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ABSTRACT

We have used random sequence mutagenesis to
generate mutants of DNA polymerase β in an effort
to identify amino acid residues important for func-
tion, catalytic efficiency and fidelity of replication. A
library containing 100 000 mutants at residues 274–
278 in the N-helix of the thumb subdomain of the
polymerase was constructed and screened for
polymerase activity by genetic complementation.
The genetic screen identified 4000 active pol β
mutants, 146 of which were sequenced. Each of the
five positions mutagenized tolerated substitutions, but
residues G274 and F278 were only found substituted in
combination with mutations at other positions. The
least conserved residue, D276, was replaced by a
variety of amino acids and, therefore, does not
appear to be essential for function. Steady-state
kinetic analysis, however, demonstrated that D276
may be important for catalytic efficiency. Mutant
D276E exhibited a 25-fold increase in catalytic
efficiency over the wild-type enzyme but also a 25-fold
increase in G:T misincorporation efficiency. We
present a structural model that can account for the
observations and we discuss the implications of this
study for the question of enzyme optimization by
natural selection.

INTRODUCTION

Many structural and sequence elements of DNA polymerases
are highly conserved across kingdoms, from viruses to
mammals (1–4). This high degree of conservation is generally
interpreted as evidence that stringent evolutionary pressures
have led to the optimization of polymerase enzymatic properties
such as replication fidelity, catalytic efficiency and processivity.
Is it possible then to engineer polymerases with significantly
improved performance over the wild-type variant or are wild-
type polymerases already as efficient as they can be? The
answer is unclear because of our poor understanding of how
exhaustively natural selection can explore new variants,
particularly those resulting from multiple mutations (5–7).
Moreover, there is uncertainty about the exact nature of the

selection pressures on polymerases in the context of their
cellular function to maintain homeostasis. For example, the
catalytic efficiency of replicative polymerases in bacteria may
be determined and restricted not by inherent limitations of the
enzymes, but by the synchronization requirements necessitated
by the passive coupling of DNA replication and cell division
(8). Likewise, DNA-repair-associated polymerases may be
under selection pressure to exhibit reduced fidelity in order to
by-pass potentially lethal DNA lesions (9).

An experimental approach for addressing these issues is the
use of random mutagenesis to generate large numbers of
mutant proteins (10,11). It involves the replacement of wild-
type nucleotide sequences with randomized sequences in
plasmid-encoded genes. Random mutagenesis, coupled with
positive genetic selection for functional polymerases, is a
powerful simulation of natural evolution and one in which the
selection pressures are well controlled. It can elucidate the
effect on enzymatic function of both single and multiple amino
acid substitutions, and it allows the identification of immutable
residues as well as residues that can tolerate specific substitutions
and, thus, it can provide important empirical confirmation to
mechanistic models.

In order to investigate the enzymatic potential of DNA
polymerases and assess the evolutionary pressures acting upon
them, we have performed random mutagenesis on the rat DNA
polymerase β (pol β). Pol β is a DNA polymerase whose
primary role is thought to be gap-filling in base excision repair
and the removal of 5′-deoxyribose phosphate (12,13). It is the
smallest known eukaryotic polymerase (39 kDa) and does not
have any proofreading exonuclease activity. The structure of
pol β is well understood based on crystallographic studies with
a variety of substrates (4,14–18). Pol β consists of a 31 kDa
C-terminal domain with nucleotidyl transfer activity and an
8 kDa domain with 5′-deoxyribose phosphodiesterase, lyase,
activity (4,13). Like other polymerases, the 31 kDa domain can
be visualized as thumb, fingers and palm sub-domains
(2,19,20). The small size of pol β and the lack of exonuclease
activity, as well as the wealth of information about its
structure, have made it an important model for the study of
mechanisms of DNA replication and fidelity and have enabled
the identification of amino acid residues potentially critical for
catalysis. Site-directed mutagenesis of residues such as Y271,
N279 and R283 results in mutants with reduced catalytic
efficiency and mostly lower fidelity (21–23). The use of
genetic screens for lower replication fidelity mutants has also
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enabled the identification of other amino acid substitutions that
reduce the fidelity of DNA synthesis by pol β (24,25). Pol β
mutants with significantly higher catalytic efficiency have not,
to our knowledge, been reported.

