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ABSTRACT: DNA polymeraseu (Pol), an X-family DNA polymerase, is preferentially expressed in
secondary lymphoid tissues with yet unknown physiological functions. In this studywRsl overexpressed

in Escherichia coliand purified to homogeneity. The purified enzyme had a lifetime<20 min at 37

°C, but was stable for ove8 h at 25°C in an optimized reaction buffer. The fidelity of human falas

thus determined using pre-steady-state kinetic analysis of the incorporation of single nucleotides into
undamaged DNA 21/41-mer substrates at°@5 Single-turnover saturation kinetics for all 16 possible
deoxynucleotide (dNTP) incorporations and for four matched ribonucleotide (rNTP) incorporations were
measured under conditions where galas in molar excess over DNA. The polymerization régg), (
binding affinity (Kq), and substrate specificitk{Kq) are 0.006-0.076 s?, 0.35-1.8uM, and (8-64) x

103 uM~1 s71, respectively, for matched incoming dNTPs;~@0) x 10°s1, 7.3-135uM, and (4

61) x 1077 uM~1 s71, respectively, for mismatched incoming dNTPs, and13) x 1074 s1, 45-302

uM, and (7-1300) x 1077 uM~1 s71, respectively, for matched incoming rNTPs. The overall fidelity of
Polt was estimated to be in the range of $#8107° for both dNTP and rNTP incorporations and was
sequence-independent. The sugar selectivity, defined as the substrate specificity ratio of a matched dNTP
versus a matched rNTP, was measured to be in the range of14®59. In addition to a slow and
distributive DNA polymerase activity, Polwas identified to possess a weak strand-displacement activity.
The potential biological roles of Polare discussed.

DNA polymeraseu (Polu)! (1, 2) is a recently identified ~ to primary lymphoid tissues8]. TdT contributes to the
member of the X-family DNA polymerases. This family diversification ofimmunoglobulin (Ig) and antigen receptors
includes terminal deoxynucleotidyl transferase (TdT), DNA by adding nontemplated nucleotides to the ™ and D-J

polymerases (Pol3), and DNA polymerasé (Poll). Pol junctions of Ig and T-cell receptor genes during V(D)J
is a DNA repair polymerase involved in base excision repair recombination ).
in eukaryotes § 4). Human Pol has 54% homology to Among the X-family polymerases, Rols most homolo-

human Pg# (identity 34%) (). The biological functions of  gous to TdT. A comparison of the human forms of these
Poll are not yet explicitly clear, although Fois proposed enzymes reveals 41% amino acid sequence ideritjt2)(
to function in meiosisg) and base excision repai)( The Sequence alignment analysis and biochemical studies indicate
Poll-deficient mice display hydrocephalus, situs inversus, that the C termini of P@d, TdT, and Pol form Pops-like
chronic sinusitis, and male infertility7. Meanwhile, TdT domains 9, 10). In addition to the Pgl-like domain, each
has been shown to catalyze nucleotide additions in aof the three polymerases contains an N-terminal BRCT
template-independent manner, and its expression is restrictedlomain @, 2, 9). This BRCT domain likely mediates
protein—protein and DNA-protein interactions, thus playing
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tion and ionizing radiation in all cell types, and is an essential 1 2 3 4
mechanism that repairs DSBs during V(D)J recombination 116 kDa- :

(13). The proposed role of Pwlin NHEJ and V(D)J 66 kDa- :
recombination is substantiated by the following vitro ) w -Polu
observations: Pgl and TdT form essentially identical 45 kDa- 5
complexes with the end-joining factors Ku and the XRCC4

ligase IV complex {4), and Pak promotes microhomology 35 kDa- b 4
searching and pairing to realign primers with terminal ;
mismatches by looping out any mismatched template nucle- 25 kDa- w= ==
otides (5. Recently, Paql, like TdT, was shown to -
incorporate both rNTPs and dNTPs using either DNA or -
RNA primers (6, 17). Additionally, Polx can also bypass 18 kDa- =~ R

S?Vera| DNA |_eSiQ”Sy incIudings-synthymidine—thymid_ine FIGURE 1: Expression and purification of human RoCoomassie
dimers, abasic sites, 8-oxoguaninesNt.ethenoadenines,  Blue staining and SDSPAGE analysis of purified human Rol

N-2-acetylaminoflourines#)- and (-)-trans-anti-benzof]- are shown: (lane 1) protein size marker; (lane 2) crude extracts of
pyreneN?-dG adducts, and platinum DNA adducts, through nonlnduced_(_:ells; (lane 3) crude extracts of IPTG-induced cells;
a deletion mechanisnig, 19). The lesion bypass ability of (lane 4) purified full-length human Pal
Polu indirectly supports the proposed mutase role of this resin (Qiagen). The supernatant was removed by centrifuga-
polymerase in somatic hypermutation. tion in a swing-bucket centrifuge (2500 rpm, 10 min), and
To evaluate the hypothesis that regardsuPast a mutase  the Poki-bound nickel resin was subsequently packed into a
in immunoglobulin (Ig) maturation, we used pre-steady-state column. Bound proteins were eluted through a linear gradient
kinetic methods to accurately measure the fidelity of human of 20—500 mM imidazole in buffer B (10 mM KHP£ pH
Pol based on all 16 possible dNTP incorporations and four 7.0, 0.35 M NaCl, 2.5 mM MgAg 10% glycerol, 0.1%
matched rNTP incorporations into normal DNA primer/ 2-mercaptoethanol). Reicontaining fractions were pooled
template substrates. In addition to the measurement ofand dialyzed again< L of buffer C (10 mM KHPQ, pH
nucleotide incorporation fidelity, the sugar selection fidelity 7.0, 0.25 M NaCl, 10% glycerol, 1 mM EDTA, 0.1%
of Pol was also determined. The potential biological B-mercaptoethanol) at 4C. The dialyzed protein solution
functions of Pqk are discussed on the basis of our pre- was loaded into a prepacked ssDNgellulose column

steady-state kinetic data. (Sigma). After washing, Pglwas then eluted with 250
1000 mM NacCl gradient in buffer C. The fractions containing
MATERIALS AND METHODS Polu were pooled and dialyzed against buffer D (25 mM

HEPES, pH 7.5, 200 mM NacCl, 10% glycerol, 1 mM EDTA,

Reagents[y-*P]JATP was purchased from Perkin-Elmer .19 g-mercaptoethanol). The dialyzed Rolvas passed
Life Sciences (BOSton, MA), dNTPs were pUrChaSEd from through a 10 mL DEAE_Sepharose column (Amersham
Gibco-BRL (Rockville, MD) and rNTPs from TriLink  pharmacia Biotech). The eluate was applied to a MonoS
Biotechnologies (San Diego, CA). Calf intestine alkaline column (Amersham Pharmacia Biotech) and eluted using a
phosphatase was from Fermentas (Hanover, MD) and T4gradient of 206-1000 mM NaCl in buffer D. Fractions
polynucleotide kinase from USB (Cleveland, OH). Biospin  containing Pqt were pooled, dialyzed against buffer D, and
columns were from Bio-Rad Laboratories (Hercules, CA), concentrated using a Centriprep YM-30 (Millipore). The
and activated calf thymus DNA was from Sigma-Aldrich  concentrated protein was ultimately dialyzed against buffer
(St. Louis, MO). All synthetic oligonucleotides used in DNA g (25 mM HEPES, pH 7.5, 200 mM NaCl, 10% glycerol, 1
substrate preparation were provided by TriLink Biotech- mmM EDTA, 1 mM DTT, 50% glycerol). Pol was purified
nologies. to >95% purity based on SDSPAGE analysis (Figure 1).

