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DNA polymerase � (Pol�) is a newly identified member of the polymerase X family. The biological function
of Pol� is not known, although it has been speculated that human Pol� may be a somatic hypermutation
polymerase. To help understand the in vivo function of human Pol�, we have performed in vitro biochemical
analyses of the purified polymerase. Unlike any other DNA polymerases studied thus far, human Pol�
catalyzed frameshift DNA synthesis with an unprecedentedly high frequency. In the sequence contexts exam-
ined, �1 deletion occurred as the predominant DNA synthesis mechanism opposite the single-nucleotide
repeat sequences AA, GG, TT, and CC in the template. Thus, the fidelity of DNA synthesis by human Pol� was
largely dictated by the sequence context. Human Pol� was able to efficiently extend mismatched bases mainly
by a frameshift synthesis mechanism. With the primer ends, containing up to four mismatches, examined,
human Pol� effectively realigned the primer to achieve annealing with a microhomology region in the template
several nucleotides downstream. As a result, human Pol� promoted microhomology search and microhomol-
ogy pairing between the primer and the template strands of DNA. These results show that human Pol� is much
more prone to cause frameshift mutations than base substitutions. The biochemical properties of human Pol�
suggest a function in nonhomologous end joining and V(D)J recombination through its microhomology
searching and pairing activities but do not support a function in somatic hypermutation.

Many cellular processes require a DNA polymerase (Pol),
including DNA replication, DNA repair, recombination, trans-
lesion DNA synthesis, and somatic hypermutation. Pol�, Pol�,
Polε, and Pol� are replicative DNA polymerases in eukaryotes
(16, 29). Pol� is a major polymerase required for DNA dam-
age-induced mutagenesis (21, 22). Pol� is likely involved in
repair of DNA interstrand cross-links (27). Pol�, Pol	, and
Pol
 belong to the Y (UmuC) family of DNA polymerases and
are involved in error-free and error-prone translesion synthesis
opposite various DNA lesions (9, 20, 24, 31).

Pol� is a major repair synthesis polymerase during base
excision repair in higher eukaryotes (17, 33, 36). Pol� and
terminal deoxynucleotidyltransferase (TdT) are members of
the DNA polymerase X family (13). TdT catalyzes nucleotide
addition to DNA in a template-independent manner (3, 5).
This enzyme is restricted to lymphoid tissues and functions
during V(D)J recombination of the immunoglobulin genes and
T-cell receptor genes (3, 5, 32). Most recently, the two newest
members of the DNA polymerase X family, designated Pol�
and Pol�, have been identified in humans (1, 8, 10). According
to protein sequence comparisons, Pol� is more closely related
to Pol� while Pol� is phylogenetically closer to TdT (1, 8). The
biological functions of Pol� and Pol� remain to be defined. It
has been speculated that Pol� may play a role in meiosis (10)
and that Pol� may be a somatic hypermutation polymerase (8).

V(D)J recombination and somatic hypermutation are two
essential mechanisms for generating antibody diversity during
immunoglobulin development. V(D)J recombination requires
DNA strand cleavage by the lymphoid-specific RAG1 and

RAG2 proteins, and the resulting double-strand breaks are
repaired by a nonhomologous end joining (NHEJ) mechanism
similar to that employed by other tissues to repair the broken
ends of DNA. Proteins involved in NHEJ include Ku70, Ku80,
DNA-PKcs, XRCC4, and DNA ligase IV (25). More proteins
are likely needed during NHEJ, such as a specific factor that
promotes microhomology search and microhomology pairing.
Somatic hypermutation introduces mainly point mutations into
the V region of immunoglobulin genes at a rate of 103 to
104/base pair/generation, which is �106-fold higher than the
spontaneous mutation rate in the rest of the genome (30).
Thus, somatic hypermutation probably requires a low-fidelity
DNA polymerase that possesses extraordinarily high error
rates of misincorporations opposite undamaged template bases
(4). However, this hypothetical hypermutation polymerase has
eluded extensive studies thus far.

To help understand the biological function of human Pol�,
we have extensively analyzed its biochemical properties. Sur-
prisingly, we found that human Pol� catalyzes frameshift DNA
synthesis with an unprecedentedly high frequency. Further-
more, when the primer 3� end contains base mismatches, hu-
man Pol� efficiently realigns the primer strand to form new
base pairings further downstream with the template bases.
These remarkable biochemical properties do not support a
role for human Pol� in somatic hypermutation and suggest
that human Pol� may function in NHEJ and V(D)J recombi-
nation by promoting microhomology search and microhomol-
ogy pairing.

MATERIALS AND METHODS

Materials. A mouse monoclonal antibody against the His6 tag was purchased
from Qiagen (Valencia, Calif.). Alkaline phosphatase-conjugated anti-mouse
immunoglobulin G was from Sigma Chemical Co. (St. Louis, Mo.). Oligonucle-
otides were synthesized by Operon (Alameda, Calif.). The yeast rad30 deletion
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mutant strain BY4741rad30� (MAT� his3 leu2 met15 ura3 rad30�) was pur-
chased from Research Genetics (Huntsville, Ala.). The Klenow fragment of
Escherichia coli DNA polymerase I was purchased from Gibco BRL (Bethesda,
Md.), Pfu DNA polymerase was obtained from Stratagene (La Jolla, Calif.), and
restriction endonucleases were from New England Biolabs (Beverly, Mass.).
Human Pol� was purified to apparent homogeneity as previously described (38).

