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Abstract
DNA polymerase λ (Pol λ) is a novel X-family DNA polymerase that shares 34% sequence
identity with DNA polymerase β (Pol β). Pre-steady state kinetic studies have shown that the Pol
λ•DNA complex binds both correct and incorrect nucleotides 130-fold tighter on average than the
Pol β•DNA complex, although, the base substitution fidelity of both polymerases is 10−4 to 10−5.
To better understand Pol λ’s tight nucleotide binding affinity, we created single- and double-
substitution mutants of Pol λ to disrupt interactions between active site residues and an incoming
nucleotide or a template base. Single-turnover kinetic assays showed that Pol λ binds to an
incoming nucleotide via cooperative interactions with active site residues (R386, R420, K422,
Y505, F506, A510, and R514). Disrupting protein interactions with an incoming correct or
incorrect nucleotide impacted binding with each of the common structural moieties in the
following order: triphosphate ≫ base > ribose. In addition, the loss of Watson-Crick hydrogen
bonding between the nucleotide and template base led to a moderate increase in the Kd. The
fidelity of Pol λ was maintained predominantly by a single residue, R517, which has minor groove
interactions with the DNA template.
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INTRODUCTION
DNA polymerases, which are organized into the A, B, C, D, X, and Y families,1; 2 have
been shown to share a minimal kinetic mechanism for DNA polymerization.3 This minimal
mechanism indicates that DNA polymerases discriminate between a correct or incorrect
nucleotide (dNTP) substrate predominantly during two steps: dNTP binding affinity to the
enzyme•DNA complex and the rate of dNTP incorporation. Interestingly, DNA polymerases
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exhibit a wide range of binding affinity values for correct and incorrect dNTPs, thereby
suggesting that these enzymes employ different discriminatory mechanisms. Using transient
state kinetic methods, the equilibrium dissociation constants (Kd) of an incoming nucleotide
have been determined for replicative,4; 5; 6; 7; 8; 9 repair,10; 11; 12 and lesion bypass DNA
polymerases.13; 14; 15; 16; 17; 18; 19; 20 For example, the discrimination factor for
nucleotide binding, defined as the ratio of the equilibrium dissociation constants for
incorrect and correct nucleotides (Kd,incorrect/Kd,correct), is 250 on average for an
exonuclease-deficient mutant of the replicative human mitochondrial DNA polymerase γ,6;
7 110 on average for the rat DNA repair polymerase β (rPol β),10 and 4 for the human DNA
lesion bypass polymerase η.14

Human DNA polymerase λ (Pol λ), an X-family member which shares 34% sequence
identity with Pol β,21 has been postulated to play a role in base excision repair (BER),
nonhomologous end joining, and V(D)J recombination while the participation of Pol β in
BER has been confirmed.22; 23; 24; 25; 26; 27; 28; 29; 30; 31 Intriguingly, Pol λ exhibits
tight nucleotide binding affinity for both correct and incorrect dNTPs in which the
discrimination factor is 3 on average for nucleotide incorporation into a single-nucleotide
gap DNA substrate.12 Despite the varying discrimination factors (110 versus 3) between
these two similar DNA repair enzymes, the base substitution fidelity of rPol β and human
Pol λ is within the same range: 10−4 to 10−5.10; 12

Based on the crystal structure of Pol β, the tight binding of correct nucleotides by Pol β in
the presence of single-nucleotide gap DNA is predicted to be partly due to the contribution
of its 5′-deoxyribose-5-phosphate lyase (dRPase) domain which interacts strongly with the
downstream primer and the polymerase domain.32 This reasoning does not apply to Pol λ
because all nucleotides have similarly high affinity to Pol λ, even with a non-gapped DNA
substrate.33 Additionally, the N-terminal BRCT and Proline-rich domains of Pol λ are not
responsible because the C-terminal Pol β-like domain34 binds to all nucleotides as tightly as
Pol λ.12 To better understand the kinetic basis for the tight binding of all nucleotides, we
have created site-specific mutants of Pol λ that are designed to target key interactions
between the polymerase and its substrates (Figure 1). Furthermore, we investigated the
kinetic contributions from the intrinsic properties of a nucleotide, such as hydrogen bonding,
base stacking, and steric bulkiness, using three non-natural nucleotide analogs (Figure 2): 1-
naphthalene 5′-triphosphate (1-dNaTP), pyrene 5′-triphosphate (dPTP), and 5-nitroindole 5′-
triphosphate (5-dNITP).