Cloning and Purification of Full-Length Human Rol The concentration of the purified Rolwas measured
Human Pak was subcloned into thidd/Xhd sites of the spectrophotometrically at 280 nm using the calculated
vector pET28b from a previously published plasmid pEGU6- extinction coefficient of 52 857 Mt cm™L. The sequence of
POLM provided by Dr. Z. Wang 15). The constructed the purified Pak was confirmed by in-gel trypsin digestion
plasmid pET28b-Pal was transformed intd. coli strain and capillary-liquid chromatographynanospray tandem
BL21-CodonPlus(DE3)-RIL (Stratagene) to express human mass spectrometry analysis (nano-LC/MS/MS) at the Cam-
Polu fused to both N- and C-terminal Hitags. Transformed  pus Chemical Instrument Center at The Ohio State Univer-
E. coli cells were grown at 37C in the presence of 40g/ sity.
mL kanamycin and 2kg/mL chloramphenicol until reaching DNA Oligomers To prepare DNA substrates for dNTP
an ODyo Of 0.55. At this point, the cultures were induced incorporation assays, a 21-mer primer was annealed to each
with 0.1 mM IPTG and incubated at & for 15 h. Cells of four different 41-mer templates (Table 1). These oligomers
were harvested (4000 rpm, 15 min) and resuspended in bufferwere purified by denaturing polyacrylamide gel electro-
A (10 mM KHPQ,, pH 7.0, 0.5 M NaCl, 10 mM MgGl phoresis (18% acrylamid@® M urea), and their concentra-
10% glycerol, 0.1%3-mercaptoethanol, 5 mM imidazole). tions were determined by UV absorbance at 260 nm with
After the addition of 1 mM PMSF and one tablet of protease the following extinction coefficients: 21-me¢,= 194 100
inhibitor cocktail (Roche), resuspended cells were lysed by M~* cm™t; D-1 41-mer,e = 397 600 Mt cm™t; D-6 41-
French press. The resulting lysate was cleared by ultracen-mer,e = 394 200 Mt cm™%; D-7 41-mer,e = 392 200 M*
trifugation (35000 rpm, 40 min). The supernatant was pooled cm™; D-8 41-mer,e = 389500 M* cm™L. The 21-mer
and incubated overnight at*€ with nickel-NTA superflow primer was 5%?P-labeled by incubation withyF*?P]JATP and
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Table 1: DNA Substrates Quenched reactions were then separated and analyzed (see
Product Analysis).
D-1 5’ -CGCAGCCGTCCAACCAACTCA i s
37 -GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG -5/ Measurement of the Substrate Specificity of an Incoming
i i 32p_
D6 5’ CGOAGCCGTCCAACCAACTCA Nucleotide A solution of 150 nM Pai and 30 nM 5P
3 -GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5' labeled D_'l (or D-6, D-7, or |_3'8)_ was preln_cubated_ n _bUﬁer
M for 5 min at 25°C. Nucleotide incorporation was initiated
D-7 5’ -CGCAGCCGTCCAACCAACTCA . . . .
3’ GCGTCGECAGGETTGATTOAGTTGCAGCTAGETTACGGCAGG -5 by the addition of increasing concentrations of ANTP (6:25
300uM) to the reaction mixture. Each reaction (D) was

D-8  5'-CGCAGCCGTCCAACCAACTCA \ o
37 -GCGTCGGCAGGTTGGTTGAGTCGCAGCTAGGTTACGGCAGG-5 manually quenched with 0.37 M EDTA (4£L) at specific

time points ranging from 6 to 600 s for correct incoming
nucleotide and from 3 mirot3 h for an incorrect incoming
, nucleotide. The reactions were subsequently analyzed as

*The downstream 19-mer primer was|_cﬁnosphorylated. The top described below.
strand was composed of two oligonucleotides (21- and 19-mer) with a
single-nucleotide gap between them. Product AnalysisAll reaction products were separated by
denaturing polyacrylamide gel electrophoresis (17% acryl-
amide, 8 M urea) in & TBE running buffer. Products and
unreacted primer were subsequently detected and quantitated
using a Phosphorimager 445 Sl and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

DNA Trap ExperimentTo qualitatively confirm distribu-

D-8g* 5’ -CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3'
3’ -GCGTCGGCAGGTTGGTTGAGTCGCAGCTAGGTTACGGCAGG-5"

T4 polynucleotide kinase at 3TC for an hour. Subsequent
centrifugation through a Biospin-6 column served to remove
any remaining §-32PJATP from the newly labeled 21-mer
mixture. Both the 21-mer and 41-mer (1:1.1 molar ratio) were
annealed to form a 21/41-mer complex by heating the O / .
mixture at 95°C for 10 min and then slowly cooling it to tive DNA polymerization by Pel, a preincubated solution

room temperature. Single-nucleotide gapped DNA was ©f 100 nM Pol and 100 nM D-8 (Table 1) in buffer M
prepared in the same manner with 21-mer, 19-mer, and 41-"€"® rapidly mixed with a sol_utlon containing both 1001
mer annealed at a 1:2:2 molar ratio, respectively. dNTPs and 2.44 mg/mL activated calf thymus trap DNA.

Reaction Buffer OptimizationUsing a rapid chemical The reaction was quenched after 30 min in 0.37 M EDTA

quench apparatus (KinTek, Clarence, PAD)( a preincu- ggfsocrr?bepdog'sg\%l?;n;gepr%iluéep\p?;?tgg) under conditions
bated solution of 40 nM 'Sradiolabeled D-1 and 200 nM ysIS).

Polt was mixed with 10«M dTTP to initiate the reaction. Data Anz_ilysis All data were fit by nonlinear regressio_n
The reactions were quenched by the addition of 0.37 M USiNg KaleidaGraph software (Synergy Software, Reading,

EDTA at various time intervals. For optimization reactions PA). _The_ concentration of _prod_ucts was plptted against
that were too slow to be efficiently performed using the rapid reaction t_|me and' the resulting time course fit to a single-
chemical quench, assays were carried out manually. In theexponentlal equation: [product A[; R eXp(—kO‘?st)]’ where
latter case, an aliquot of the reaction mixture (40 was A represents the initial concentration of the binary enzyme
withdrawn after various times and quenched with 0.37 M PNA complex andkaps represents the observed single-
EDTA (40 uL). The NaCl optimization buffer consisted of ~tU'MoVver rate.