Gene constructions. Human Pol� is encoded by the POLM gene (1, 8). The
POLM cDNA was obtained by PCR amplification from human pancreas cDNAs
using Pfu DNA polymerase and two primers, 5�-GCTCTAGAGTCGACATGC
TCCCCAAACGGCGG (PolMF primer) and 5�-ACATGCATGCAGGCCCCA
CCACAGC. The resulting 1.8-kb PCR product was then cloned into the SalI and
SphI sites of the vector pEGUh6, yielding pEGUh6-POLM. The POLM gene
was verified by DNA sequencing. This expression construct contains the 2�m
origin for multicopy plasmid replication, the URA3 gene for plasmid selection,

the inducible GAL1/GAL10 promoter, and six histidine codons preceding the
ATG initiator codon of the human POLM gene. To construct the mutant polm
gene, the pEGUh6-POLM plasmid was amplified by PCR with the PolMF
primer and the primer 5�-CCCAAGCTTAGGATGGGCAGGGCCTCG. The
resulting 1.2-kb DNA fragment was then cloned into the SalI and HindIII sites

FIG. 1. Analysis of purified human Pol�. (A) Purified human Pol�
(300 ng) was analyzed by electrophoresis on an SDS–10% polyacryl-
amide gel and visualized by silver staining. Protein mass markers (lane
M) are indicated on the left. (B) Purified human Pol� (300 ng) was
analyzed by Western blotting using a mouse monoclonal antibody
against the N-terminal His6 tag. (C) The mutant human Pol�
(Pol��C83) was partially purified on a Ni column, and the sample (700
ng) was analyzed by Western blotting using the mouse monoclonal
antibody against the N-terminal His6 tag. (D) The Ni column fractions
containing similar amounts of human Pol� and Pol��C83 as deter-
mined by a Western blot analysis were assayed for DNA polymerase
activity, using the template 5�-GGATGGACTGCAGGATCCGGAG
GCCGCGCG annealed with the 5� 32P-labeled primer 5�-CGCGCG
GCCTCCGGATC. The Pol��C83 sample contained 70 ng of total
proteins in the polymerase assay. DNA size markers in nucleotides are
indicated on the left.

FIG. 2. Assays for distributive DNA synthesis and proofreading
exonuclease of human Pol�. (A) DNA polymerase assays were per-
formed with 1.5 ng (27 fmol) of human Pol� at 30°C for various times
as indicated, using a 40-mer DNA template containing a 16-mer 5�
32P-labeled (asterisk) primer as shown on the right. (B) DNA sub-
strates (50 fmol) containing a T-A (template-primer) pair (lanes 1 to 3)
or a T-T mismatch (lanes 4 to 6) (sequences shown on the right) at the
primer 3� end were incubated with purified human Pol� (5 ng; 90 fmol)
for 10 min at 37°C in the DNA polymerase assay buffer without dNTPs.
Similar assays were performed with the purified Klenow fragment (1
U) of E. coli DNA polymerase I, except that the incubation time was
reduced to 2 min. The reaction products were separated by electro-
phoresis on a 20% denaturing polyacrylamide gel. Lanes 1 and 4, no
DNA polymerase. DNA size markers in nucleotides are indicated on
the sides.
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of the vector pEGUh6, yielding pEGUh6-polm�C83. The mutant gene was
verified by DNA sequencing. Expression of pEGUh6-polm�C83 in yeast cells
produces the mutant protein Pol��C83 missing the C-terminal 83 amino acids of
human Pol�.

Purification of human Pol�. Yeast BY4741rad30� cells harboring pEGUh6-
POLM were grown in minimum medium containing 2% sucrose for 2 days.
Expression of Pol� was induced by diluting the culture 10-fold in 16 liters of
YPG (2% Bacto Peptone, 1% yeast extract, 2% galactose) medium supple-
mented with 0.5% sucrose and incubation for 15 h at 30°C with shaking. The
collected cells (�100 g) were homogenized with zirconium beads in a Bead-
Beater (Biospec Products, Bartlesville, Okla.) in an extraction buffer containing
50 mM Tris-HCl, pH 7.5, 600 mM KCl, 5 mM �-mercaptoethanol, 10% sucrose,
and protease inhibitors (37). The clarified extract (�120 ml) was loaded onto two
connected HiTrap chelating columns (5 ml each) charged with NiSO4 (Amer-
sham Pharmacia Biotech, Piscataway, N.J.), followed by washing the column
sequentially with 100 ml of Ni buffer A (20 mM KH2PO4, pH 7.4, 0.5 M NaCl,
10% glycerol, 5 mM �-mercaptoethanol, and protease inhibitors) containing 10
mM imidazole and 100 ml of Ni buffer A containing 35 mM imidazole. Bound
proteins were eluted with a linear gradient of 35 to 108 mM imidazole. The
His6-tagged human Pol� was identified by Western blot analyses using a mouse
monoclonal antibody specific to the His6 tag. The pooled sample (�150 ml) was
concentrated by polyethylene glycol 10,000 and desalted through 5 connected
Sephadex G-25 columns (5 ml each) (Amersham Pharmacia Biotech) in fast-
protein liquid chromatography (FPLC) buffer A (50 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 10% glycerol, and 5 mM �-mercaptoethanol) containing 80 mM KCl.
The resulting sample (�50 ml) was loaded onto an FPLC Mono S HR5/5 column
(Amersham Pharmacia Biotech) and eluted with a 30-ml linear gradient of 80 to
600 mM KCl in FPLC buffer A. Human Pol� was eluted at �250 mM KCl. The
Mono S fractions of human Pol� were concentrated to 250 �l by polyethylene
glycol 10,000 and loaded onto an FPLC Superdex 200 gel filtration column that
had been equilibrated in FPLC buffer A containing 150 mM KCl. Human Pol�
was eluted at the �60-kDa position.

DNA polymerase assays. A standard DNA polymerase reaction mixture (10
�l) contained 25 mM KH2PO4 (pH 7.0), 5 mM MgCl2, 5 mM dithiothreitol, 100
�g of bovine serum albumin/ml, 10% glycerol, 50 �M deoxynucleoside triphos-
phates (dNTPs) (dATP, dCTP, dTTP, and dGTP individually or together as
indicated), 50 fmol of a DNA substrate containing a 32P-labeled primer, and
purified DNA polymerase as indicated. After incubation at 30°C for 10 min or as
otherwise indicated, reactions were terminated with 7 �l of a stop solution (20
mM EDTA, 95% formamide, 0.05% bromophenol blue, and 0.05% xylene cya-
nol). The reaction products were separated by electrophoresis on a 20% dena-
turing polyacrylamide gel and visualized by autoradiography.

Kinetic analysis of human Pol�. Kinetic analysis of human Pol� was per-
formed as previously described (6, 38). Briefly, the assays were performed using
50 fmol of a DNA substrate containing a 5� 32P-labeled primer, 0.75 ng (14 fmol)
of purified Pol�, and increasing concentrations of each dNTP (dATP, dCTP,
dTTP, or dGTP). Incubations were for 10 min at 30°C under standard DNA
polymerase assay conditions. Longer incubations of up to 120 min were required
to detect some misincorporations by human Pol�. The reaction products were
separated by electrophoresis on a 20% denaturing polyacrylamide gel and quan-
titated by scanning densitometry. The observed enzyme velocity (v) was plotted
as a function of dNTP concentration. The plotted data was fitted by a nonlinear
regression curve to the Michaelis-Menton equation, v � (Vmax � [dNTP])/(Km �
[dNTP]), using the SigmaPlot software. Vmax and Km values for the incorporation
of the correct and the incorrect nucleotides were obtained from the fitted curves.
The relative error rate (finc) of nucleotide incorporation was calculated from the
equation: finc � (Vmax/Km)incorrect/(Vmax/Km)correct.