RESULTS
The kinetic basis of Pol λ’s tight nucleotide binding was examined by creating several
single-point mutants which disrupt specific interactions between each of the amino acid
residues and the incoming dNTP or the template base. Based on an X-ray crystal structure of
human Pol λ’s C-terminal Pol β -like domain in complex with gap DNA and a correct
incoming ddTTP,35 the following amino acid residues were examined: R386, R420, K422,
Y505, F506, A510, R514, and R517 (Figure 1). These amino acids are in close proximity to
the triphosphate moiety (R386, R420, and K422), sugar moiety (Y505 and F506), or base of
an incoming dNTP (A510) and the DNA template (R514, and R517) (Figure 1). Most of
these residues are conserved in both Pol λ and Pol β. However, K422, A510, and R514 in
Pol λ are A185, D276, and K280 in Pol β, respectively. Following the successful completion
of site-directed mutagenesis and purification of the Pol λ mutants to greater than 90% purity
(Figure S1), we examined whether the structure was altered due to the mutation(s).
Therefore, we employed circular dichroism (CD) spectroscopy (see Materials and Methods).
These data showed that all of the tested mutants had secondary structure similar to wild-type
(WT) Pol λ which suggested that the mutations did not induce major structural changes
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(Figure S2). Pol λ R386E, R420A, and Y505G were not examined using CD spectroscopy
due to their low purification yields.

Measurement of DNA binding affinity
Next, we determined whether the mutants were able to form a binary complex (Pol λ•DNA)
by using a fluorescence titration assay (see Materials and Methods) to measure the
equilibrium dissociation constant (Kd

DNA). The F-DNA substrate contains 2-aminopurine,
an analog of adenine, at the template base position (Table 1). Increasing concentrations of
Pol λ were titrated into F-DNA, and then a plot of the corrected 2-aminopurine intensity and
concentration of Pol λ were fit to Eq. 1 which resolved a Kd

DNA of 110 ± 20 nM (Figure S3
and Table 2). Similar binding constants (70 – 300 nM) were measured for the Pol λ mutants,
indicating that these enzymes have a folded structure that can recognize and bind a single-
nucleotide gap DNA substrate similar to WT Pol λ.

Measurement of nucleotide binding and incorporation rate catalyzed by Pol λ mutants
The single-point Pol λ mutants were kinetically characterized by measuring the maximum
rate of nucleotide incorporation (kp) and the equilibrium dissociation constant (Kd) of an
incoming nucleotide under single-turnover conditions. Single-turnover conditions prevent
any complications from the steady-state phase that may originate from the rate of DNA
dissociation being comparable to the rate of nucleotide incorporation for Pol λ .12; 34; 36
Recent studies with T7 DNA polymerase, an A-family enzyme, reveal that nucleotide
binding to a polymerase complex with DNA induces several conformational changes
preceding the incorporation step which may mask the measured Kd value under single-
turnover reaction conditions.37 Since similar conformational changes have not been
detected with Pol λ during nucleotide binding and incorporation35; 38 and the kinetic
mechanisms of Pol λ with gap DNA and T7 DNA polymerase with non-gap DNA may be
different,3; 39 the Kd values measured in this paper likely reflect the true nucleotide binding
affinity. To perform the single-turnover kinetic assay (see Materials and Methods), a pre-
incubated solution of Pol λ A510E and 5′-[32P]-labeled D-1 DNA (Table 1) was reacted
with increasing concentrations of mismatched dGTP (1–160 µM). After quantitating DNA
product formation at each nucleotide concentration (Figure 3), the pre-steady state kinetic
parameters were determined: a kp of 0.0102 ± 0.0003 s−1 and a Kd of 15 ± 2 µM for Pol λ
A510E. The pre-steady state kinetic parameters for all Pol λ mutants incorporating incorrect
dGTP (Table 3) or correct dTTP (Table 4) into single-nucleotide gap D-1 DNA (Table 1)
were determined using this single-turnover kinetic methodology. The kp and/or Kd values
were then used to calculate the substrate specificity constant (kp/Kd), Kd ratio, and fidelity as
defined in Tables 3 and 4. In this study, fidelity describes the probability of Pol λ making a
base substitution error for the dGTP:dA mismatch. Our previous work determined the
kinetic parameters for WT Pol λ.12