50 mM HEPES (pH 7.5 at 37C), 10 mM MgCh, 0.2 mM The observed single-turnover rates were subsequently
EDTA, 5 mM DTT, 0.1 mg/mL BSA, 10% glycerol, and Plotted against their corresponding nucleotide concentrations,
various concentrations of NaCl ranging from 12 to 432 mM. and the data were fit to the hyperbolic equatikss =
The MgC} optimization buffer consisted of 50 mM HEPES ~ K[dNTP/(Ka + [dNTP]) to obtain the equilibrium dissocia-
(pH 7.5 at 37°C), no additional NaCl, 0.2 mM EDTA, 5  fion constantKg, and the maximum incorporation rate,
mM DTT, 0.1 mg/mL BSA, 10% glycerol, and various Data from the §-3?P]JdNTP incorporation experiment in
concentrations of MgGlranging from 2.5 to 50 mM. The  the absence of trap dNTP (nonradioactive) were fit to a
pH optimization buffer consisted of 8.75 mM MgCho burst equation41-23), [product] = {[kekat/(ky + ki)] +
additional NaCl, 0.2 mM EDTA, 5 mM DTT, 0.1 mg/imL  [k/(ko + ko]q{1 — exp[=(k, + ki)t]}}[Ed], to obtain the
BSA, 10% glycerol, and either 25 mM MESNaOH for pH DNA dissociation rate constark;, and the observed nucle-
6.0, 25 mM HEPES for pH 6:89.0, or 25 mM glycine- otide incorporation rate constaky, [Eo] is the initial enzyme
NaOH buffer for pH 10.0 at 37C. active site concentration.

Reaction Buffer M The optimized reaction buffer M RESULTS
consists of 50 mM HEPES (pH 7.8 at 3 and pH 8.0 at
25°C), 12 mM NaCl, 8.75 mM MgGl 0.2 mM EDTA, 5 Protein Purification. Although human DNA Pgl (494
mM DTT, 0.1 mg/mL BSA, and 10% glycerol. Unless noted amino acid residues and 55.9 kDa) has been reported
otherwise, all concentrations reported in this paper refer to previously to be overexpressedtncoli strains BL21(DE3)

final concentrations after mixing. (1) and BL21(DE3) pLysS3), we failed to achieve clear
Enzyme Stability Assay$o assess the stability of Rgl induction of this protein using IPTG in these strains under

solutions containing 30 nM'52P-labeled D-1 and 150 nM  various conditions including different induction temperatures,

Polu in buffer M were incubated at either 25 or 3 for induction times, and IPTG concentrations. Fortunately,

various periods of time. After times ranging from 10 minto human DNA Pak can be overexpressed B coli strain
3 h, an aliquot of the incubated mixture was withdrawn and BL21-CodonPlus(DE3)-RIL (or RP) by inducing with 0.1
mixed with 100 uM dTTP. One minute after reaction mM IPTG at 18°C (Figure 1). The codon usage in human
initiation with dTTP, each corresponding reaction mixture Pol could cause its undetectable expressioB.inoli BL21-
(10 uL) was quenched with 0.37 M EDTA (4QL). (DE3): 13 of 44 arginine codons of human Rdre rare



13830 Biochemistry, Vol. 43, No. 43, 2004 Roettger et al.

(AGA/AGG) (24). Similar results have been found in the A 02—

expression of murine TdT k. coli (25). Following the A

published reportsl( 2, 15), we added a hexahistidine tag to 01} 1

the N and C termini of Pal for the convenience of protein I

purification. Pol was purified to>95% purity (Figure 1) 0.08} 1

through nickel-NTA, ssDNA-cellulose, DEAE-Sepharose, :\_VT I

and MonoS columns (see Materials and Methods). The yield ~, 006} 1

was ~0.5 mg/L of initial E. coli culture. The sequence of «<° i

the N-terminal 139 amino acid residues of the purified.ol 0.04| 1

was confirmed by in-gel trypsin digestion and nano-LC/MS/ i

MS analysis (see Materials and Methods). The hexahistidine 0.02} 1

tags of the purified Palwere also detected by Western blot i ]

gﬂg\%ii)s using an anti-hexabhistidine tag antibody (data not 0 200 300 0 500
Reaction Buffer Optimizatiofenzyme activity is affected NacCl (mM)

significantly by the presence and identities of components,

the concentration of each component, and the pH of a B 01—
reaction buffer in arin vitro system. An optimal reaction I
buffer will allow a polymerase to incorporate nucleotides 0.08
with maximum polymerization rate and full reaction ampli-
tude. To optimize the reaction buffer, Mg@oncentration,
NaCl concentration, and pH were individually varied while
the concentrations of all other buffer components remained
fixed. Each of the optimization reactions was initiated by
mixing a preincubated solution of 40 nV-&adiolabeled D-1
primer/template (Table 1) and 200 nM Rakith 100 uM
dTTP in buffer at 37C. The reaction was quenched by 0.37
M EDTA at various time intervals. Experiments were I
accomplished either manually or by using a rapid chemical 0 ——
quench apparatus (see Materials and Methods). The opti-
mized reaction buffer M was determined to contain 12 mM
NaCl (Figure 2A) and 8.75 mM MggI(Figure 2B) and to

0.06

(1/s)

kobs

0.04

0.02

have a pH of 7.8 at 37C (Figure 2C). In the pH optimization C o2

experiments, three different buffers were used to cover a large [

pH range. To help stabilize the enzyme in these reactions, 0.1 1

0.1 mg/mL BSA and 10% glycerol were also included in I

the optimized reaction buffer M (see Materials and Methods). 0.08- 1
Enzyme Stability AssayA relatively slow rate of nucle- Q) [

otide incorporation observed in the optimization assays -, 006- ]

indicated that in order to accurately ascertain the fidelity of & [

Polu, we needed this enzyme to retain its full activity over 0.04 - ]

a span of several hours. To determine whether the recom- i

binant Pak was fully active at 37C for the desired length 0.02- 1

of time in buffer M, enzyme stability assays were conducted. i

A solution of 30 nM D-1 and 150 nM Palin buffer M was 0 "

incubated at 37C. After incubation time intervals ranging
from O to 200 min, 1QuL of the enzyme-DNA solution
was withdrawn and mixed with 100M dTTP to initiate FiGURe 2: Reaction buffer optimization. The optimal levels of
the reaction. Each reaction was stopped after exactly 1 minMgCl, concentration, NaCl concentration, and buffer pH were
(~Tty) at 37°C, which was sufficient time to allow a single ~ €xamined under single-turnover conditions at &7 by rapidly

turnover of dTTP incorporation to be completed (see below). Qﬁﬂﬂgnlg? ﬁ'\g ﬁc'z;reglmﬁgotzl%% dnTMT PP;\j't?A‘)"‘ _?L%ncNu;)gted