In the present study, we have randomized the nucleotide
sequence of residues 274–278 located in the N-helix (15) in
order to systematically analyze the role of this region in poly-
merase function and to identify mutants with increased
catalytic efficiency. N-helix residues, located in the thumb
subdomain of pol β, are important for function and are in close
contact with the incoming dNTP (15). We have taken
advantage of a genetic screen based on the ability of pol β to
complement the function of the bacterial polymerase I (pol I)
to identify mutants that maintain activity and can support
bacterial growth as well as the wild-type pol β does (26).
Approximately 4000 pol β mutants (4%) of the library were
functional as indicated by the complementation assay. This
analysis enabled us to identify residues important for
polymerase function and also identify a mutant, D276E, with
increased catalytic efficiency but also decreased fidelity
relative to the wild-type. Overall, this study supports the
hypothesis that in the pol β sites studied, the wild-type residues
that evolved by natural selection effect an optimal equilibrium
among the polymerase’s different enzymatic activities, such as
fidelity and catalytic efficiency. Improvement in the perform-
ance in one property may lead to deterioration in another.

MATERIALS AND METHODS

Bacterial strains, growth media and plasmids

Escherichia coli B/r strain SC18-12 with genotype recA718
polA12 uvrA155 trpE65 lon-11 sulA1 was used for the pol β
complementation studies. Escherichia coli strain DH5α [deoR
endA1 gyrA96 phoA hsdR17 (rK

–mK
+), recA1 relA1 supE44 thi-1

∆(lacZYA-argFU169), φ80dlacXM15, F–, λ–] was used in
cloning experiments and plasmid analysis. Escherichia coli
strain BL21(DE3) [F-ompT hsdSB(rB

– mB
–) gal dcm (DE3)]

was used for pol β over-expression. The E.coli strains
NR9099, MC1061 and CSH50 F′ used in the M13 mutation
assay have genotypes as described previously (27). Bacterial
cultures were grown in Luria–Bertani (LB) medium unless
otherwise indicated. Cells used for genetic complementation
were grown in nutrient broth or nutrient agar prepared
according to the manufacturer’s instructions (Difco) and
supplemented with chloramphenicol (30 µg/ml), tetracyclin
(12.5 µg/ml) and isopropyl β-D-thiogalactoside (IPTG, 1 mM)
when appropriate. The plasmid pβL is a pHSG576 derivative
containing the entire rat pol β cDNA (28). Pol β sequences
were subcloned between the NdeI and SalI sites of the
expression vector pET28a (Novagen). The vector provided a
C-terminal affinity histidine tag used for protein purification.
Initial analysis of the pol I and pol β activities of the bacterial
strains used was performed as described previously (29).
Briefly, samples of 1 × 106 cells were induced by IPTG, lysed
by boiling and electrophoresed on 12% SDS–polyacrylamide
gel containing gapped DNA. The polymerases in the gel were
renatured at 37°C, [α-32P]dCTP was added and incorporation
was visualized by autoradiography.

Random mutagenesis and complementation assay

To avoid contamination due to incomplete cleavage by restric-
tion endonucleases during the generation of the randomized
library of pol β, we used a modified pβL vector which carries
an inactive copy of pol β. Specifically, we generated a pβL
derivative vector (pβLD) which carries a pol β gene that has
been inactivated by the substitution of the region between the
ClaI and SphI site with a 500 bp ClaI/SphI fragment from
pBR322. The oligonucleotide POLB2R, 5′-CCA GGG CAT
GCG CTC TCA TAT TCT TAT T(A/N A/N A/N G/N A/N
T/N G/N T/N C/N A/N C/N T/N T/N C/N C/N)AG TGA AGT
AGA GAA CAC CAC-3′, synthesized by Keystone Laborato-
ries contained, in the sequence in parentheses, 73% of the wild-
type nucleotide, indicated by the letter code, and 9% each of
the other, indicated by N. The partially complementary oligo-
nucleotide POLB2F, 5′-CAC AGG AGA ATC GAT ATC
AGG TTG ATC CCC AAA GAT CAG TAC TAC TGT GGT
GTT CTC TAC TT-3′ was synthesized by Operon Technologies.
Equimolar amounts (20 pmol) of the two oligonucleotides
were mixed together and extended by 25 cycles of PCR (95°C
for 30 s, 55°C for 30 s and 72°C for 45 s) to a full duplex DNA
of 109 bp using a Promega PCR kit according to the manufac-
turer’s instructions. The product DNA was digested with ClaI
and SphI and it was subsequently gel purified and ligated using
T4 DNA ligase into a ClaI/SphI pβLD restricted vector to
generate the pol β random library. The ligation reaction
mixture was then ethanol precipitated and used to transform
electrocompetent DH5α cells by an electroporator (Bio-Rad).
To estimate the library size, an aliquot of the transformed cells
was plated in LB agar plates with chloramphenicol at 37°C.
The remaining cells were inoculated into 500 ml of LB liquid
medium with chloramphenicol and were used for plasmid
preparation.