RESULTS

Purification of human Pol�. Following its expression in
yeast cells, we have purified human Pol� to near homogeneity
(Fig. 1A). The identity of human Pol� was confirmed by West-

FIG. 3. Fidelity of human Pol�. (A) Sequences from the JH4-JH5 intron of the rearranged human JH gene were used as DNA templates for
polymerase assays; the analyzed template bases are underlined. Each primer was labeled at its 5� end with 32P as indicated by an asterisk. (B)
Polymerase assays were performed with 50 fmol of DNA and 1.5 ng (27 fmol) of human Pol� in the presence of a single dNTP (dATP [A], dCTP
[C], dTTP [T], or dGTP [G]) or all four dNTPs (N4) as indicated. DNA size markers in nucleotides are indicated on the left.
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ern blot analysis using a mouse monoclonal antibody specific to
the His6 tag at its N terminus (Fig. 1B). The purified human
Pol� migrated as a 60-kDa protein on a sodium dodecyl sulfate
(SDS)–10% polyacrylamide gel (Fig. 1A and B), consistent
with its calculated molecular mass of 55 kDa. Separately, we
deleted the C-terminal 83 amino acids of human Pol� by gene
deletion. Since the mutant protein (Pol��C83) lacks several
conserved amino acid residues that are known to be critical for
Pol� activity (2, 8), Pol��C83 is expected to lose the polymer-
ase activity. Using the same vector and under conditions iden-
tical to those with the wild-type human Pol�, the His6-tagged
Pol��C83 mutant protein was expressed in yeast cells and
partially purified by an affinity Ni column. As indicated by
Western blot analysis using the monoclonal antibody against
the His6 tag, the Pol��C83 protein migrated as a 48-kDa
protein on an SDS–10% polyacrylamide gel (Fig. 1C), consis-
tent with its calculated molecular mass of 45 kDa. Using sim-
ilar amounts (as estimated from a Western blot analysis) of the
Ni column fractions of Pol� and Pol��C83, a DNA polymer-
ase activity was readily detected with the wild-type Pol� (Fig.
1D, lane 1) but was undetectable with the Pol��C8 mutant
(Fig. 1D, lane 2). These results show that the DNA polymerase
activity being studied is intrinsic to the purified human Pol�
rather than a contaminant DNA polymerase from yeast.

Human Pol� is a distributive polymerase that lacks a 3�3
5� proofreading exonuclease activity. In a standard DNA poly-
merase assay, purified human Pol� extended the 32P-labeled
16-mer primer by 1 nucleotide in 2 min. With increasing reac-
tion time, longer DNA strands were synthesized (Fig. 2A).
However, DNA synthesis largely stopped after polymerizing
only 6 nucleotides in 60 min (Fig. 2A, lane 6). When human
Pol� was increased by 20-fold (10-fold molar excess over the

template), only 9 nucleotides were polymerized in 10 min (data
not shown). Thus, human Pol� is a distributive polymerase and
is capable of only short-stretch DNA synthesis. To examine the
3� 3 5� proofreading exonuclease activity, we incubated hu-
man Pol� with two DNA templates containing either a
matched or a mismatched base pair at the primer 3� end (Fig.
2B). While the proofreading exonuclease activity of the Kle-
now fragment of E. coli DNA polymerase I was readily de-
tected (Fig. 2B, lanes 2 and 5), human Pol� did not degrade
either the matched or the mismatched primers (Fig. 2B, lanes
3 and 6). These results show that human Pol� does not possess
a 3� 3 5� proofreading exonuclease activity.

DNA synthesis fidelity of human Pol�. To determine
whether the biochemical properties of human Pol� are con-
sistent with a role in somatic hypermutation as speculated
recently (8), we examined the DNA synthesis fidelity of this
polymerase. Sequences from the JH4-JH5 intron of the rear-
ranged human JH gene were chosen for analyzing Pol� fidelity
such that the results could be compared with the reported
hypermutation spectrum (18). DNA polymerase assays with
purified human Pol� were performed in the presence of only
one dNTP, using templates A, C, T, and G (Fig. 3A). Except
for some G incorporation with the template A substrate (Fig.
3B, Temp A, lane 5), misincorporation by human Pol� was not
detectable in these sequence contexts (Fig. 3B).

To quantitatively measure DNA synthesis fidelity, we per-
formed steady-state kinetic analyses of nucleotide incorpora-
tion by human Pol�, using a method described by Creighton et
al. (6). DNA polymerase assays were performed with increas-
ing concentrations of a single dNTP using 14 fmol of purified
human Pol� and 50 fmol of the primed templates A, C, T, and
G (Fig. 3A), respectively. Four kinetic parameters were ob-

TABLE 1. Kinetic measurement of nucleotide incorporation by human Pol�a

dNTP Vmax (fmol/min;
mean � SD)

Km (�M; mean
� SD) Vmax/Km finc

b

Template A
dATP 0.036 � 0.0004 351.4 � 183.3 0.00010 5.4 � 105

dCTP NDc ND 0.00038 2.1 � 104

dTTP 3.48 � 0.17 1.89 � 0.43 1.84 1
dGTP 2.13 � 0.05 32.4 � 2.55 0.066 3.6 � 102

Template C
dATP 1.73 � 0.24 140.4 � 62.1 0.012 1.9 � 103

dCTP 2.83 � 0.24 224.8 � 53.9 0.013 2.0 � 103

dTTP 2.24 � 0.30 174.6 � 69.6 0.013 2.0 � 103

dGTP 3.5 � 0.16 0.55 � 0.12 6.36 1

Template T
dATP 3.25 � 0.03 7.76 � 0.23 0.42 1
dCTP ND ND 0.00030 7.1 � 104

dTTP 0.20 � 0.05 685.9 � 309.3 0.00029 6.9 � 104

dGTP 0.033 � 0.004 74.6 � 25.0 0.00044 1.0 � 103

Template G
dATP 0.11 � 0.03 567.5 � 457.7 0.00019 1.5 � 103

dCTP 1.90 � 0.17 14.8 � 4.02 0.13 1
dTTP ND ND 0.000038 2.9 � 104

dGTP ND ND 0.00027 2.1 � 103

a DNA templates shown in Fig. 3A were used for kinetic analyses.
b finc � (Vmax/Km)incorrect/(Vmax/Km)correct.
c ND, not detected. The reaction velocity (v) remained linear throughout the entire dNTP concentration range used (0 to 3,000 �M). Therefore, individual Vmax and