If the enzyme remains stable during incubation, the product concentration was varied from 12 to 432 mM. (B) The MgCl
concentration would be expected to reach full reaction concentration was varied from 2.5 to 50 mM. (C) The pH of the
amplitude €30 nM) for all incubation periods. Surprisingly, —reaction bufferdw.aszvsagiqeﬁ fl\rﬂolgns\?é% }3 égﬁ%rsfg:géeﬁttérgoyﬁrz rsates
H i were measured In .0,

t2h0e r%:ﬁdng}JSLE;E?: gtegirét%:?éﬂ?edgm?ﬁ;a!ﬁggeesrtggly mM HEPES buffer for pH 7.69.0, and in 25 mM glycineNaOH

o : buffer for pH 10.0.
that the purified Pl would not be stable long enough to
complete the slow incorrect dNTP incorporation assays at full amplitude (equal to the initial §NA concentration)
37 °C. To achieve greater stability of this enzyme over a over 3 h atthis temperature (Figure 3). In addition, we
greater period of time, we lowered the incubation temperature performed the similar enzyme stability assay with a 5-fold
and conducted the same enzyme stability assay &tC25  molar excess of D-1 over Rol(data not shown), and the
Interestingly, the product concentration remained close to product formation patterns were similar to those shown in
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Ficure 3: Pol stability assay. Solution containing 30 nM D-1
preincubated with 150 nM Pwlin optimized reaction buffer M
was incubated at either 25C (O) or 37 °C (@). Aliquots were
withdrawn after various incubation times ranging from 10 to 200
min and reacted with 10@M dTTP for 1 min at 37°C before
being quenched by 0.37 M EDTA. The product concentration was
plotted against the incubation time.

Scheme 1

kon k, ki
EeDNA, + ANTP e===> EeDNA,*dNTP @P EeDNA,;¢PPi === E + DNA,., + PPi
ko
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FiIGURE 4: Incorporation of §-32P]JdGTP into D-8. In the first time
course, a preincubated solution of P4b0 nM), unlabeled D-8
(300 nM), [0-32P]dGTP (2QuM), and 1 mM EDTA in the absence

of Mg?" was reacted with a solution containing a large molar excess
of unlabeled dGTP (2 mM) and Mg (9.75 mM) for various
reaction times @). In the second time course, a preincubated
solution of Pok (60 nM), unlabeled D-8 (300 nM)of32P]dGTP

(20 uM), and 1 mM EDTA in the absence of Mgwas reacted
with a solution containing Mg (9.75 mM) with no additional
unlabeled dGTP for various reaction timds)(

dNTP from the EDNA-[0-3?P]dNTP ternary complex was
much faster than the polymerization, we would expect to

Figure 3. Therefore, all subsequent nucleotide incorporation See Very littlea-*?P-labeled product formation due to the

assays were performed at 26.

Rapid Equilibrium of Nucleotide Binding to the Binary
Complex of Enzyme and DN&cheme 1 is a proposed
kinetic mechanism for single-nucleotide incorporation into
a synthetic primer/template substrate catalyzed by.Pdiis
minimal mechanism is shared by all DNA polymerases that
have been studied so fa23, 26—33) including two other
X-family members, P@ (29) and Pal (23). In Scheme 1,
the initially formed binary complex of enzyme and DNA
(E-DNA,) binds an incoming nucleotide (dNTP) to form a
ternary complex EDNA-dNTP. During catalysis, the DNA

unfavorable kinetic partitioning and large molar excess of
unlabeled dGTP that would trap dissociated>fP]dNTP.
This assay resulted in a time cour® §howing background-
level radiolabeled product(0.01 nM at the longest reaction
time in Figure 4). This suggested the nucleotide dissociation
rate constant was indeed much faster than the polymerization
rate constantkgs > kp). In addition, the product concentra-
tion was significantly less when compared to a similar
experiment performed with truncated Pah which ko is
determined to be 300°5(23). We therefore placed a lower
limit on the dissociation rate constant of dGTP from /ol

primer is elongated by one nucleotide, pyrophosphate (PPi)DNA to be >300 s™. In addition, the affinity of dGTPKq)

is produced, and the product-containing ternary complex, E
DNAL+1-PPI, is then formed. After catalysis, the enzyme
dissociates from EDNAn+,-PPi to initiate subsequent turn-

was measured to be 1.8 (Table 2). The association rate
constant of the binding of dGTP to the RdD-8 binary
complex, kon = ko/Kg > 1.7 x 108 M~ s7, was thus

overs. Scheme 1 sets up a kinetic basis for evaluating calculated from the values & andKq. This suggested the
substrate selection in a template-directed polymerization binding of a nucleotide to the binary complex RPANA

event catalyzed by Pael

To measure the binding affinity of an incoming nucleotide
in Scheme 1, the bindingk{,) and dissociationk) steps
have to be much faster than the nucleotide incorporakign (
such that the reversible binding of dNTP is at rapid
equilibrium. To verify this rapid equilibrium, a preincubated
solution of Pal, 5-fold unlabeled D-8, andx-*?P]dGTP (20
uM) in the optimized buffer M lacking Mg and containing
EDTA (1 mM) was mixed with a solution of excess
unlabeled dGTP (2 mM) and Mg (9.75 mM) for various
reaction times prior to being quenched with EDTA. Although

was under diffusion control or at rapid equilibrium.

Rapid DNA Dissociation and Slow Polymerizatidrhe
lack of product formation shown above could be due to
preincubation of the BBNA-dNTP ternary complex in the
absence of M. To ensure this not the case, we performed
another control experiment. In this experiment, a preincu-
bated solution of Pal (60 nM), unlabeled D-8 (300 nM),
[a-*2P]dGTP (20uM), and EDTA (1 mM) in the optimized
buffer lacking Mg+ was mixed with a solution containing
Mg?" and no additional unlabeled trap dGTP for various
reaction times. This experiment yielded a time course of