DNA sequencing, protein purification and activity assays

DNA sequencing was carried out using the fmol cycle
sequencing system (Promega) using [γ-32P]-end-labeled
primers. Pol β proteins were overexpressed and purified using
the His-Tag system (Novagen). Mutant pol β sequences were
amplified using oligonucleotide primers that generated the
novel restriction sites NdeI and SalI. The primers used were
HISNDE, 5′-GGC TCG AGC ATA TGC TCG TGG AAC
TCG CAA ACT TTG AGA AGA ACG TGA GCC AGG CGA
TCC ACA AGT-3′, and HISSAL2, 5′-CTA GTC GAC TCA
TTC ACT CCT GTC CTT GGG CTC CCG GTA-3′. High
fidelity Pfu DNA polymerase was used for this procedure
according to the manufacturer’s instructions. The PCR
products were gel purified, restricted by digestion with NdeI
and SalI, and were subcloned into the vector pET28a as
described above. The nucleotide sequence of the entire pol β
gene of individual clones was determined to verify that no
mutations were introduced into the gene during this procedure.
Pol β protein was purified by Nickel chelation chromatography
according to the manufacturer’s suggestions with the following
modifications. Cells were lysed by freezing for 12 h at –70°C
and slow thawing on ice in the presence of 10 mg/ml lysozyme.
The stringency of the washes of the non-specifically adsorbed
proteins was increased by using 100 mM imidazole solution. All
the preparations consisted of >95% pol β as estimated by visual
inspection of Coomassie Blue-stained 12% SDS–polyacrylamide
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gels. Amounts of proteins were estimated by the Bradford
assay (Bio-Rad) using a bovine serum albumin standard. The
polymerase activity of the mutants was assayed using activated
calf thymus DNA as described previously (30).

Primer extension assay with gap substrates

A 46mer oligonucleotide template (P607G) 5′-G CGC GGA
AGC TTG GCT GCA GAA TAT TGC TAG CGG GAA TTC
GGC GCG-3′ annealed to a 15mer (P637) 5′-CGC GCC GAA
TTC CCG-3′ 32P-labeled at the 5′ end, and to a downstream
primer (GAP1P) 5′-P-CAA TAT TCT GCA GCC AAG CTT
CGC GC-3′, designed to generate a 4 nt gap opposite the
GATC template sequence. Template, gap oligonucleotide
(1.5 pmol of each) and labeled primer (0.8 pmol) were heated
to 75°C for 5 min, 55°C for 10 min, 37°C for 2 min and then
placed on ice. Annealing results in the following gapped
template construct:
5′-CGCGCCGAATTCCCG P-CAATATTCTGCA-
GCCAAGCTTCCGCGC-3′
3′-GCGCGGCTTAAGGGC G A T C GTTATAAGACGTC-
GGTTCGAAGGCGCG-5′.
The gapped template was visualized using a 20% non-
denaturing polyacrylamide gel. The assay mixture for DNA
synthesis contained 50 mM Tris–HCl pH 8.5, 8 mM MgCl2,
100 mM KCl, 3 mM DTT, 200 µg/ml bovine serum albumin,
0.07–0.7 nM pol β and 260 µM dNTPs in a final volume of
15 µl. In some experiments dCTP was excluded to assess the
ability of the polymerases to misincorporate and misextend
past G. The reactions were carried out at 37°C for 5 min and
were terminated by the addition of 1.5 µl of 500 mM EDTA.
Reaction products were resolved in a 14% denaturing poly-
acrylamide gel.

M13mp2 lacZ forward mutation fidelity assay

The mutation frequencies of mutant and wild-type poly-
merases were assayed as described previously (27). The non-
coding strand of the lacZα gene contained in 200 ng of gapped
M13mp2 DNA was copied by pol β in a reaction mixture
containing 50 mM Tris–HCl pH 8.5, 8 mM MgCl2, 20 µM each
dNTP, 100 mM KCl, 3 mM DTT and 200 µg/ml bovine serum
albumin. After incubation at 37°C for 15 min, the DNA was
transfected and the blue or white plaques were scored.

Single nucleotide incorporation and steady-state kinetics

This assay was performed as described for the primer extension
assay, except a single nucleotide was added at various
concentrations. The products of the reaction were resolved by
electrophoresis in a denaturing 14% polyacrylamide gel. The
extent of elongation was quantified by PhosphorImager
analysis (Molecular Dynamics, #400S). The apparent km and
Vmax values were calculated from Lineweaver–Burk plots (31).

RESULTS

Generation of a pol β plasmid library

The nucleotides spanning positions 822–836 of the pol β gene
in the plasmid pβL were replaced by a randomized sequence
comprising, at each position, 73% wild-type nucleotides and
9% of each of the other three nucleotides. This construction
was designed to yield 1% wild-type sequence at the amino acid

level. The procedure generated ∼1 × 105 plasmid-borne, pol β
mutants (Table 1).