Km values could not be determined based on the v-versus-[dNTP] plot. The Vmax/Km value was determined by the slope of the initial velocity.
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tained: Vmax, Km, Vmax/Km, and finc (Table 1). As indicated by
the Vmax/Km values, human Pol� activity is most efficient op-
posite template C and much less efficient opposite the other
three template bases (Table 1). The fidelity of nucleotide incor-
poration is indicated by the (Vmax/Km)incorrect/(Vmax/Km)correct

values (finc) (6). Except for G incorporation with the template
A substrate, the misincorporation error rates (finc) of human
Pol� were not exceptionally high (Table 1) compared to those
of human DNA polymerases �, 	, and 
 (14, 15, 19, 23, 28, 38,
39). Furthermore, the Pol� specificity of misincorporations at
the examined A, C, T, and G sites were generally inconsistent
with the reported hypermutation specificity at the correspond-
ing sites of the human JH4-JH5 intron (18).

To further examine whether human Pol� is indeed prone to
G misincorporation opposite template A, we performed the
analysis again with a different template, 3�-GCCGGAGGCC
AATCATACAAGCTTAC-5� (the analyzed template A is un-
derlined). In this sequence context, G, A, or C incorporations
were not detected (data not shown). This and other experi-
ments (see below) led us to infer that the G incorporation with
the template A substrate shown in Fig. 3B is probably a result
of 1 frameshift DNA synthesis opposite template C 2 nucle-
otides downstream rather than misincorporation opposite tem-
plate A.

FIG. 4. Frameshift DNA synthesis at the template GG sequence by
human Pol�. (A) Using the indicated DNA substrate, standard DNA
polymerase assays were performed with human Pol� (23 ng; 605 fmol)
or human Pol� (1.5 ng; 27 fmol) in the presence of a single dNTP
(dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs (N4)
as indicated. (B) Polymerase assays were performed at 37°C for 30
min, using human Pol� (23 ng; 605 fmol) or human Pol� (30 ng; 540
fmol) as indicated. After the polymerase reaction, 5 �l of the reaction
products was mixed with 2 �l of H2O, 1 �l of the 10� PstI buffer (500
mM Tris-HCl, pH 8.0, 100 mM MgCl2, and 500 mM NaCl), and 2 �l
of PstI (20 U). After incubation at 37°C for 4 h, the digested products
were separated by electrophoresis on a 20% denaturing polyacryl-
amide gel and visualized by autoradiography. Samples without () or
with (�) PstI treatment are indicated. Underline, PstI recognition
sequence; arrows, PstI cleavage sites. (C) Using single-stranded
M13mp18 containing a 17-mer 5� 32P-labeled (asterisk) primer, DNA
polymerase assays were performed with human Pol� (23 ng; 605 fmol)
or human Pol� (7.5 ng; 135 fmol) at 30°C for 10 min in the presence
of a single dNTP or all four dNTPs as indicated. The analyzed tem-
plate GG sequence is underlined. DNA size markers in nucleotides are
indicated on the sides.

FIG. 5. Frameshift DNA synthesis at the template TT sequence by
human Pol�. (A) Using the indicated DNA substrate, standard DNA
polymerase assays were performed with human Pol� (23 ng; 605 fmol)
or human Pol� (1.5 ng; 27 fmol) in the presence of a single dNTP
(dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs (N4)
as indicated. (B) Polymerase assays were performed at 37°C for 30
min, using human Pol� (23 ng; 605 fmol) or human Pol� (30 ng; 540
fmol) as indicated. After the polymerase reaction, 5 �l of the reaction
products was mixed with 2 �l of H2O, 1 �l of the 10� SphI buffer (100
mM Tris-HCl, pH 7.9, 100 mM MgCl2, 500 mM NaCl, and 10 mM
dithiothreitol), and 2 �l of SphI (10 U). After incubation at 37°C for
4 h, the digested products were separated by electrophoresis on a 20%
denaturing polyacrylamide gel. Samples without () or with (�) SphI
treatment are indicated. DNA size markers in nucleotides are indi-
cated on the left. Asterisk, 32P label. Underline, SphI recognition
sequence; arrows, SphI cleavage sites.
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Frequent frameshift DNA synthesis by human Pol�. We
consistently observed that the DNA synthesis fidelity and nu-
cleotide incorporation specificity of human Pol� were strongly
influenced by the sequence context, with the single-nucleotide
repeat sequences having the most dramatic effect. These ob-
servations led us to suspect that human Pol� may be especially
prone to frameshift DNA synthesis in many sequence contexts.
To directly examine this possibility, we analyzed DNA synthesis
by human Pol� from template GG, TT, AA, and CC sequences.

A labeled 17-mer primer was annealed to the template GG,
in which the primer 3� end was paired to the 3� G of the GG
sequence (Fig. 4A and B). Normal DNA synthesis would lead
to C incorporation, as observed with Pol�-catalyzed DNA syn-
thesis (Fig. 4A, lanes 1 to 5). Misaligning the primer 3� C to the
next template G would result in T incorporation and 1
frameshift DNA synthesis. As shown in Fig. 4A (lanes 6 to 10),
human Pol� predominantly incorporated T. With higher Pol�
concentration and extended incubation time, longer DNA
strands were synthesized by human Pol� (Fig. 4B, lane 3),
allowing us to examine the synthesis products by PstI restric-
tion digestion. Normal DNA synthesis would yield a 22-mer

32P-labeled DNA fragment after the PstI cleavage, as was ob-
served with human Pol�-catalyzed DNA synthesis (Fig. 4B,
lane 2). With Pol�-catalyzed DNA synthesis, the PstI cleavage
yielded a major 21-mer DNA fragment (Fig. 4B, lane 4). These
results demonstrate that DNA synthesis by human Pol� at the
examined template GG sequence is mediated predominantly
by a 1 frameshift mechanism.