Pol λ mutants targeting interactions near the triphosphate moiety of an incoming dNTP
Pol λ single-point mutants of residues R386, R420, and K422 demonstrated a kinetically
significant (i.e. >2-fold relative to WT) weaker binding affinity (1/Kd) for both correct dTTP
and incorrect dGTP incorporation opposite a template base dA (Tables 3 and 4). The Kd
value increased dramatically (250- and 270-fold) for Pol λ R420A, a residue situated near
the β-phosphate of an incoming dNTP (Figure 1). In contrast, the neutrally-charged R386A
mutant, which is located near the γ-phosphate of an incoming dNTP, had a more mild effect,
as the binding was weakened by a modest 6- and 16-fold for a correct and incorrect dNTP,
respectively. K422 is another positively-charged residue in the vicinity of the triphosphate
moiety, although, the alanine substitution mutant revealed a mild, 3-fold weaker binding
affinity for both dTTP and dGTP. Interestingly, the fidelity of Pol λ R420A dropped by
almost two orders of magnitude (Table 3 and Figure 4). This effect was mostly due to a
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large decrease in the rate for dTTP incorporation (330-fold) while the rate for dGTP
misincorporation (∼4-fold) remained similar to WT Pol λ.

Pol λ mutants with altered interactions near the ribose of an incoming dNTP
For a misincorporation, the binding affinity of dGTP was weakened by 19-, 9-, and 6-fold
for Y505G, Y505A, and F506A, respectively (Table 3). As a result, these mutants displayed
a consistent increase in enzyme fidelity (4- to 13-fold) among the mutant enzymes examined
in this work (Table 3 and Figure 4).

Pol λ mutants which disrupt interactions with bases of an incoming dNTP or DNA template
Replacing A510 with a glutamate resulted in modest 3- to 5-fold perturbations for the dTTP
and dGTP Kd values (Tables 3 and 4). Additionally, the R517A mutant exhibited 2- to 3-fold
tighter binding affinities for both dTTP and dGTP relative to WT Pol λ. However, the dTTP
and dGTP Kd values for R514A were weakened by 2- and 25-fold, respectively. The fidelity
of A510E dropped by approximately 17-fold, and this was caused by a 26-fold rate increase
for a misincorporation (Table 3). In contrast, the fidelity of R517A dropped by three orders
of magnitude which was due to a 250-fold rate decrease for a correct incorporation.

