissociation rate constant of 0.8!s which was less based assays are consistent with the results generated from
than 3-fold lower than the nucleotide incorporation rate our pre-steady-state kinetic analysis. However, only our
constant (Figure 3). This suggested tPlas a processivity — analysis revealed the kinetic basis for the fidelity of 2ol
[= ky(ki + kp)] of 0.72, which is defined as the likelihood (i) the selection was predominantly from the-1D000-fold
of incorporating the next correct nucleotide following each difference in incorporation rates of correct and incorrect
correct nucleotide incorporation event. The processivity value nucleotides while the ground-state binding affinity provided
of a highly processive DNA polymerase is close to 1 due to only about a 2-fold contribution, and (ii) the 10-fold lower
k, being much larger thak,. However, the processivity of  fidelity at the wobble TAGMP base pair is mainly due to
tPoll is low, which is consistent with previous reports the 10-100-fold higher misincorporation rate compared to
suggesting that this enzyme is not a processive polymerasehe other mispairs (Table 2). Notably, we did not observe
(10, 13, 17) and with its potential function as a polymerase any frame shifts which have been found to be extremely high
which fills short-patched DNA gaps in base excision repair (1072—107%) by the M13mp2-based assayz?). This dif-
pathways (see discussion below). The fast DNA dissociation ference can probably be attributed to different DNA gap
rate constant has also been found withP@l1). sizes: we used a single-nucleotide gap in our studies while

The proposed kinetic mechanism shown in Scheme 1 canK. Bebenek et al. used either 6- or 407-nucleotide gaps. The
explain all of our kinetic data at present. However, it is a downstream 5phosphorylated primer 19-mer in our DNA
minimal mechanism and requires more studies to be com-substrate 21-19/41-mer formed base pairs with the template
pleted. For example, the nucleotide incorporation in the first 41-mer and prevented the formation of a misaligned frame-
turnover could be limited by either a putative protein shift DNA intermediate since only one template base was
conformational change, as observed in replicative DNA not paired. The weak strand-displacement activity of zPol
polymerases such as T7 DNA polymera8d) (and human (see below) should not affect the frame-shift frequency since
mitochondrial DNA polymerase3@) and in Y-family DNA this activity each time unwinded only one base pair formed
polymerases such as yeast DNA polymerag83) andS. between the 19-mer and 41-mer when a single-nucleotide
solfataricusP2 DNA polymerase IV32), or the chemistry  gap is filled.
step, as observed only in the X-family DNA polymerasg3Pol The fidelity of tPok is about 16-100-fold lower than the
(44, 46). It would be interesting to see if the chemistry step fidelity of rat Pofs (recalculated as 10—1075 using the
is also rate-limiting in the first turnover of nucleotide definition of fidelity in Table 2) which was measured under
incorporation catalyzed by another X-family polymerase single turnover conditions with a single-nucleotide gapped
tPoll. The detailed kinetic mechanism of tRas currently DNA 25-19/45-mer (primer-primer/template)4). A
being studied in our laboratory. 5—10-fold higher substitution rate of Pobver Pop was

Fidelity of DNA PolymerizationThe construct of tPal also observed by the M13mp2-based ass2gs. (nterest-
unlike the full-length Pdl, did not exhibit ANTP substrate ingly, the unusually high infidelity for the wobble-dGMP
inhibition in our kinetic experiments (Figures 4 and 5), which misincorporation was not observed with Pg¢#1). In Pojs,
allowed us to estimate the fidelity of the full-length Pol  the nucleotide ground-state binding affinity contributes-10
using pre-steady-state kinetic assays. The N-terminal BRCT100-fold to the fidelity in addition to the 1681000-fold
and proline-rich domains (Figure 1A) could affect the contribution from the incorporation rateg1). The higher

misincorporation fidelity by the full-length Pl However, selection in the nucleotide ground-state binding step thereby
the fidelity of nucleotide incorporation into D-1 by the full-  contributes to higher fidelity of P@lI over Pok. The
length Pal was measured to be in the range of 30104 incorporation rates for both correct and incorrect nucleotides

(data not shown) which is similar to the fidelity of tRol  are faster with P@ than with tPal. The binding affinity of
(Table 2). Thus, the N-terminal domains do not affect the correct nucleotides to these two polymerases is similarly
intrinsic fidelity of Poll although they either mediate the high, but the incorrect nucleotides are more weakly bound
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Table 3: Different Kinetic Parameters of Human DNA tPand Rat DNA P} in the Presence of A Single-Nucleotide Gapped DNA

Substrate
tPoli Pols?2
correct incorrect correct incorrect
Kq (uM) 1.1-2.4 1.4-8.4 1.9-85 190-1600
ko (s7) 3.0-6.0 0.001-0.20 12-36 0.019-1.3
ko/Kg (M ~1s7h) 2.1-2.7 (2.8-710)x 1074 4—6 (7—250) x 107
fidelity® 102-10* 104-10"°

2 Reference24. ® Calculated ask/Ka)incorrec![(Kp/Kd)correct T (Ko/Kd)incorred]-

by PoJs than by tPol (see below). These results suggest incorrect nucleotides by binding them weakly and incorpo-

that Pop and Pal are quite different enzymes although they

rating them slowly 48). For example, the mismatched

share sequence homology and are expected to have structuralucleotides have 16€200-fold weaker binding affinity than

similarity (10—13). These different enzyme activities lead

the matched ones to the binary complex offPaihd a single-

us to believe that these two polymerases play different nucleotide gapped DNA (Table 31). The only exception

biological roles.