To determine whether this surprising result reflects an arti-
ficially short DNA template, which may be structurally more
flexible, or reflects an intrinsic biochemical property of human
Pol�, we performed DNA synthesis at the GG sequence using
single-stranded M13mp18 circular DNA (7,249 bases) as the
DNA template (Fig. 4C). As expected, human Pol� incorpo-
rated a C opposite the 5� G of the GG sequence (Fig. 4C, lanes
1 to 5). In contrast, 1 frameshift DNA synthesis would in-
corporate an A opposite the template T 5� to the GG sequence
(Fig. 4C). Again, human Pol� most frequently incorporated an
A (53% primer extension) and less frequently incorporated the
correct C (39% primer extension) (Fig. 4C, lanes 6 to 10),
indicating that DNA synthesis at the template GG sequence
was mediated mainly by a 1 frameshift mechanism. In the
presence of all four dNTPs (Fig. 4C, lane 6), nucleotide se-

FIG. 6. Frameshift DNA synthesis at the template AA sequence by
human Pol�. (A) Using the indicated DNA substrate, standard DNA
polymerase assays were performed with human Pol� (23 ng; 605 fmol)
or human Pol� (1.5 ng; 27 fmol) in the presence of a single dNTP
(dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs (N4)
as indicated. Quantitation of extended primers is shown below the gels.
(B) Polymerase assays were performed at 37°C for 30 min, using
human Pol� (23 ng; 605 fmol) or human Pol� (30 ng; 540 fmol) as
indicated. After the polymerase reaction, 5 �l of the reaction products
was mixed with 2 �l of H2O, 1 �l of the 10� NlaIII buffer (200 mM
Tris-acetate, pH 8.0, 100 mM MgCl2, 500 mM potassium acetate, and
10 mM dithiothreitol), and 2 �l of NlaIII (20 U). After incubation at
37°C for 4 h, the digested products were separated by electrophoresis
on a 20% denaturing polyacrylamide gel. Samples without () or with
(�) NlaIII treatment are indicated. DNA size markers in nucleotides
are indicated on the left. Asterisk, 32P label; underline, NlaIII recog-
nition sequence; arrows, NlaIII cleavage sites.

FIG. 7. Frameshift DNA synthesis at the template TT sequence by
human Pol�. (A) Using the indicated DNA substrate, standard DNA
polymerase assays were performed with human Pol� (23 ng; 605 fmol)
or human Pol� (1.5 ng; 27 fmol) in the presence of a single dNTP
(dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs (N4)
as indicated. Quantitation of extended primers is shown below the gels.
(B) Polymerase assays were performed at 37°C for 30 min, using
human Pol� (23 ng; 605 fmol) or human Pol� (30 ng; 540 fmol) as
indicated. After the polymerase reaction, 5 �l of the reaction products
was treated with 20 U of PstI as for Fig. 4B. The digested products
were separated by electrophoresis on a 20% denaturing polyacryl-
amide gel. Samples without () or with (�) PstI treatment are indi-
cated. DNA size markers in nucleotides are indicated on the left.
Asterisk, 32P label; underlne, PstI recognition sequence; arrows, PstI
cleavage sites.
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quence synthesized by human Pol� is consistent with 5�-
AGTG (the 1 deletion product), based on the migration
pattern of the DNA bands (mobility from fastest to slowest,
C�A�T�G). Therefore, we conclude that the unprecedent-
edly high frequency of 1 frameshift DNA synthesis at the
template GG sequence is an intrinsic property of human Pol�.

At the template TT sequence (Fig. 5), human Pol� incor-
porated an A opposite the 5� T, as expected for normal DNA
synthesis (Fig. 5A, lanes 1 to 5). The 1 frameshift DNA
synthesis would lead to T incorporation opposite the template
A 5� to the TT sequence (Fig. 5). As shown in Fig. 5A (lanes
6 to 10), human Pol� predominantly incorporated T. Remark-
ably, the correct A incorporation by human Pol� had become
barely detectable (Fig. 5A, lane 7). Cleavage of the synthesized
DNA products by SphI restriction endonuclease would yield a
32P-labeled 24-mer DNA fragment, as was observed with hu-
man Pol�-catalyzed DNA synthesis (Fig. 5B, lane 2). With
Pol�-catalyzed DNA synthesis, the SphI cleavage yielded a
major 23-mer DNA fragment (Fig. 5B, lane 4). Pol�-synthe-
sized products were less efficiently cleaved by SphI (Fig. 5B,
compare lanes 2 and 4), probably due to shorter DNA strands
and/or the 1-nucleotide loop on the template strand. These
results show that DNA synthesis by human Pol� at the exam-
ined template TT sequence is mediated predominantly by a 1
frameshift mechanism.

At the template AA sequence (Fig. 6), human Pol� incor-
porated a T opposite the 5� A, as expected for normal DNA
synthesis (Fig. 6A, lanes 1 to 5). The 1 frameshift DNA
synthesis would lead to C incorporation opposite the template
G 5� to the AA sequence (Fig. 6). As shown in Fig. 6A (lanes
6 to 10), human Pol� most frequently incorporated C. Less
frequently, A could also be incorporated by human Pol� (Fig.
6B, lane 7), which most likely resulted from 2 frameshift
DNA synthesis by using the template T 3 nucleotides down-
stream of the primer 3� end. Cleavage of the Pol�-synthesized
products with NlaIII restriction endonuclease yielded a major
22-mer DNA band (Fig. 6B, lane 2), as expected for normal
DNA synthesis. In contrast, identical treatment of the Pol�-
synthesized products with NlaIII yielded a major 21-mer DNA
band (Fig. 6B, lane 4). The less efficient cleavage of Pol�-
synthesized products by NlaIII (Fig. 6B, compare lanes 2 and

4) was probably due to shorter DNA strands; the 1-nucleotide
loop on the template strand; 2 frameshift DNA synthesis,
which would destroy the NlaIII recognition site; or combina-
tions of these factors. These results show that DNA synthesis
by human Pol� at the examined template AA sequence is
mediated predominantly by a 1 frameshift mechanism.