Kinetic characterization of double-point Pol λ mutants
Our above results suggested that the tight dNTP binding by Pol λ is a function of multiple
amino acid residues. To examine if these residues behave individually or cooperatively, we
created two double mutants: R386A/A510E and R386A/R514A. These three residues were
selected because the Kd ratios for correct and incorrect dNTPs were modest so that, if
binding was weaker for the double mutant, we could accurately measure the Kd. After
determining the kp and Kd values under single-turnover conditions, the correct and incorrect
Kd ratios for the double mutants ranged from 27- to 100-fold relative to WT Pol λ (Tables 3
and 4). Interestingly, the sum of the binding affinities for the single-substitution mutants did
not equal the binding affinities for the double-substitution mutants. Thus, these dNTP
binding data indicated that nucleotide binding was synergistic or cooperative for these sites
tested. Similar to A510E, the fidelity for R386A/A510E dropped by 26-fold. This loss of
fidelity was mostly due to a 17-fold increase in the rate of dGTP misincorporation. In
contrast, the fidelity for R386A/R514A was similar to WT Pol λ but slightly higher than the
single-point mutant R386A and lower for R514A (Table 3 and Figure 4), suggesting that the
effects of these two point mutations were either offset or compensated by repositioning other
active site residues.

Effects of hydrogen bonding, base stacking, and steric interactions during DNA synthesis
Nucleotide binding and selection may be influenced by the properties of the substrates, such
as Watson-Crick hydrogen bonding, base stacking, steric interactions, and hydrogen bonds
between the enzyme and DNA minor groove. To discern the role of these factors, we have
determined the pre-steady state kinetic parameters (Table 5) for the incorporation of three
non-natural nucleotide analogs (Figure 2) into D-7 DNA, a single-nucleotide gap DNA
substrate with dT as the template (Table 1). This allows us to compare the kinetic
parameters for the analogs with dATP, the nucleotide with the strongest base-stacking
energy among the four natural bases.40

The three non-natural nucleotide analogs (dPTP, 5-dNITP, and 1-dNaTP) lack the ability to
form hydrogen bonds with a template base, possess stronger base stacking energy, and
increased steric bulkiness compared to a natural nucleotide.40 Nonetheless, WT Pol λ
inserted dPTP, 5-dNITP, and 1-dNaTP, although, the incorporation efficiency was reduced
significantly, mostly due to a slower rate of incorporation rather than nucleotide binding.
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Compared to dATP, the nucleotide binding was weakened by 24-, 12-, and 2-fold for dPTP,
1-dNaTP, and 5-dNITP, respectively. Overall, these results suggested that (i) Watson-Crick
hydrogen bonding between the incoming nucleotide and template base is not essential for
nucleotides with strong base-stacking energy but the hydrogen bonds likely enhance
incorporation efficiency, (ii) the ground-state binding affinity of a nucleotide depends
moderately on the formation of Watson-Crick hydrogen bonds, and (iii) the active site of
WT Pol λ can accommodate an oversized base, although, the bulky pyrene moiety likely
leads to a higher Kd.

DISCUSSION
Tight nucleotide binding depends partially on the properties of nascent base pair

We have previously demonstrated that all dNTPs, correct and incorrect, have tight and
peculiarly similar binding affinities to Pol λ and single-nucleotide gap DNA.12 The
biological relevance of tight nucleotide binding affinity likely facilitates efficient DNA
repair synthesis by Pol λ, such as nonhomologous end joining, when cellular dNTP pools are
low outside of S phase.34; 41 The tight binding of all dNTPs is rare because most kinetically
characterized DNA polymerases generally discriminate against incorrect nucleotides via
weak binding and slow incorporation.42 For example, incorrect dNTPs have 35- to 340-fold
weaker binding affinity than correct dNTPs to the binary complex of Pol β and single-
nucleotide gap DNA.10 To identify the major factors contributing to Pol λ’s tight nucleotide
binding, we examined the physical properties of nascent base pairs including hydrogen
bonding, base stacking, and base size. Previously, the importance of those factors for other
DNA polymerases has been probed using non-natural nucleobases (e.g. difluorotoluene and
pyrene) substituted in an incoming dNTP or a DNA template.43 The A- and Y-family DNA
polymerases incorporate non-hydrogen bonding nucleotide analogs, albeit less efficiently
than a correct, natural dNTP based on pre-steady state kinetic results.44; 45; 46 These
findings suggested that Watson-Crick hydrogen bonds formed between a dNTP and a
template base are not essential for nucleotide incorporation by the A- and Y-family DNA
polymerases.43; 47; 48 Our kinetic data in Table 5 for the three nucleotide analogs (5-
dNITP, dPTP, and 1-dNaTP) suggested that human Pol λ followed the same trend.
Moreover, the moderately weaker binding affinities of dPTP, 5-dNITP, and 1-dNaTP
suggested that Watson-Crick hydrogen bonds between canonical base pairs were not
important for the tight binding of a nucleotide to Pol λ•DNA, but formation of these
hydrogen bonds greatly accelerated the catalytic rate of Pol λ. Although base stacking
contributed to the 7-fold tighter binding of 5-dNITP over 1-dNaTP, it is not the major factor
to dictate nucleotide binding because correct and incorrect dNTPs exhibit tight binding
affinities regardless of the base identity, e.g. purine versus pyrimidine.12