Genetic complementation and sequence analysis of
mutants

Active mutants were identified by a genetic complementation
assay based on the E.coli strain SC18-12 which is unable to
grow at 37°C unless pol β can substitute for the temperature-
sensitive pol(A) gene (26). To confirm that pol β is expressed
in these cells and that pol I is temperature sensitive we
conducted a polymerase activity assay. DH5α, the bacterial
strain used in the plasmid library manipulations in some
experiments, exhibited a prominent band with polymerase
activity that corresponded to the electrophoretic mobility of
DNA pol I (Fig. 1A). Upon addition of IPTG no other band
with polymerase activity was observed (Fig. 1B). After trans-
fection with the wild-type pol β construct and induction with
IPTG, two bands of polymerase activity were detected, one
corresponding to pol I and the other to pol β (Fig. 1D). SC18-
12 exhibited negligible pol I activity at 37°C (Fig. 1C) but pol
β was expressed in these cells under IPTG control (Fig. 1E).

The plasmids harboring the random sequence were intro-
duced into the bacteria which were then grown at 30 or 37°C.

Table 1. Summary of pol β library parameters before and after selection by
genetic complementation

Size of randomized region 15 nucleotides

Randomization at each nucleotide 73% wild-type residue, 27% other

Unselected library size 100 000

Unselected mutants sequenced 22

Average amino acid changes per
mutant

2.4

Complementing mutants 4000

Complementing mutants sequenced 146

Average amino acid changes per
complementing mutant

0.9

Figure 1. Polymerase gel activity assay. The band location corresponds to the
electrophoretic mobility of the protein DNA pol I or β (as indicated) and the
band area corresponds to the amount of polymerase activity. (A) DNA pol I
activity in the bacterial strain DH5α in the absence of IPTG. (B) DNA pol I
activity in the bacterial strain DH5α in the presence of IPTG. (C) Bacterial
strain SC18-12 grown at the non-permissive temperature 37°C in the absence
of IPTG. Only residual activity of DNA pol I is detectable. (D) Bacterial strain
DH5α transfected with a vector containing the wild-type pol β, grown in the
presence of IPTG. The activities of both pol I (top) and pol β (bottom) are
detectable. (E) Bacterial strain SC18-12 grown at 37°C in the presence of
IPTG. The activity of pol β is detectable.
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Nucleotide sequencing of 22 unselected mutants, grown at
30°C, revealed that there were, on average, 2.4 amino acid
substitutions per mutant in the library (Fig. 2). None of the
unselected mutants sequenced contained the wild-type nucleo-
tide sequence. Approximately 4% of the cells formed colonies
at the non-permissive temperature of 37°C indicating that 96%
of the mutant polymerases were unable to complement the pol
I functions (Table 1). The degree of complementation can be
estimated in this system by the cloning efficiency, per µg of
DNA, and the colony size of transformed isolates. Only pol β
mutants that complimented growth at least 75% as well as the
wild-type pol β were designated as complementing. This limit
was experimentally determined to be optimal in order to mini-
mize false positive results. We have sequenced 146 comple-
menting pol β mutant genes which had, on average, 0.9 amino
acid substitutions. Approximately one-third (52) of the
complementing mutants had no changes at the amino acid
level, 58 had one substitution, 28 had two substitutions and
eight had three substitutions (Fig. 2). At the nucleotide level,
41 isolates had wild-type sequences. The most conserved
amino acid was G274 which was mutated only in mutants with
triple substitutions (Fig. 3). The least conserved amino acid
was D276 which was found mutated in 60 of the 146 mutants.
One particular mutant, D276E, represented >10% of the
complementing mutants analyzed at the amino acid level.
Moreover, this mutant was the only one superior to the wild-
type in the degree of complementation, as judged by both
bacterial colony size and cloning efficiency. Substitutions at
the other amino acids were generally conservative. S275 was
found substituted only by C or N which are hydrophilic and
uncharged. I277 was found mostly substituted by hydrophobic
uncharged residues such as L and V. F278 was only found

substituted by hydrophobic residues in double or triple
mutants.

M13mp2 forward mutation assay

The mutation frequency of the wild-type polymerase was 1.6 ×
10–2. Polymerase D276A/I277L had a mutation frequency of 7
× 10–3 and D276E a mutation frequency of 2.5 × 10–2 (Table 2).