At the template CC sequence (Fig. 7), human Pol� incor-
porated a G opposite the 5� C, as expected for normal DNA
synthesis (Fig. 7A, lanes 1 to 5). The 1 frameshift DNA
synthesis would lead to T incorporation opposite the template
A 5� to the CC sequence (Fig. 7). As shown in Fig. 7A (lanes
6 to 10), human Pol� favored T incorporation over the correct
G incorporation. Minor C incorporation was also observed
(Fig. 7A, lane 8), which most likely resulted from 2 frame-
shift DNA synthesis by using the template G 3 nucleotides
downstream of the primer 3� end. Cleavage of the Pol�-syn-
thesized products with the PstI restriction endonuclease
yielded a major 20-mer DNA band (Fig. 7B, lane 2), as ex-
pected for normal DNA synthesis. In contrast, following PstI
cleavage of the Pol�-synthesized products, 1.3-fold more 19-
mer DNA band than 20-mer DNA band was formed (Fig. 7B,
lane 4). PstI cleavage of Pol�-synthesized products was signif-
icantly less efficient than that of Pol�-synthesized products
(Fig. 7B, compare lanes 2 and 4). The precise cause of this
difference is not known. Possible factors include shorter DNA
strands, the 1-nucleotide loop on the template strand, some 2
frameshift DNA synthesis, or combinations of these. These
results show that human Pol� prefers 1 frameshift DNA
synthesis to normal DNA synthesis at the examined template
CC sequence.

As indicated by the steady-state kinetic values (Table 2), the
rate of 1 frameshift synthesis by human Pol� was 20-, 28-,
4.7-, and 2.4-fold higher than normal DNA synthesis at the
GG, TT, AA, and CC sequences, respectively, in the sequence
contexts examined. Together, these results show that human
Pol� catalyzes highly frequent frameshift DNA synthesis,
which can predominate as the major DNA synthesis mecha-
nism in some sequence contexts.

Mismatch extension by human Pol�. Without a 3� 3 5�
proofreading exonuclease activity, human Pol� cannot remove
mismatched nucleotides at the primer 3� end. To examine

TABLE 2. Kinetic measurement of 1 frameshift DNA synthesis by human Pol�a

dNTP Vmax (fmol/min;
mean � SD) Km (�M; mean � SD) Vmax/Km Relative rateb

Template GG
dCTP 1.44 � 0.13 135.3 � 39.4 0.011 1
dTTP 4.76 � 0.18 21.8 � 2.37 0.22 20

Template TT
dATP 1.96 � 0.02 42.6 � 1.87 0.046 1
dTTP 3.12 � 0.08 2.46 � 0.28 1.27 28

Template AA
dTTP 2.86 � 0.08 58.3 � 6.37 0.049 1
dCTP 2.91 � 0.09 12.7 � 1.22 0.23 4.7

Template CC
dGTP 4.36 � 0.14 13.7 � 1.8 0.32 1
dTTP 4.72 � 0.09 6.10 � 0.46 0.77 2.4

a DNA templates GG, TT, AA, and CC (Fig. 4A, 5, 6, and 7, respectively) were used for kinetic analyses.
b For each template, incorporation of the correct nucleotide reflects normal DNA synthesis, whereas incorporation of the other nucleotide reflects 1 frameshift

DNA synthesis. Relative rate � (Vmax/Km)1frameshift/(Vmax/Km)correct.
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mismatch extension activity of human Pol�, we performed
primer extension assays using the 12 possible base pair mis-
matches (Fig. 8A). As shown in Fig. 8B, except for G-G, and
G-T (template-primer), all other mismatches were extended by
human Pol�. T-T, A-G, C-C, and G-A mismatches were ex-
tended most efficiently (Fig. 8B, lanes 6, 14, 20, and 26).

To identify nucleotides incorporated during mismatch ex-
tension, we performed the extension assays again in the pres-
ence of only one dNTP. Human Pol� incorporated G with the
T-T mismatch (Fig. 9, lanes 1 to 5), C with the A-G mismatch
(Fig. 9, lanes 16 to 20), and T with the G-A mismatch (Fig. 9,
lanes 31 to 35). These incorporations are precisely predicted by
a 1 frameshift synthesis mechanism involving misaligning the
primer 3� end with the next complementary template base
prior to DNA synthesis. Human Pol� incorporated C with the

T-G mismatch (Fig. 9, lanes 6 to 10) and T with the C-A
mismatch (Fig. 9, lanes 21 to 25), which are predicted by a 2
frameshift synthesis mechanism involving misaligning the
primer 3� end with the complementary template base 2 nucle-
otides downstream prior to DNA synthesis. With the A-C
mismatch, human Pol� preferentially incorporated A (Fig. 9,
lane 12) and less frequently C (Fig. 9, lane 13), which was
consistent with 2 frameshift synthesis by misaligning the
primer 3� C 2 nucleotides downstream with the template G and
1 frameshift synthesis using the template G 2 nucleotides
downstream, respectively. With the C-C mismatch, human
Pol� slightly preferred A incorporation over T incorporation,
consistent with misaligning the primer 3� C with the next tem-
plate G as the preferred event prior to DNA synthesis (1
frameshift) (Fig. 9, lanes 26 to 30). T incorporation (Fig. 9,

FIG. 8. Mismatch extensions by human Pol�. (A) Various primers labeled at their 5� ends with 32P (asterisks) were annealed to the indicated
template, generating 12 possible mismatches at the primer 3� ends. One normal T-A-matched substrate was used as the control. The SphI
recognition sequence is overlined, and the mismatched primer 3� ends are underlined. Arrows, SphI cleavage sites. (B) Matched and mismatched
substrates were incubated with (�) or without () human Pol� (3 ng; 54 fmol) under standard polymerase assay conditions. DNA size markers
in nucleotides are indicated on the sides.
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lane 29) was consistent with 2 frameshift DNA synthesis
using the template A 3 nucleotides downstream.

To test the notion that mismatch extension by human Pol�
is mediated mainly by frameshift DNA synthesis, we slightly
modified the DNA template and analyzed extensions from
G-G and G-A mismatches. The template 3�-TA-5� sequence
immediately downstream of the mismatch was replaced by
3�-CT-5� (Fig. 10A). Frameshift extension predicts that human
Pol� should then be able to extend the G-G mismatch that was
refractory to extension in the original sequence context (Fig.
8), since the primer 3� G can pair with the next template C.
Furthermore, A incorporation is predicted. As shown in Fig.
10A (lanes 1 to 5), the G-G mismatch was indeed effectively
extended by human Pol�, and A was incorporated. In contrast,
the G-A mismatch extension by human Pol� was drastically
reduced in the new sequence context (Fig. 10A, lanes 6 to 10).