Active site residues coordinate unprecedentedly tight nucleotide binding
The X-ray crystal structure of truncated human Pol λ35 was used to rationally select residues
to mutate and to determine the individual roles of eight active site residues (R386, R420,
K422, Y505, F506, A510, R514, and R517) which interact with an incoming nucleotide or
the template base (Figure 1). The common structural moieties between correct and incorrect
nucleotides are triphosphate, ribose, and nucleobase. The Pol λ residues interact with
specific structural moieties of a dNTP, therefore, the kinetic significance of binding each
dNTP moiety can be dissected by averaging the Kd values for both correct and incorrect
dNTPs using the mutants (Tables 3 and 4) that interact with the triphosphate (R386A,
R420A, and K422A), ribose (Y505A and F506A), or nucleobase (A510E). The impact on
dNTP binding generated the following ranking for each of the common structural moieties:
triphosphate (Kd ,average = 265 µM) ≫ nitrogenous base (Kd,average = 18 µM) > ribose
(Kd,average = 13 µM). Stabilizing the triphosphate group of an incoming nucleotide by R386,
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R420, and K422 was critical for tight nucleotide binding. For example, dramatic changes in
nucleotide binding were observed when R386A or R386E disrupted the salt bridge between
the guanidino group of R386 and the γ-phosphate of an incoming nucleotide.35; 38
Similarly, the electrostatic interactions between R420 and the β-phosphate of an incoming
nucleotide maintain a low Kd. In comparison, the alanine mutations of Y505 and F506,
which interact with the ribose of an incoming nucleotide,35 enhanced the ability of Pol λ to
discriminate between correct and incorrect dNTPs by increasing the Kd value of an incorrect
nucleotide by 6-to 9-fold (Tables 3 and 4). A510 of Pol λ is one of the few active site
residues not conserved in Pol β. Previously, we34 and others41; 49 have proposed that Pol
λ’s tight dNTP binding affinity may be due to a neutral residue A510 which is D276 in Pol
β. Interestingly, the A510E substitution weakened the dNTP binding affinity of Pol λ by 5-
to 8-fold (Tables 3 and 4) while mutating D276 to a neutral residue (e.g. valine and glycine)
increases the correct nucleotide binding affinity of Pol β by 4- to 9-fold and incorrect
nucleotide binding affinity by 3-fold.42; 50 Thus, a bulky, negatively-charged residue
weakens the nucleotide binding affinity for both Pol λ A510E and Pol β. R514, which stacks
against the template base dA, is another residue that enhanced the binding discrimination
factor, for R514A weakened the binding of correct and incorrect nucleotides by 2- and 25-
fold, respectively (Tables 3 and 4).