Polx was purified and stored in the absence of divalent metal product formation M) (Figure 4) that was similar to that

ions, we used additional 1 mM EDTA present in the
preincubated EDNA-[a-3?P]dNTP 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 preincu-
bated solution (data not shown). If the dissociationoef{P]-

obtained when a preincubated P&NA binary complex

in the presence of Mg reacted with ANTRMg?* (data not
shown). This suggested the nucleotide incorporation was not
affected by preincubating the BNA-dNTP ternary complex

in the absence of Mgd. Moreover, the lack of a burst phase
in the data M) suggested thk, value was significantly larger
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Table 2: Pre-Steady-State Kinetic Parameters of Human DNA Pol

sugar
nucleotide Kg (M) ko (s7Y) ko/Kgq (M1 s72) fidelity? selectivity
Template A (D-1)
dTTP 1.4+ 0.1 7.6x 102+ 1x 1073 5.6 x 1072 1 2074
ruTpP 86+ 10 23x103%4+9x 10°° 2.7x 105 48x 104
dATP 80+ 8 9.7x 105+ 4 x 10°® 1.2x10°® 2.2x 10°
dCTP 98+ 24 3.0x 104+ 3 x 10°° 3.0x 10°® 5.5x 107
dGTP 81+ 21 74x 1054+ 7 x 1078 9.1x 1077 1.6x 10°°
Template G (D-6)
dCTP 0.35+ 0.03 22x 102+ 4x 10 6.4x 1072 1 492
rCTP 56+ 13 7.3x 10%+5x%x 104 1.3x10* 2.0x 1073
dATP 89+ 11 6.1x 10°+ 3 x 107 6.9x 1077 1.1x10°
dGTP 12+ 3 40x 10°+2x 1076 3.3x 106 5.2x 10°°
dTTP 51+ 11 3.7x10°%+3x 10°° 7.1x 107 1.1x10°
Template T (D-7)
dATP 0.76+ 0.34 6.1x 103+ 5x 104 8.0x 1073 1 10959
rATP 302+ 24 22x 1044+ 7% 10°° 7.3x 107 9.1x 10°°
dCTP 24+ 10 15x10%4+1x10° 6.1x 1076 7.6x 104
dGTP 7.3t 15 3.0x 105+1x 10 4.1x 10°° 5.1x 104
dTTP 45+ 7 23x10°4+1x10°¢ 5.0x 1077 6.3x 10°°
Template C (D-8)
dGTP 1.8+ 0.5 55x 102+ 3 x 10°3 3.0x 1072 1 6122
rGTP 45+ 7 22x10%+8x 10°® 4.9x 107 16x10*
dATP 90+ 30 53x10°+8x 10°° 6.0x 1077 2.0x 10°°
dCTP 135+ 28 28x 104+ 3 x10°° 2.1x 108 6.7 x 10°°
dTTP 97+ 14 3.6x10°4+2x 106 3.7x 107 1.2x10°

aCalculated aSWKd)incorrec([(kp/Kd)correct+ (kp/Kd)incorrec]- b Calculated aSWKd)dNTP/(kp/Kd)rNTP-

than thek, value @1, 22). We attempted to fit the dat@f then plotted against dTTP concentration, and the curve was
to a burst equation (see Data Analysis under Materials andfit to a hyperbolic equation (see Materials and Methods) to
Methods) to obtain observekh andk; (Scheme 1) as we  obtain a dissociation constar{d) of 1.4+ 0.1 uM and a
have done previously with Pb(23), but failed due to lack ~ maximum rate of polymerizatiork) of 0.076+ 0.001 s*
of convergence of nonlinear regression analysis. Furtherat 25°C (Figure 5B).
kinetic experiments to determine these rate constants are Similar single-turnover experiments for the remaining
under way in our laboratory. correct nucleotide incorporations were performed with dCTP
Substrate Specificity of Incoming Correct dNTIe lack incorporation against D-6, dATP incorporation against D-7,
of a burst phase in the time course of product formatn ( and dGTP incorporation against D-8 at Z5. The measured
in Figure 4 suggested the observed reaction rate was not thezalues ofKq and k, are listed in Table 2. The substrate
true nucleotide incorporation rate in the first turnover and specificity of the incorporation of each correct nucleotide,
was complicated by the fast dissociation of the enzyme anddefined by pre-steady-state kinetics kgKy (22), was
DNA binary complex (EDNA) (22). To eliminate the calculated, and the values determined are given in Table 2.
complication from subsequent turnovers, we measured the Substrate Specificity of Incoming Incorrect dNTPo
true nucleotide incorporation rate under single-turnover evaluate if Pgl also incorporated incorrect nucleotides, we
conditions. These single-turnover experiments were per-tested all 12 possible mismatched dNTP incorporations into
formed with the enzyme in molar excess over DNA to allow D-1, D-6, D-7, and D-8 (Table 1). With a reaction time of
the direct observation of the conversion of 21/41-mer to 22- 3 h, all possible misincorporations did occur (Figure 6A).
mer/41-mer in a single pass of D-1 through the enzymatic To determine the incorporation fidelity of Rglwe used the
pathway 22). Solutions of 30 nM radiolabeled D-1 and 150 same assay described above to determine the substrate
nM Polx were incubated at 28C in buffer M and then specificity of each misincorporation (data not shown). The
reacted with increasing concentrations of the correct incom- corresponding kinetic parameters are recorded in Table 2.
ing nucleotide, dTTP. Aliquots of the reactions were Due to weak binding affinity and slow misincorporation, the
guenched with EDTA at various time intervals. The products substrate specificity for an incorrect ANTP was3orders
were separated from unextended 21-mer primer by gel of magnitude lower than the value of a correct nucleotide.
electrophoresis and the results quantitated using PhosphorThe observed tighter binding of mismatched dGTP to the
Imaging technology. The concentration of product was enzymeD-7 complex Kq = 7.3 uM) when compared to
plotted against time, and the data were fit to a single- other mismatched base pairs is likely due to the formation
exponential equation to obtain an observed single turnoverof relatively stable G:T wobble base pair. In addition, the
rate,kops for each concentration of dTTP (Figure 5A). The misincorporation of dCTP into D-1, D-7, and D-8 was more
reaction amplitudes achieved were close to 100% in all time efficient than other misincorporations in Figure 6A and
courses. These reaction amplitudes were not improved withpossessed slightly higher substrate specificity (Table 2).
a larger excess of Polover DNA (data not shown). This  These observations were possibly because dCTP skipped the
suggested that the 5-fold excess of enzyme over DNA wastemplate thymine base and base paired with the next template
enough to ensure that nearly all DNA 21/41-mer molecules base guanine. This hypothesis is supported by the fact that
were bound by the enzyme. The single-turnover rates werePolu causes frequent frameshift mutatiomeitro (15).
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FIGURe5: Substrate specificity of incoming correct nucleotide. (A)
A preincubated solution of 30 nM D-1 and 150 nM fPelas rapidly
reacted with increasing concentrations of dTTP («Rf ®; 0.50
uM, O; 1 uM, B; 2 uM, O0; 8 uM, aA; 18 uM, A; 28 uM, €; 50
uM, <; 80 uM, w) for various time intervals. The reactions were
stopped by 0.37 M EDTA. A single-exponential fit yieldkas
for each dTTP concentration. (B) A hyperbolic fit of the dTTP
concentration versugysyields aKq of 1.4+ 0.1 and &, of 0.076

+ 0.001 s

The fidelity, defined as Ky/Ka)incorrecf[(Ko/Kd)correct +
(ko/Ka)incorrec], Was calculated for all 16 possible nucleotide
incorporations (Table 2). Thus, the fidelity of ANTP polym-
erization catalyzed by human DNA Rolvas determined to
be 104—10-5 with normal primer/template DNA substrates.
Because Pal does not posses$-35' exonuclease activity,
this enzyme is thereby considered to be a low-fidelity DNA
polymerase.