Similar to the paired T-A extension (Fig. 8B, lane 2), human
Pol� extended the mismatched primers by only 1 or a few
nucleotides under the reaction conditions of low enzyme con-
centration and short incubation time (Fig. 8B). With higher
Pol� concentration and extended incubation time, longer
DNA strands were synthesized from a mismatched primer 3�
end (Fig. 10B, lanes 1, 3, and 5), which allowed us to analyze
the Pol�-synthesized products by SphI restriction digestion.
After SphI cleavage, a 20-mer 32P-labeled DNA fragment is
expected for extension without deletion. As shown in Fig. 10B
(lanes 2 and 6), SphI cleavage of the Pol�-catalyzed T-T and
A-G extension products yielded a major 19-mer DNA frag-
ment, demonstrating 1 deletion as the major DNA product.
SphI cleavage of the Pol�-catalyzed T-G extension products
yielded a major 18-mer DNA fragment (Fig. 10B, lane 4),
demonstrating 2 deletion as the major DNA product. To-
gether, these results show that human Pol� can efficiently
extend base mismatches by frameshift DNA synthesis.

Human Pol� promotes microhomology search and micro-
homology pairing in DNA. The unprecedented ability of hu-
man Pol� to perform frameshift DNA synthesis led us to
suspect that this polymerase may be capable of promoting
microhomology search by realigning two strands of DNA. To
test this hypothesis, we prepared a DNA template to which

three 32P-labeled primers were separately annealed. The re-
sulting DNA substrates contained 2-, 3-, and 4-base mis-
matches, respectively, at the primer 3� end (Fig. 11A). Up to
3-nucleotide microhomology was incorporated in the template
DNA 2 nucleotides downstream from the primer 3� end. Hu-
man Pol� was then incubated with the DNA substrates under
polymerase reaction conditions. If human Pol� is able to pro-
mote homology search by realigning the template and the
primer strands of DNA, DNA synthesis is expected and C
incorporation is predicted. Indeed, DNA synthesis was ob-
served and C was predominantly incorporated in every case
(Fig. 11A, lanes 3, 8, and 13). Minor T incorporation was also
observed with substrates containing two or three mismatches
(Fig. 11A, lanes 4 and 9), probably as a result of mismatch
extension without frameshift. Increasing mismatched bases
from two to four at the primer 3� end greatly decreased T
incorporation by human Pol� (Fig. 11A, lanes 11 to 15), sug-
gesting more efficient microhomology pairing with increasing
mismatches at the primer 3� end.

To examine whether the mismatched primer end can pair
with a microhomologous region further downstream in the
template, we modified the template sequence such that the last
2 nucleotides (5�-TG-3�) of the primer were complementary to
two template 3�-AC-5� sequences located 4 and 6 nucleotides,
respectively, downstream (Fig. 11B). If microhomology pairing
had occurred at the first template 3�-AC-5� sequence 4 nucle-
otides away, human Pol� would incorporate a T. If micro-
homology pairing had occurred at the second template 3�-AC-5�
sequence 6 nucleotides away, human Pol� would incorporate a
C. As predicted by such microhomology pairings, T incorpor-
ation by human Pol� was observed (Fig. 11B, lane 9), and less
frequently, C incorporation was also observed (Fig. 11B, lane
8). A incorporation that would have resulted from primer
extension without frameshift was not detected (Fig. 11B, lane
7). In contrast, human Pol� (even in greatly excessive
amounts) was completely unresponsive to this DNA substrate
(Fig. 11, lanes 1 to 5). These results show that human Pol� is
capable of promoting microhomology search and subsequent
microhomology pairing in DNA.

FIG. 9. Nucleotide incorporation during mismatch extension. Using the mismatched DNA substrates as indicated (sequences shown in Fig.
8A), mismatch extension was performed with 3 ng (54 fmol) of human Pol� under standard polymerase assay conditions. The reactions were
carried out using a single dNTP (dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs (N4) as indicated. DNA size markers in
nucleotides are indicated on the sides.
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DISCUSSION

To facilitate understanding of the biological function of hu-
man DNA Pol�, we have purified this polymerase and ana-

lyzed its biochemical properties. Surprisingly, human Pol� cat-
alyzes frameshift DNA synthesis with an unprecedentedly high
frequency. The rate of frameshift DNA synthesis is greatly
dependent on the sequence context of the template base to be
copied. When the primer 3� end is complementary to the next
template base (template AA, TT, GG, and CC sequences),
human Pol� most efficiently misaligns the primer end to the
next template base prior to DNA synthesis, resulting in 1
deletion products. Remarkably, at the template AA, TT, GG,
and CC sequences examined in this study, 1 frameshift syn-
thesis has become the predominant mechanism of DNA syn-
thesis by human Pol�, with rates ranging from 2.4- to 28-fold
higher than the normal DNA synthesis. When the primer 3�
end is complementary to the template base 2 nucleotides
downstream, human Pol� can often efficiently catalyze 2
primer-template misalignment prior to DNA synthesis, leading
to 2 deletion (data not shown). Compared to template AA,
TT, and GG sequences, frameshift DNA synthesis opposite
template CC is less efficient, which seems to be inversely cor-
related to the relatively higher catalytic efficiency of human
Pol� opposite template C. We have additionally examined
DNA templates in which the primer end could be misaligned
backward to “loop out” the primer. DNA synthesis based on
such a mechanism would produce insertion products. How-
ever, under the conditions used in this study, there was no
evidence supporting such an insertion frameshift DNA synthe-
sis by human Pol� (data not shown).