Several of the active site residues (R386, R420, K422, Y505, F506, A510, and R514) in Pol
λ interact with a nascent base pair to cooperatively stabilize nucleotide binding in the ground
state. Since the Kd values for the double-point mutants (R386A/A510E and R386A/R514A)
were greater than the sum of the Kd values for the single-point mutants by 2- to 5-fold
(Tables 3 and 4), these residues contribute to nucleotide binding in a synergistic manner.
However, certain residues, e.g. R420, play a more important role in nucleotide binding than
others. It is possible that other active site residues, which we did not examine here, may also
participate in nucleotide binding. Importantly, the tight nucleotide binding affinity of Pol λ
was not manifested in a single amino acid residue, indicating the mechanism of how Pol λ
and Pol β discriminate at the ground-state nucleotide binding level is more complex. The
different conformational dynamics of these enzymes preceding catalysis may play a role.
For example, Pol β undergoes a conformational change during the binary (Pol β•DNA) to
ternary (Pol β•DNA•dNTP) complex transition32; 51; 52 where as Pol λ only repositions
selected active site residues.35; 38 Furthermore, the conformational change observed for
correct and incorrect nucleotide incorporations is different for Pol β.32; 53 Thus, additional
studies are needed to better understand the relationship between substrate recognition and
polymerase conformational dynamics during the catalytic cycle.

Fidelity of Polλ is maintained by minor groove interactions
Among ten single-substitution Pol λ mutants, this work identified R517 as an important
residue in maintaining polymerase fidelity. R517, which is R283 in Pol β, is involved in
minor groove interactions with the DNA template (Figure 1).35 The R517A mutation did
not significantly alter nucleotide binding affinity but dramatically decreased the kp value of
correct dTTP by 250-fold, leading to a 1,360-fold loss of polymerase fidelity (Tables 3 and
4). The Pol β R283A mutant followed a similar kinetic trend as Pol λ R517A, whereby the
rate of a correct dTTP incorporation dropped by 310-fold for an overall 260-fold loss of
fidelity.54 Crystal structures have been solved for human Pol β R283A and truncated Pol λ
R517A; both of these studies conclude that these arginine residues are essential for properly
positioning the template strand through hydrogen bonding and/or van der Waal’s
interactions.55; 56 Thus, these interactions provide Pol β and Pol λ with greater
polymerization efficiency for correct incorporations.12; 54 In the absence of a large
conformational change,35; 38 Pol λ relies, in part, on non-specific minor groove interactions
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to detect the proper nascent base pair geometry in a manner similar to that observed for A-
and B-family DNA polymerases.57; 58; 59; 60

MATERIALS AND METHODS
Materials

These chemicals were purchased from the following companies: [γ-32P]ATP, MP
Biomedicals; deoxyribonucleotides-5′-triphosphates (dNTP), GE Healthcare; 5-nitroindole
5′-triphosphate, TriLink Biotechnologies; Biospin columns, Bio-Rad Laboratories;
OptiKinase™, USB Corporation; Quikchange XL site-directed mutagenesis kit, Stratagene;
synthetic oligodeoxyribonucleotides, Integrated DNA Technologies. The mutagenesis,
expression, and purification steps of full-length wild-type Pol λ (1–575) and the full-length
mutants were performed as described previously.12; 61 The purity of the enzymes was
above 90% (Figure S1). CD spectroscopic studies were performed for the Pol λ mutants as
described previously.61 Pyrene 5′-triphosphate was synthesized as described previously.62
1-naphthalene 5′-triphosphate was synthesized according to the literature63 except that the
epimerization followed a different procedure64 as did the formation of the triphosphate.65

DNA binding assay
The equilibrium dissociation constant (Kd

DNA) of the Pol λ•DNA binary complex was
measured using a fluorescence titration assay. Increasing concentrations of Pol λ (10 – 2000
nM) were titrated into a fixed concentration of F-DNA (100 nM) in buffer L (50 mM Tris-Cl
pH 8.4 at 37 °C, 5 mM MgCl2, 100 mM NaCl, 0.1 mM EDTA, 5 mM DTT, and 10%
glycerol). The F-DNA substrate (Table 1) was excited at a wavelength of 312 nm with
emission and excitation slit widths of 5 nm. The emission spectra were collected at 1 nm
intervals from 320 to 500 nm using a Fluoromax-4 (Jobin Jvon Horiba). Emission
background from the buffer and intrinsic protein fluorescence were subtracted from each
spectrum. A modified form of the quadratic equation (Eq. 1) was applied to a plot of the
fluorescence intensity (F) measured at 370 nm versus enzyme concentration. Fmax and Fmin
represent the maximum and minimum fluorescence intensity, respectively.