Substrate Specificity of Incoming Matched rNTHIT, the
homologue of Pal, has been previously shown to incorpo-
rate both dNTPs and rNTP84, 35). To evaluate if Pgl

Biochemistry, Vol. 43, No. 43, 200413833

by Pol. The substrate specificity of each mismatched rNTP
was therefore not measured.

To determine the sugar selectivity of Rplve measured
the substrate specificity (Table 2) of each of the four matched
rNTPs using assays similar to those described above. For
example, Figure 7 shows that Rdhcorporated rGTP into
D-8 with an equilibrium dissociation constamy] of 45 +
7 uM and a maximum rate of polymerizatioky) of 0.000220
+ 0.000008 st. The fidelity of misincorporations of matched
rNTPs into DNA primer/template substrates was calculated
to be in the range of 16—10°° (Table 2). Notably, the
pyrimidines, especially CTP, had higher substrate specificities
than the purines (Table 2). The preference was probably due
to the next template base guanine, which base paired with
the pyrimidines to form the second base pairs G:C or G:U
(wobble). Interestingly, the incorporation efficiendy/Kq)
of INTPs was higher than or similar to that of mismatched
dNTPs (Table 2). This suggests that #Pohisincorporates
matched rNTPs at least as frequently as it misincorporates
unmatched dNTPs.

Surprisingly, the sugar selectivity, defined as the ratio of
the substrate specificity of a matched dNTP and a matched
INTP, k/Ka)antd/ (K/Kg)nte, Was calculated to be 492, 2074,
6122, and 10959 for the incorporation of dCTP/rCTP, dTTP/
UTP, dGTP/fGTP, and dATP/rATP (Table 2). These sugar
selectivities are significantly higher than the previously
estimated values of 1411 (16) and 1.3411.04 (L7)
obtained with single-nucleotide gapped DNA substrates.

Weak Strand-Displacement Agty. To probe if Paok
possesses strand-displacement activity, we performed the
incorporation of single dNTP or all four ANTPs into a single-
nucleotide gapped DNA D-8g (Table 1). The multiple
incorporations in the presence of all dNTPs (Figure 6C)
suggested Pgl partially displaced the downstream primer
19-mer after filling the gap. This activity was not due to
contamination of the primer/template 21/41-mer because the
DNA was annealed with a ratio of 1:2:2 for the 21-mer:19-
mer:41-mer. If there was significant amount of unwanted
21/41-mer in the reaction mixture, the product bands of 22-
mer to 24-mer should not be more intense than longer
product bands afte8 h of polymerization in the presence of
dNTPs (Figure 6C). Small amounts of products longer than
25-mer suggested the strand-displacement activity af Pol
was relatively weak. This strand-displacement activity of
Polu was not detected by Ruiz et all4). The reason we
detected this weak activity is probably due to the long
reaction time and high enzyme concentration used in our
studies. The energy source for this weak strand-displacement
activity is probably derived from the net favorable free
energy of nucleotide incorporation in addition to thermal

possesses similar activity, we performed single matched breathing of the base pairs. The slow nucleotide incorporation

rNTP incorporation into D-8, and the elongation of the DNA
primer indicated that Ppl has RNA polymerase activity
(Figure 6B). Similar results were obtained with D-1, D-6,

and D-7 (data not shown). However, consecutive incorpora-

by Pol and fast DNA dissociation result in inefficient
polymerization and little favorable free energy, which leads
to weak strand-displacement activity.

Distributive Elongation of a Primer/Template Substrate

tions of INTPs were very slow in the presence of all INTPS The kinetic studies shown in Figure 4 demonstrateg:Pol
(Figure 6B). These results have been observed previouslyhas a much higher DNA dissociation rate constant than

by others 16, 17). Additionally, misincorporations of INTPs
into D-8 (Figure 6B) were much less efficient than the

single-nucleotide incorporation rate constant, suggesting Pol
is a distributive polymerase as observed previougly2(

misincorporations of dNTPs (Figure 6A). Thus, only matched 17). To provide further evidence for this conclusion, a
rNTPs were kinetically competent enough to compete againstpreincubated solution of radiolabeled D-8 and/Pal buffer
dNTPs in the elongation of a DNA primer/template substrate M was reacted with a solution of dNTPs in buffer M
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Ficure 6: Deoxynucleotide and ribonucleotide incorporations under different reaction conditions. (A) dNTP incorp@bitfosubstrates

D-1, D-6, D-7, and D-8 (30 nM each) preincubated with;P@50 nM) were mixed with 15@M dATP (lanes A), 15:M dCTP (lanes

C), 150uM dGTP (lanes G), 15@M dTTP (lanes T), 4x 150uM dNTPs (lanes N), and no dNTP (lane B) as indicated for 3 h. (B) rNTP
incorporation. A preincubated solution of RqlLl50 nM) and D-8 (30 nM) were mixed with 15M rATP, 150uM rCTP, 150uM rGTP,
150uM rUTP, 4 x 150uM rNTPs (lane N), and no rNTPs (lane B) as indicated for 3 h. (C) dNTP incorporation into a single-nucleotide
gapped DNA substrate D-8g. Strand displacement activity gf R@ls assessed by reacting 0@ dATP, 100uM dCTP, 100uM dGTP,
100uM dTTP, and 4x 100uM dNTPs (lane N) with a preincubated solution containing D-8g (30 nM) andi/Rd60 nM). As a control,

a nongapped D-8 substrate reacted witk 400uM dNTPs was indicated in lane,NAIl reactions were quenched after 3 h. (D) DNA trap
assay Preincubated Ppl(100 nM) and D-8 (100 nM) were mixed with dNTPs (10M each) in the presence-] or absence-{) of 2.44
mg/mL activated calf thymus trap DNA for 30 min.