Primer extension

A primer/template oligonucleotide substrate containing a
single-strand gap of 4 nt was used to determine the functional
characteristics of the mutant polymerases. Polymerases were
added to the primer/template at concentrations that yield equal
polymerase activities as determined by activated calf thymus
DNA activity assays. We monitored the ability of each mutant
polymerase to replicate the template sequence in the presence
of all four dNTPs. We also monitored the ability of polymer-
ases to replicate the template in the absence of dCTP which is
the first nucleotide to be incorporated (Fig. 4) to estimate
replication fidelity. In fidelity experiments the concentration of
polymerase was varied to produce equal extension when all four
dNTPs were present. Fourteen mutant purified polymerases were
tested: D276E, A, G, V, K and Q; L277E, L and V; S275C/
D276A, D276A/L277L, D276A/L277N, D276H/I277R/F278Y
and D276H/I277K/F278Y. All tested polymerases were able to
perform DNA replication to completion. In the absence of
dCTP, all but one of the polymerases tested misincorporated a
non-complementary nucleotide opposite G to a lesser extent
than the wild-type pol β. The highest fidelity was exhibited by
pol β D276A/I277L. The only polymerase exhibiting lower
fidelity of misincorporation than wild-type was pol β D276E.

Figure 2. Distribution of the number of amino acid changes per pol β mutant in the library generated by random mutagenesis, before and after screening by genetic
complementation.
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Steady-state kinetics

Catalytic efficiency (kcat/Km). We performed steady-state
kinetic analysis of single-nucleotide incorporation (dCTP,
dGTP, dTTP or dATP) opposite a template G by the wild-type
and the D276A/I277L and D276E mutant pol βs (Table 3).
(i) dCTP:G. The wild-type enzyme exhibited Km of 21 µM and
a kcat of 1.7 s–1 for single dCTP incorporation. The kinetic

values for the wild-type enzyme are in good agreement with
those published previously (22,25,32). The Km of mutant
D276A/I277L was 10-fold higher (217 µM) and the kcat 4-fold
lower (0.40 s–1). As a result, the catalytic efficiency (kcat/Km) of
D276A/I277L was 40-fold lower (8 × 103 s–1M–1) than the
wild-type (2 × 104 s–1M–1). Mutant D276E also had a lower kcat
(0.53 s–1) than wild-type but the 100-fold lower Km (0.28 µM)
boosted its catalytic efficiency to 25-fold higher than wild-
type. (ii) dTTP:G. In the G:T mismatch, the wild-type enzyme
exhibited catalytic efficiency of 2 × 10–1 s–1M–1. D276A/I277L
exhibited 25-fold lower catalytic efficiency, whereas D276E
exhibited 400-fold higher catalytic efficiency. (iii) dATP:G. In
the A:G mismatch, the wild-type enzyme exhibited catalytic
efficiency of 3 × 10–3 s–1M–1. D276A/I277L exhibited 3-fold
lower catalytic efficiency, whereas D276E exhibited 1000-fold
higher catalytic efficiency. (iv) dGTP:G. In the G:G mismatch,
the wild-type enzyme exhibited catalytic efficiency of 6 × 10–4

s–1M–1. D276A/I277L exhibited essentially no difference in
catalytic efficiency whereas D276E exhibited 1167-fold higher
catalytic efficiency.

Misincorporation efficiency fins. Misincoporation efficiency is
the ratio of the catalytic efficiency of incorrect nucleotide
incorporation over the catalytic efficiency of the correct
nucleotide incorporation (Table 4). fins for D276A/I277L was
no different to the wild-type for G:T mismatch but it was 12.5-
and 40-fold higher for the G:A and G:G mismatches, respec-
tively. D276E was essentially no different to the wild-type for
G:A or G:G mismatches but it was 25-fold higher for G:T.

Figure 3. Amino acid substitutions characterized in complementing mutants.
The wild-type sequence is shaded. Above the wild-type sequence are listed
mutants with single amino acid substitutions and below are listed mutants with
double and triple amino acid substitutions. The number in parentheses indicates
the number of times that particular substitution was recovered among the
146 mutants sequenced.

Table 2. Mutational frequencies (MF) of mutant and wild-type pol β in the
M13mp2 gap system

WT, Wild-type.
aCorrected for no-polymerase controls

WT D276E D276A/I277L

Number of white colonies 20 32 5

Number of light blue colonies 36 54 9

Total number of colonies 1898 2015 1154

MF (×10–2)a 1.6 2.5 0.7

Figure 4. Primer extension assay on a 4 nt gap opposite a GATC template sequence in the presence and absence of dCTP. The sequence of the growing strand is
indicated. The triangles are indicating decreasing concentration of dNTPs from left to right in all lanes.
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DISCUSSION

Elucidating why enzymes have the form and properties
observed today is almost an impossible task. A biochemist may
define an ‘optimized’ enzyme as one with a turnover equal to
the diffusion rate of the substrate, but enzyme evolution is
shaped not only by catalytic efficiency but also by enzyme
stability, substrate specificity and flexibility to respond to
regulatory elements. Yet another factor that may affect the

current form of enzymes is historical contingency. The
sequence of the ancestral form may impose constraints and
limitations on the present form since the rate of mutation
allows natural selection to explore mostly single mutations.
We have used random mutagenesis of the dNTP binding
domain of the rat DNA pol β to explore whether the wild-type
residues that evolved by natural selection offer optimal
enzymatic activities, such as fidelity and catalytic efficiency.