(1)

Measurement of the kp and Kd for single nucleotide incorporation
Kinetic assays were completed using optimized buffer L (50 mM Tris-Cl pH 8.4 at 37 °C, 5
mM MgCl2, 100 mM NaCl, 0.1 mM EDTA, 5 mM DTT, 10% glycerol, and 0.1 mg/ml
BSA) as previously described.34 The purification, 5′-[32P] radiolabeling, and annealing of
single-nucleotide gapped D-DNA substrates (Table 1) was performed as described
previously.12; 34 All kinetic experiments described herein were performed at 37 °C and the
reported concentrations are final after mixing all the components. A pre-incubated solution
containing wild-type Pol λ (120 nM) or a Pol λ mutant (300 nM) and a single-nucleotide gap
DNA substrate (30 nM) was mixed with increasing concentrations of nucleotide (0.25–1500
µM) in buffer L at 37 °C. Aliquots of the reaction mixtures were quenched at various times
using 0.37 M EDTA. A rapid chemical-quench flow apparatus (KinTek) was utilized for fast
nucleotide incorporations. Reaction products were resolved using sequencing gel
electrophoresis (17% acrylamide, 8 M urea) and quantitated with a Typhoon TRIO (GE
Healthcare) and ImageQuant software (Molecular Dynamics). The time course of product
formation at each nucleotide concentration was fit to a single-exponential equation (Eq. 2)
using a nonlinear regression program KaleidaGraph (Synergy Software) to yield an observed
rate constant of nucleotide incorporation (kobs). The kobs values were then plotted as a
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function of nucleotide concentration and fit using the hyperbolic equation (Eq. 3) which
resolved the kp and Kd values for nucleotide incorporation catalyzed by wild-type Pol λ or a
mutant.

(2)

(3)

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used are the following

1-dNATP 1-naphthalene 5′-triphosphate

5-dNITP 5-nitroindole 5′-triphosphate

BER base excision repair

CD circular dichroism

dNTP 2′-deoxyribonucleotide-5′-triphosphate

dPTP pyrene 5′-triphosphate

dRPase 5′-deoxyribose phosphate lyase

Pol λ human DNA polymerase λ

Pol β DNA polymerase β

rPol β rat DNA polymerase β

WT wild-type
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Figure 1.
Active site of truncated Pol λ. Residues selected for mutagenesis and kinetic characterization
are shown as sticks: R386 (brown), R420 (yellow), K422 (orange), F506 (dark blue), Y505
(green), A510 (cyan), R514 (purple), and R517 (red) (PDB 1XSN). The incoming ddTTP
and DNA template base dA are shown as gray sticks with the important atoms in color. The
remainder of the protein and DNA substrate is a solid, light gray ribbon.
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Figure 2.
Chemical structure of nucleotide analogs. (A) 1-dNaTP, (B) dPTP, and (C) 5-dNITP.
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Figure 3.
Concentration dependence on the pre-steady state rate constant of nucleotide
misincorporation. (A) A pre-incubated solution of Pol λ A510E (300 nM) and 5′-[32P]-
labeled D-1 DNA (30 nM) was rapidly mixed with increasing concentrations of dGTP•Mg2+