containing a high concentration of activated calf thymus tions of Mgt and salt (Figure 2). This suggests that
DNA (see Materials and Methods). If D-8 dissociated rapidly precautions should be taken when #@ studiedin vitro.
from Pol, any dissociated Pelmolecules would be trapped Inefficient PolymerizationThe substrate specificity (0.068
by the large molar excess of calf thymus DNA molecules, 0.064uM~1 s79) for correct dNTP incorporations by Rol
leading to no pr'oduclt fprmation. Cpnversely, in the case of (Table 2) is more than 1000-, 100-, and 10-fold lower than
a slow DNA dissociation, the primer 21-mer should be that of T7 DNA polymerase (a replicative polymerasgg)(
elongate_d to longer products. Our results_shovyn_ln Figure Pol3 (a repair polymeraseBy), and yeast DNA polymerase
6D qual|tat|ve[y demonstrated that DNA dissociation from 7 (a DNA lesion bypass polymerase}7, respectively.
Polu was relatively fast. In fact, product 22-mer was barely \oreover, the correct nucleotide incorporation rates (0-006
seen after 30 min of incubation in the presence of the trap, g 976 s?) of Pol fall into the range of misincorporation
in contrast to the extensive product formation pattern in the ,5teg by other DNA polymerases. These results suggest Pol
absence of the trap. is a very inefficient DNA polymerase in the elongation of a
primer/template substrate. It is possible thatHws higher
DISCUSSION polymerase activity with different types of DNA substrates.
To evaluate the hypothesis that human DNA polymerase Nick McElhinny and Ramsden have found that/bks a
u acts as a mutase involved in somatic hypermutat®)n ( >2100-fold higher polymerase activity with single-nucleotide
we overexpressed and purified this polymerase and deter-gapped DNA substrates, for example, D-8g (Table 1), than
mined its fidelity with the incorporations of both deoxy- with DNA primer/template substrate4 ). Alternatively,
nucleotides and ribonucleotides using pre-steady-state kinetidPolu could interact with other proteins through its N-terminal
methods under single-turnover conditions./Palas found BRCT domain, causing an increase in its polymerase activity
to be sensitive to temperature (Figure 3), pH, and concentra-and stability. Pqt has been found to associate with Ku and
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FIGURE 7: Substrate specificity of incoming correct ribonucleotide.
(A) Increasing concentrations of rGTP 41, @; 8 uM,; 25 uM,

W; 75uM, O; 125uM, a; 200uM, A; 350uM, ¢; 500 uM, <;
800 uM, ) were rapidly mixed with a solution of preincubated
D-8 (30 nM) and Pal (150 nM). Reactions were quenched at
various time increments with 0.37 M EDTA. A single-exponential
fit yields akops for each rGTP concentration. (B) A hyperbolic fit
of each rGTP concentration versus the corresponkidjipgields a

Kq of 45 + 7 and ak, of 0.000220+ 0.000008 s?.

Ligase IV in vitro (14). We are currently examining the
effects of other proteins including proliferating cell nuclear
antigen (PCNA) and single-nucleotide gapped DNA and on
the polymerase activity of Pel

Fidelity of Deoxynucleotide IncorporatiorThe deoxy-
nucleotide incorporation fidelity of Pelwas determined to
be in the range of 10—10"5 with DNA primer/template
substrate. This range was different from the fidelity (30
107) estimated by Zhang et al. using DNA primer/template
substrates and steady-state kinetic methdds. (The dif-
ference in the fidelity is predominantly due to the difficulty
in the implementation of steady-state kinetic methods by
Zhang et al. 15), although different DNA substrates and
different reaction temperatures [26 in our studies versus
30 °C in their studies15)] may have contributed. Zhang et
al. (15 used 50 fmol of DNA substrate and a relatively
significant amount of Pal (14 fmol) in order to observe

Biochemistry, Vol. 43, No. 43, 2004.3835

for several misincorporations are not reported by Zhang et
al. (15), probably due to extremely slow product formation
even under compromised steady-state reaction conditions.
Therefore, the single-turnover method used in our studies
has a clear advantage over steady-state kinetic methods,
particularly in the studies of a slow enzyme such asPol
(22).

In addition, the fidelity and substrate specificity of fol
(Table 2) are not sequence-dependent. The asymmetry of
misincorporation efficiency, for example, G:A and A:G base
pairs, previously observed with Pb(37) was not found
(Table 2).

Overall Fidelity, Sugar Selectity, and Ribonucleotide
Incorporation During the course of this study, two other
groups (6, 17) have reported the incorporation of NTPs
by Pol, which is consistent with our results shown in Figure
6B. Surprisingly, Pal incorporates matched CTP, UTP, and
GTP more efficiently than mismatched dNTPs (Table 2).
Moreover, higher cellular concentrations of rNTPs over
dNTPsin vivo will further increase the misincorporation
frequency of matched rNTPs. Thus, for any DNA poly-
merases that are capable of incorporating rNTPs, the fidelity
evaluation should include the incorporations of both dNTPs
and rNTPs. On the other hand, the incorporations of
mismatched rNTPs are much less efficient than those of the
matched rNTPs (Figure 6B), suggesting these types of
misincorporations are rare and may not need to be consid-
ered. Together, our data in Table 2 suggest the overall fidelity
of nucleotide incorporation into a DNA primer/template by
Polu is in the range of 1G°*-1075 However, further
extension of an incorporated rNTP with either ANTRS)(
or NTPs (Figure 6B and ret7) is very slow, leading to
arrest of DNA synthesis.

Surprisingly, the sugar selectivity of Rolwith DNA
primer/template substrate, 4920959 (Table 2), is similar
to that ofE. coli DNA polymerase 188, 39), but much larger
than the selection factors previously obtained with single-
nucleotide gapped DNA substrates, 1Ml (16) and 1.34-
11.04 (7). Sequence alignment analysis coupled with site-
directed mutagenesis has been used to identify amino acid
residue Gly433 as being essential for &b incorporate
rNTPs into single-nucleotide gapped DNA. This is because
the small side chain of Gly433 in motif A, unlike its
counterpart Tyr271 in Pgland Tyr505 in Pdl, does not
act as a steric barrier for thé-@H of an incoming rNTP
(17). Our results suggest the sugar selection by Riilizes
different structural mechanisms with gapped and nongapped
DNA substrates. With a primer/template substrate, a residue
other than Gly433 uses its bulky side chain to block the
binding of the 2hydroxyl of an incoming rNTP. This further
suggests the active site structure of /P different in the
presence of gapped or nongapped DNA substrates. The
interaction between the downstream primer ang:Robst
likely contribute to the structural change.