Random mutagenesis is a technique that offers not only the
capability to explore multiple mutations but also allows us to
control the nature of selection pressures on the polymerase. In
the cell, even a small enzyme like pol β has a variety of
functions. The principal function of DNA pol β seems to be in
‘short patch’ base excision repair (33), but it may also play a
role during ‘long patch’ base excision repair (34,35), meiosis
(36), nucleotide excision repair (37), and possibly in DNA
replication. The pol β lyase activity, which removes the 5′-
deoxyribose phosphate during gap repair, seems to be at least
as important as its replicative activity (13).

The natural substrate of pol β during short patch base
excision repair is a single nucleotide gapped substrate with a
5′-PO4 at the downstream margin of the gap. The 5′-PO4
appears to interact with the 8 kDa domain of the polymerase
which also interacts with downstream nucleotides in a non-
sequence-specific manner (38). This interaction is necessary
for the polymerase to fill the gap processively. It has been
demonstrated that the catalytic efficiency (kcat/Km) is >2500
times greater than in templates without a gap (32,39). The 8
kDa interaction with downstream elements is also thought to
affect fidelity by assisting in the bending of the template 90° at
the active site (18). Pol β is 10–100-fold more likely to
misinsert a nucleotide in a non-gapped substrate (32). Initial
experiments during this study confirmed these observations
and only data obtained using gapped substrates are reported
here.

Another important mechanistic feature of pol β is the
flexible thumb subdomain. The thumb subdomain is hinged
along the axis of the M helix and it ‘closes’ when the ternary
complex of pol β, template/primer and dNTP forms. This
movement brings the residues of the N-helix into very close
proximity with the incoming dNTP and particularly residue
D276. It has been reported that this residue may come within
3.5 Å of the C4 of the base of the incoming dNTP but crystal
data are ambiguous about its exact position (16,18). The close
proximity of the N-helix to the incoming dNTP indicated to us
that this site may have significant influence on polymerase
catalytic efficiency and replication fidelity. To explore the role
of this site on polymerase function in detail, we used random
mutagenesis to substitute residues G274, S275, D276, I277
and F278. To identify mutants exhibiting increased catalytic
efficiency, only mutants that supported bacterial growth in the
complementation screen as well as the wild-type pol β were
considered active.

Random library

We constructed a library of 1 × 105 mutants in a segment
spanning nucleotides 822–834. The library was screened for
the ability of mutants to complement the bacterial pol I in vivo.
Using this genetic selection protocol, most (96%) of the
mutants in this region were unable to complement pol I and
therefore were considered functionally inactive. The large

Table 3. Steady-state kinetic parameters for single dNTP, correct or incorrect,
incorporation into a gapped oligo substrate by wild-type, mutant D276A/
I277L and mutant D276E pol β

WT, wild-type.
aMean values of three replicates. Numbers in parentheses indicate the standard
deviation.
bCalculated using total protein concentration.

Pol β Km(app) (µM)a kcat (s–1)b kcat/Km (s–1M–1)

dCTP:G

WT 21.0 (±1.9) 1.7 8 × 104

D276A/I277L 217 (±18) 0.40 2 × 103

D276E 0.28 (±0.01) 0.53 2 × 106

dTTP:G

WT 134 (±9) 2 × 10–5 2 × 10–1

D276A/I277L 230 (±19) 2 × 10–6 8 × 10–3

D276E 5 (±0.7) 4 × 10–4 8 × 101

dATP:G

WT 500 (±51) 2 × 10–6 3 × 10–3

D276A/I277L 343 (±27) 4 × 10–7 1 × 10–3

D276E 9 (±0.5) 3 × 10–5 3.1

dGTP:G

WT 273 (±15) 2 × 10–7 6 × 10–4

D276A/I277L 330 (±18) 2 × 10–7 5 × 10–4

D276E 11 (±0.4) 8 × 10–6 7 × 10–1

Table 4. Misincorporation efficiency (fins) of a single dNTP opposite G in a
gapped substrate by wild-type, mutant D276A/I277L and mutant D276E pol β

afins is the ratio of kcat/Km(app) for the incorrect versus the correct nucleotide.
kcat (rel)/Km(app) values are reported in Table 3.