Recently, Dominguez et al. (8) proposed that human Pol�
might function as a DNA mutator polymerase in somatic hy-
permutation of immunoglobulin genes. Extensive analyses of
immunoglobulin gene mutations have indicated that hypermu-
tation mainly results in base substitutions (point mutations) (4,
12). Thus, a major hypermutation DNA polymerase must sat-
isfy at least two biochemical requirements: (i) be highly error
prone and (ii) have higher base substitution rates than frame-
shift DNA synthesis rates. Using DNA sequences derived from
the JH4-JH5 intron of the rearranged human JH gene, the
measured error rates of human Pol� are not exceptionally high
(Table 1). Except for G incorporation with template A, which
may result from 1 frameshift DNA synthesis, all other error
rates most likely reflect the base substitution rates of human
Pol�. These error rates suggest that human Pol� is signifi-
cantly more accurate than human DNA polymerases �, 	, and

 with respect to base substitutions during DNA synthesis (14,
15, 19, 23, 28, 38, 39). In contrast, the extraordinary ability of
human Pol� to perform frameshift DNA synthesis is un-
matched by any other DNA polymerases known. The hyper-
mutation spectrum at the JH4-JH5 intron sequence shows base
substitution as the vast majority of mutations (18). Among the
242 mutations observed, 1 deletion was scored only once,
although more than one single-nucleotide repeat sequence is
contained within every 10 bp of the JH4-JH5 intron (18). Since
an intron sequence was analyzed, the hypermutation spectrum
reported by Levy et al. (18) could not have been biased by
selection. Clearly, the biochemical property of prevalent frame-
shift DNA synthesis has ruled out human Pol� as a significant
somatic hypermutation DNA polymerase. DNA Pol	 appears
to be a more likely candidate for somatic hypermutation, as
originally proposed by us (38) and by Tissier et al. (28).

What, then, is the cellular function of human Pol�? Our

FIG. 10. Evidence that mismatch extension by human Pol� is
mainly mediated by frameshift DNA synthesis. (A) The template se-
quence of Fig. 8A was slightly modified such that the template 3�-T
A-5� immediately downstream of the G-G and G-A mismatches was
replaced by 3�-CT-5� (underlined). These mismatched DNA substrates
were analyzed for extension by 3 ng (54 fmol) of human Pol� using a
single dNTP (dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four
dNTPs (N4) as indicated. The mismatched primer 3� and A are un-
derlined. Asterisk, 32P label. (B) Polymerase assays were performed
with human Pol� (30 ng; 540 fmol) at 37°C for 30 min. After the
polymerase reaction, 5 �l of the reaction products was treated with 10
U of SphI as for Fig. 5B. The digested products were separated by
electrophoresis on a 20% denaturing polyacrylamide gel. Samples
without () or with (�) SphI treatment are indicated. DNA size
markers in nucleotides are indicated on the sides. Mismatched DNA
sequences are shown in Fig. 8A.

8004 ZHANG ET AL. MOL. CELL. BIOL.



biochemical studies may provide an important clue to the an-
swer. Human Pol� is highly capable of realigning the primer
and the template strands of DNA. Such realignment of two
DNA strands is especially prominent at a mismatched primer
end. Primer ends that contain one to four of the mismatches
examined all promote Pol�-mediated DNA strand realign-
ment. The result of the primer-template realignment is micro-
homology pairing between the primer end and the template
strand downstream. Therefore, human Pol� is able to promote
microhomology search and subsequent microhomology pairing
between the primer strand and the template strand of DNA.
Following microhomology pairing (1- to 3-base pairing), hu-
man Pol� can extend the primer end by 1 or a few nucleotides,
consequently further stabilizing the DNA strand realignment
and the paired microhomology region. The ability of human
Pol� to promote microhomology search and microhomology
pairing between the primer and the template strands of DNA
strongly suggests a function for this polymerase in NHEJ dur-
ing repair of double-strand DNA breaks. Several proteins have
been identified for NHEJ, including Ku70, Ku80, DNA-PKcs,
XRCC4, and DNA ligase IV (25). It is believed that the Ku70-
Ku80 heterodimer binds to the DNA ends and holds the ends
together (7, 25). The XRCC4-ligase IV complex is believed to
be required to ligate DNA strands at the last step of NHEJ (7,
11, 34). A DNA polymerase has not been identified for NHEJ
in higher eukaryotes, although NHEJ would conceptually re-
quire a DNA polymerase activity. We propose that human
Pol� plays an important role in NHEJ. We hypothesize that

human Pol� may function to promote microhomology search and
microhomology pairing during NHEJ. Subsequent DNA poly-
merase activity of Pol� would stabilize the microhomology pair-
ing to prepare the XRCC4-ligase IV complex for DNA ligation.

In addition to repairing damage-induced double-strand
DNA breaks, NHEJ is also an essential mechanism of the
V(D)J recombination. V(D)J recombination helps generate
diversity of antigen-binding sites of antibodies and T-cell re-
ceptor proteins during lymphoid cell development. A role for
Pol� in NHEJ would predict that this polymerase is important
for V(D)J recombination in lymphoid cells. Ubiquitous expres-
sion of human Pol� in various tissues, including lymphoid
tissues (1, 8), is consistent with a role of this polymerase in
NHEJ and V(D)J recombination. Recently, Wilson and Lieber
(35) reported evidence suggesting that yeast Pol4 (Pol�) is
involved in NHEJ. Since yeast Pol4 appears to be more related
to human Pol� and Pol� than to human Pol� (1), the results of
Wilson and Lieber (35) support our model in which Pol�
functions in NHEJ. As proposed most recently by Ruiz et al.
(26), an 8-kDa domain with potential DNA-binding activity
and an N-terminal BRCT domain similar to that of the TdT in
human Pol� are consistent with a role of this polymerase in
NHEJ and V(D)J recombination.
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FIG. 11. Microhomology search and microhomology pairing promoted by human Pol�. (A) A DNA template was separately annealed to three
32P-labeled (asterisks) 14-mer primers as shown, forming two, three, and four mismatches (underlined), respectively, at the primer ends. A
sequence of 2 or 3 nucleotides (boxed) that could pair with the last 2 or 3 nucleotides of the primers was contained in the template 2 nucleotides
downstream. (B) A 32P-labeled 14-mer primer was annealed to a template as shown, forming 4-nucleotide mismatches at the primer 3� end
(underlined). Two 3�-AC-5� sequences located 4 and 6 nucleotides, respectively, downstream in the template (boxed) were complementary to the
last 2 nucleotides of the primer. These DNA substrates were incubated with human Pol� (23 ng; 605 fmol) or human Pol� (3 ng; 54 fmol) under
standard DNA polymerase assay conditions in the presence of a single dNTP (dATP [A], dCTP [C], dTTP [T], or dGTP [G]) or all four dNTPs
as indicated. DNA size markers in nucleotides are indicated on the sides.
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