Comparison to Pgl. Pof3, an X-family DNA polymerase,
has been well characterized by pre-steady-state kin&iGs (

enough products. The enzyme/DNA substrate ratio (28%) 40—42). In comparison to P@l, Pol has a 206-500-fold

they have used is too high to maintain bona fide steady-

slower nucleotide incorporation rate); a 20-60-fold higher

state reaction conditions, and the constants they have usedhucleotide binding affinity, and an-85-fold lower substrate

to define the fidelity are not true steady-state kinetic

specificity (/Kg) for correct dNTP incorporation into primer/

parameters. The fidelity Zhang et al. estimated is thus template DNA substrates (Table 3). Rdias a 106-400-
inaccurate. Moreover, the “steady-state” kinetic parametersfold slower polymerization rate, a25-fold higher affinity,
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Table 3: Comparison of Kinetic Parameters of HumaruRold Rat Pgd with dNTP

Polu (primer/template DNA) P@l (primer/template DNAY Pol (1 nt gapped DNA)
correct incorrect correct incorrect correct incorrect
Kg (uM) 0.35-1.8 7.3-135 6.7-66 181980 1.9-85 1906-1600
ko (579) 0.006-0.076 (2-30) x 10°° 3-17 0.008-0.03 12-36 0.019-1.3
ko/Kg (M1 s7) 0.008-0.064 (4-61) x 1077 0.2-0.5 (8-100) x 10°© 4-6 (7—250) x 10°°
fidelity® 104-10"° 104-10"° 104-10"°

2 Referenced7. P ReferencetO. ¢ Calculated asky/Ka)incorrec![(Ko/Ka)correct + (Ko/Ka)incorred]-

and a 16-20-fold lower efficiency than Pglin the incor- purine-G-pyrimidine-(A/T) and short palindromes or hairpin
porations of mismatched incoming dNTPs (Table 3). Thus, loops @46—48). The error-prone mutase involved in somatic
Pols is more efficient than Palin the incorporations of both  hypermutation has not been identified despite extensive
correct and incorrect nucleotides. As a consequence of thesearches. Human DNA Rolhas been proposed to be the
aforementioned factors, the fidelity of Roand PgB with mutase based on the following characteristics: shares similar
DNA primer/template substrates is in the same range of sequence (41% identity) and domain organization with TdT,
104-10"° (Table 3). Similarly, Pg# has higher substrate  one of the key proteins in V(D)J recombination; catalyzes a
specificity in the incorporations of both correct and incorrect random insertion of nucleotides in the presence ofin
dNTPs with single-nucleotide gapped DNA substrates than and is preferentially expressed in peripheral lymphoid tissues
with normal DNA substrates, but the fidelity, in comparison, (2). However, this hypothesis is not supported by the
is unchanged (Table 3). The different kinetic results of the inefficiency of Polt as a polymerase (see above discussion)
two related X-family polymerases are difficult to explain and its relatively high dNTP incorporation fidelity (18-
structurally in the absence of a crystal structure of the ternary 1075 (Table 2). The sequence-independent fidelity ofiPol
complex of Pak, DNA, and an incoming nucleotide. On the is not consistent with the distinctive pattern of somatic
basis of the high-resolution crystal structures of the ternary hypermutation. Moreover, the fact that humanPcdtalyzes
complexes of P@ (43, 44) and the sequence alignment frameshift DNA synthesis with an unprecedented high
analysis 9, 10), we speculate that the three conserved active frequency does not support Rohs a mutase eithefl9).
site residues (D330, D332, and D418) of fdre not However, more studies are required to evaluate this mutase
positioned to be as catalytically efficient as those infPol hypothesis because both the fidelity and activity ofRean
(D190, D192, and D256) or that the-Bydroxyl of a primer be affected by the identity of the metal ion cofactor and the
is not properly aligned to attack the-phosphate group of  type of DNA substrates (i.e., nongapped versus gapped).
an incoming nucleotide. The extra N-terminal BRCT domain Although the metal ion cofactor for Polis most likely to
of Polt may also regulate its activity because the deletion be M¢?* in vivo as observed with other polymerases, this
of this domain completely abolished the polymerase activity has not been experimentally confirmed. If the metal ion were
of this enzyme (S. Sompalli and Z. Suo, unpublished results). Mn?* or Co*, the fidelity of Polt would be lower because
The similar fidelities of Pgl and PaB can be explained on  these transition metal ions are mutagerd®-51). For
the basis of the fact that two of the three residues involved example, human Pelhas been found to incorporate more
in nucleotide selection in PBI(R183, F272, and G274) are  noncanonical ribonucleotides with ¥ththan with Mg+
conserved in Pal (R323, W434, and G436Q). Because  (17). Thus, it is important to identify the metal ion cofactor
Polx binds both correct and incorrect nucleotides with higher for Polu. Additionally, if the mismatch extension fidelity of
affinity than Pap (Table 3), additional residues of Ranay Polu is low, it could decrease the overall fidelity of this
also be involved in the binding of an incoming nucleotide. polymerase and thereby substantiate the mutase hypothesis.
The different enzymatic activities of Rohnd Pgb should We are currently measuring the mismatch extension fidelity
parallel their different biological functions. As a base excision of Polu.
repair enzyme, Pglis required to be an efficient DNA Recentin vivo analysis of Pgl-deficient mice suggests
polymerase with reasonably high fidelity. In contrast,;Pol  pol is a key element contributing to the relative homogene-
may predominantly function to protect the coding ends from ity in size of light chain CDR3 and taking part in kglight
exonucleolytic attack during V(D)J recombination using its chain rearrangement at a stage where TdT is no longer
DNA-binding and proteir-protein interaction abilities, rather  expressed4s). Pol has also been shown to associate with
than utilizing its inefficient polymerase activity}p) (see  Ku and XRCC4-ligase IV proteins, which are key players
discussion below). in NHEJ and V(D)J recombinatiori{). These results clearly
Biological Functions of Human DNA Pwolin Ig Develop- demonstrate that Pwolis involved in Ig development. If
ment V(D)J recombination and somatic hypermutation are Polt is not the mutase and does not act as TdT in the
two essential mechanisms for generating antibody diversity presence of M (15, 52), it may just bind and protect
during human Ig development. The latter mechanism intro- coding ends from degradation by exonucleases during V(D)J
duces an estimated 19-10* point mutations (per base pair recombination as proposed by Bertocci et @5)( The
per generation) into the V domain of Ig genes and is essentialinefficient polymerase activity (see above discussion) afPol
for the affinity maturation of antibodies46—48). The somewhat supports this hypothetical role, but the relatively
somatic hypermutation rate is10-fold higher than the low DNA binding affinity revealed by Figure 4 does not. It
spontaneous mutation rate of the rest of the human genomeis possible Pal binds DNA more tightly in the presence of
The dominant point mutations in the VV domain are transition a nucleotide because they may form a tightly bound ternary
mutations at the G:C base pairs embedded in the motif of comples, EDNA-dNTP, as has been observed in other
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polymerases 26—28, 30—33, 53, 54). Moreover, gapped
DNA substrates are likely the intermediates during NHEJ
and V(D)J recombination and Ig class switching. /Pol
has much higher activity with short gapped DNA substrates
than regular primer/template DNA substrates)( This
property and its ubiquitous expression in various tiss@ps (
as well as its interaction with Ku and XRCC4-ligase N4}
suggest P@l may also play a role in NHEJ. More experi-
ments are required to clearly define the biological functions
of Polu.
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