Mispair

G:T G:A G:G

fins
a

WT 2 × 10–6 8 × 10–5 1 × 10–5

D276A/I277L 3 × 10–6 1 × 10–3 4 × 10–4

D276E 5 × 10–5 4 × 10–5 9 × 10–6

Fold increase in the fins over wild-type

D276A/I277L 1.5 12.5 40

D276E 25 0.5 0.9
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number of inactive mutants observed is consistent with the
hypothesis that this region is indeed important for pol β
function (15,22). Sequence analysis of 146 complementing
mutants revealed that 35% of the mutants were wild-type at the
amino acid level. The high incidence of wild-type sequences
reflects, in part, the design parameters of the library, since the
degree of randomization was chosen so as to generate a library
that contained 1% wild-type sequences at the amino acid level.
Therefore, given that 4% of the library was able to comple-
ment, at least 25% of the mutants were expected to be wild-
type. On average there were only 0.9 amino acid substitutions
per mutant. This is considered further confirmation that the
complementation assay was effective in discriminating
between active and inactive pol βs, since the unselected library
contained 2.4 amino acid substitutions per mutant.

It should be noted that an efficient genetic selection to
identify mutants that maintain function is essential for studies
of structure and function since a large number of mutants are
generated, the majority non-functional. Functional comple-
mentation in bacterial systems offers the best, and often the
only, practical method of enzymatic activity screening.
However, the interactions and function of a eukaryotic enzyme
in a bacterial system are not always well understood and
additional assays are needed to evaluate enzymatic function. In
this study, all enzymes that complemented pol I for bacterial
growth were shown to be active in assays of polymerase
activity. However, it has not been ascertained whether some
mutants that would be active in eukaryotic cells failed to
complement bacterial growth.

Amino acid substitutions

The most conserved residue observed was G274 (Fig. 3). This
side chain is thought to form a cis-peptide bond which acts as
a hinge between helices M and N (16). Considering the postu-
lated movement of this region by as much as 12 Å during
polymerization, it is perhaps not surprising that a hinge residue
between helices M and N such as G274 is very conserved (18).
Nonetheless, it can be replaced in triple substitution combina-
tions which also contain either D276N or D276H mutations. It
is not apparent how these mutations can compensate for
substitution of the G274. Residue S275 was substituted only by
the hydrophilic and non-charged amino acids C and N, demon-
strating the requirement for these properties at the site. Based
on its proximity to the incoming dNTP, it was unexpected that
the least conserved residue was D276. The conservative substi-
tution D276E which maintains a charged, hydrophilic amino
acid at this position, comprised 10% of all the complementing
mutants. D276 was also found substituted in most single and
double mutants and in all triple mutants characterized (Fig. 3).
Hence, despite its close proximity to the incoming dNTP,
D276 is clearly not required for activity. I277 was also poorly
conserved overall, but the predominant single substitution was
a conservative replacement, I277L. All double and triple
mutants had D276 or I277 substituted. F278 was the second
most immutable residue next to G274.

These results demonstrate the ability of random muta-
genesis, coupled with a strong genetic screening assay, to
provide information about how essential specific amino acid
residues are for enzyme activity and the ability of multiple
mutations to compensate for substitutions at immutable

residues. They also offer insights into the amino acid proper-
ties important for function.

Characterization of mutants

The analysis of amino acid residue mutability revealed that
positions D276 and I277 had few constraints on permitted
substitutions and were clearly not essential for function. Such
analysis, however, cannot reveal the influence of these
residues on catalytic efficiency and replication fidelity. For
example, mutant D276E was superior to the wild-type pol β in
supporting bacterial growth in the complementation assay.
This observation led us to further explore the impact of
mutations on D276 and I277 on the polymerase function in
order to understand the structure–function relationship at these
sites. Fourteen mutant enzymes were purified and used to
extend a primer over a 4 nt template gap in the absence of
dCTP, the first nucleotide templated for. Several mutants at the
D276 position were less efficient than the wild-type in misin-
serting another nucleotide opposite G and extending the
mismatch to completion (data not shown). The only mutant
identified in this screen that showed higher efficiency of
replication past the G than the wild-type was D276E. This was
unexpected because of the conservative nature of this substitu-
tion; the main difference between D and E is the slightly larger
size of E by ∼1.5 Å. D276E was the single most numerous
mutant in the library (15% of all the mutants with amino acid
changes). The least efficient enzyme in replicating the gap in
the absence of dCTP was D276A/I277L (Fig. 4). The relative
efficiencies of mutants D276E and D276A/I277L in misincor-
poration and misextension were also reflected in the mutation
frequencies observed in the forward M13mp2 assay with all
four dNTPs present although the differences were very small
(Table 2). Overall, the mutation frequencies observed were
higher than those previously reported (22) but nonetheless the
D27E exhibited relatively higher mutation frequency than the
wild-type whereas the D276A/I277L exhibited relatively
lower mutation frequency compared to the wild-type.