Wobble TdGMP Base Pair Although the ground-state
binding affinity is similar, Table 2 shows that the misincor-

is the binding affinity of mismatched dGTP opposite a
template base G in a single-nucleotide gapped DNA substrate
by African swine fever virus polymerase X, which is 5-fold

poration rate of dGTP opposite template base T is only abouttighter than the WatsonCrick base pair dCT#G (49).

10-fold slower than the incorporation of correct dATP and Interestingly, this enzyme is another member of the X-family
is much faster than all other misincoporations including dTTP DNA polymerases. The tighter binding of mismatched dGTP
opposite template base G. Such an asymmetry betweerpver matched dCTP is probably because this X-family

T-dGMP and GdTMP has been observed with DNA
polymerase (47) and not with any other DNA polymerases
including replicative polymerases. In DNA polymerasthe

polymerase has higher intrinsic affinity toward deoxypurine
triphosphates than deoxypyrimidine triphosphats-62).

The tight binding of matched nucleotides by Patith

values of the substrate specificity estimated by steady-statethe gapped DNA is partly due to the contribution of its 8

kinetic analysis are 1.5 10! and 2.85x 1072 for the
incorporations of TAGMP and GdTMP, respectively47).
The incorporation efficiency difference is even larger
(11-fold) with tPoR (Table 2). It would be interesting to see
if such an asymmetry also occurs to the full-lengthAPol
The reason for the faster formation of thedGMP wobble
base pair over the @TMP is not clear and cannot be

kDa dRPase domain revealed by crystal structut8g This
domain does not specifically contact the DNA, nucleotide,
nor the rest of P@ in the presence of a hongapped DNA
substrate ) but shows intense interactions with the down-
stream primer and the 31 kDa domain in the presence of a
single-nucleotide gapped DNAJ). This leads to tighter
interactions between the incoming nucleotide and surround-

explained simply from a hydrogen-bonding perspective. It ing amino acid residues. Although unavailable at present,
could be rationalized by consideration of increasingly favor- modeling studies show that the ternary structure of Al
able base-stacking interactions between dGTP, a purine, withexpected to be similar to the structure of fahd the tight

the 3-end base of the primer over a pyrimidine like dTTP.
The more stabilized ‘-dGMP, when compared to-GTMP,
could align the 3hydroxyl moiety of the primer and the

binding of the correct nucleotide by tRak thus structurally
reasonable. However, the difference in the binding affinity
of incorrect nucleotides by the two homologous X-family

incoming nucleotide more favorably at the enzyme active members is significant (Table 3). Although the residues
site and facilitate catalysis. The reason for the faster surrounding the incoming nucleotide in Boare mostly

formation of the TdGMP wobble base pair over the other

conserved in Pdl sequence alignment analysis suggests the

10 mispairs is not clear either. It could be rationalized by residues K27, R40, A185, K280, and D276 in humansPol
more hydrogen bonds between bases G and T than otheiare changed to S268, A280, K422, R514, and A510 in human
mispairs. Interestingly, the asymmetry between the incor- Poli, respectively 13, 22). Residue D276, which makes van

porations of FAGMP and GdTMP is not observed with PBI
(41), suggesting that the active sites of the two X-family

der Waals interactions with the base of the incoming
nucleotide in Pgt (53), weakens nucleotide binding due to

members are different. Further studies are needed to resolvéts negative charge. Mutation of this residue to a neutral
the structural basis of this wobble base pair in terms of which residue (e.g., valine and glycine) increases the correct
amino acid residues and what type of interactions are nucleotide binding affinity by 49-fold and incorrect nucle-

involved in the FTdGMP wobble base pairing.

Tight Ground-State Binding of the Incoming Nucleotide.
It is not surprising that the correct nucleotides are incorpo-

rated by tPol much faster than the incorrect nucleotides.

otide binding affinity by 2.5-fold 48, 54). Consequently,
its replacement with the uncharged A510 in Paould
account for the increase in the nucleotide binding affinity,
particularly for incorrect nucleotides. We are currently

However, Table 2 shows that the incoming nucleotides, Studying the roles of AS10 and the other four residues in
regardless of whether they are correct or incorrect, havethe binding of nucleotides by tPblthrough site-directed

relatively high and peculiarly similar binding affinity to the
binary complex of tPdl and the single-nucleotide gapped

mutagenesis and single turnover kinetic assays.
Weak Strand-Displacement Agty. Multiple product

DNA substrate. The tight binding of all incorrect nucleotides formation patterns shown in Figure 6 suggest that the
is unprecedented since most of DNA polymerases which downstream base pairs formed between the 19-mer primer
have been studied so far generally discriminate againstand the 41-mer template were melted during polymerization.
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The melting could be due to either thermal breathing of the during the G phase 18, 22, 23). This potential function is
5'-terminus of the 19-mer or the strand-displacement activity further substantiated by the end-joining role of its close
of tPoll or both. Interestingly, the misincorporations of dCTP homologue in yeast, DNA polymerase 187, 58).

into D-1, D-7, and D-8 and the misincorporation of dTTP

into D-12 yielded longer products than other types of ACKNOWLEDGMENT

mismatches, and the values of substrate specificity were
slightly higher (Table 2). These observations suggest that

the strand-displacement activity of tRptather than thermal

We thank Sudarshan Seshadri for helping us to subclone

and purify tPol.
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