Steady-state kinetic analysis of single nucleotide incorpora-
tion (dCTP), opposite a template G by the wild-type pol β and
the D276A/I277L and D276E mutants, yielded surprising
results. D276E exhibited a 25-fold increase in catalytic
efficiency over the wild-type. To the best of our knowledge
this is the highest reported increase in catalytic efficiency for
any polymerase mutant (7). The most significant difference
between D276E and the wild-type polymerase was their Km(app)
for dCTP; the Km of D276E was nearly 100-fold lower than in
the wild-type (Table 3). In contrast, D276A/I277L exhibited
40-fold less catalytic efficiency than the wild-type. The
increase in catalytic efficiency exhibited by D276E raises the
question of why this substitution has not been favored by
natural selection. Analysis of the misincorporation efficiency
of the three polymerases offered a possible explanation
(Fig. 4). D276E showed a 25-fold increase in G:T misincorpo-
ration efficiency but no increase was evident for G:A or G:G
mismatches. These results indicate that natural selection may
favour fidelity over catalytic efficiency in maintaining D276.
In contrast to D276E, mutant D276A/I277L showed increased
misincorporation efficiency for both G:A and G:G, but not for
G:T. This result is unexpected because D276A/I277L was less
efficient in replicating a 4 nt template gap in the absence of
dCTP (Fig. 4). It also displayed a lower mutation frequency
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than both D276E and wild-type (Table 2). One possibility is
that D276A/I277L is unable to extend mispairs once they form.

Fidelity mutants of pol β have been identified previously,
and invariably they have exhibited lower catalytic efficiency
than wild-type. Y265C, a mutant in the M-helix, was identified
using a genetic screen which was based on the ability of
mutants to generate Trp+ revertants (25). This mutant also
exhibited 2.5-fold lower Km values than wild-type, but its kcat
was nearly 50-fold lower. Mutants at residues N279 and R283,
generated by site-directed mutagenesis, had also altered
fidelity (22,40). The substitutions R283A, R283L and R283K
led to a dramatic decrease in fidelity and catalytic efficiency.
The mutant R283A exhibited a 160-fold decrease in fidelity in
a reversion assay and a 5000-fold decrease in catalytic effi-
ciency. The substitution N279A led to a 19-fold decrease in
catalytic efficiency and exhibited an increase in fidelity based
on a reversion assay. All mutants exhibited increased Km
values. These data clearly illustrate the importance of helices
M and N in fidelity, but also the fact that the low fidelity
mutant identified here, D276E, is the only pol β mutant to date
which exhibits an increase in its catalytic efficiency compared
to wild-type.

Our results are consistent with a role for D276 within the
induced fit mechanism suggested for pol β (18). According to
this hypothesis, proper alignment of the substrates in the active
site is only achieved when the correct dNTP is present. The
correct fit is then the limiting step for the nucleotidyl transfer.
The electron density map derived from the structural studies is
of insufficient resolution to determine the orientation of D276
(16,18,41). However, the data from this study support the
model that during the ‘closing’ of the thumb subdomain, D276
is oriented towards, and makes contact with, the residue R40 of
the 8 kDa domain, thus helping to determine the size of the
active site (Fig. 5). A residue such as E, which essentially repli-
cates the molecular bonding propensities of D but is 1.5 Å
longer, may increase the size of the active site enough to
stabilize G:T mispairs but not the bulkier G:A and G:G
mispairs. A consequence of this model is that random
mutagenesis of the 8 kDa region near R40 may yield catalytic
efficiency and fidelity mutants.

In conclusion, our identification of a mutant polymerase
exhibiting a 25-fold increase in catalytic activity demonstrates
that the pol β design has the potential for significantly higher
catalytic efficiency. The importance of higher efficiency is
illustrated by the ability of D276E to support faster bacterial
growth than the wild-type form. Yet this substitution has not
been chosen by natural selection in mammalian cells, probably
because for pol β, a DNA repair enzyme, higher fidelity is
more important than catalytic efficiency. The inability of this
and other studies to identify DNA polymerase mutants that
exhibit higher catalytic efficiency or higher replication fidelity
without detrimental effect on other properties supports the
hypothesis that the wild-type residues that evolved by natural
selection effect an optimal equilibrium among the
polymerase’s different enzymatic activities. Improvement in
the performance of one property may lead to deterioration in
another.
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