(1 µM, ●; 2 µM, ○; 5 µM, ■; 10 µM, □; 20 µM, ▲; 40 µM, Δ; 80 µM, ◆; 160 µM, ◇) for
various time intervals. The solid lines are the best fits to a single-exponential equation which
determined the observed rate constants, kobs. (B) The kobs values were plotted as a function
of dGTP concentrations. The data (●) were then fit to a hyperbolic equation, yielding a kp of
0.0102 ± 0.0003 s−1 and an apparent Kd of 15 ± 2 µM.
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Figure 4.
Fidelity of mutant enzymes versus WT. The base substitution fidelity calculated in Table 3
is plotted for each enzyme. The dashed line coincides with the fidelity of WT Pol λ. Thus,
mutants with a calculated fidelity value above the dashed line exhibit lower polymerase
fidelity than WT Pol λ.
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Table 1

DNA substrates

F-DNAa 5′–CGCAGCCGTCCAACCAACTCAG GTCGATCCAATGCCGTCC–3′

3′–GCGTCGGCAGGTTGGTTGAGTCFCAGCTAGGTTACGGCAGG–5′

D-DNAb 5′–CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC–3′

3′–GCGTCGGCAGGTTGGTTGAGTXGCAGCTAGGTTACGGCAGG–5′

a
The ‘F’ in the 41mer template represents 2-aminopurine. The downstream 18-mer is 5′-phosphorylated.

b
The ‘X’ in the 41mer template represents dA for D-1 DNA and dT for D-7 DNA. The downstream 19-mer is 5′-phosphorylated.
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Table 2

Equilibrium dissociation constants of the Pol λ•DNA complex at 37 °C.

Enzyme Kd
DNA (nM)

WT 110 ± 20

R386A 90 ± 20

R386E 300 ± 100

R420A 200 ± 100

K422A 150 ± 40

Y505G 150 ± 70

Y505A 150 ± 50

F506A 140 ± 40

A510E 120 ± 60

R514A 70 ± 10

R517A 80 ± 30

R386A/A510E 120 ± 40

R386A/R514A 80 ± 30
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Table 4

Kinetic parameters for correct nucleotide incorporation (dTTP) into single-nucleotide gap DNA (D-1)
catalyzed by human Pol λ at 37 °C.

Pol λ
mutant

kp

(s−1)a
Kd

(µM)
kp/Kd

(µM−1s−1)
Kd

Ratioa

WTb 3.9 ± 0.2 2.6 ± 0.4 1.5 -

R386Ac 1.3 ± 0.1 15 ± 5 8.7 × 10−2 6

R386Ec 0.005 ± 0.001 1000 ± 410 5.0 × 10−6 380

R420A 0.0119 ± 0.0005 710 ± 60 1.7 × 10−5 270

K422A 1.62 ± 0.08 7 ± 1 2.3 × 10−1 3

Y505Gd 0.85 ± 0.02 0.81 ± 0.09 1.0 0.3

Y505Ad 1.30 ± 0.03 1.0 ± 0.1 1.3 0.4

F506Ad 7.1 ± 0.2 2.8 ± 0.4 2.5 1

A510E 10.2 ± 0.8 21 ± 4 4.9 × 10−1 8

R514A 4.0 ± 0.1 4.1 ± 0.7 9.8 × 10−1 2

R517A 0.0153 ± 0.0004 1.3 ± 0.1 1.2 × 10−2 0.5

R386A/A510E 3.0 ± 0.2 170 ± 20 1.8 × 10−2 65

R386A/R514A 2.4 ± 0.1 70 ± 10 3.4 × 10−2 27

a
Calculated as (Kd)Mutant/(Kd)WT.

b
The kinetic parameters for WT Pol λ are from the work of Fiala et al.12

c
The kinetic parameters for Pol λ R386A and R386E are from the work of Fowler et al.38

d
The kinetic parameters for Pol λ Y505G, Y505A, and F506A are from the work of Brown et al.16
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Table 5

Kinetic parameters for non-natural nucleotide analog incorporation into single-nucleotide gap D-7 DNA
catalyzed by WT human Pol λ at 37 °C.

dNTP
kp

(s−1)a
Kd

(µM)
kp/Kd

(µM−1s−1)
Kd

Ratioa

dATPb 1.5 ± 0.18 0.9 ± 0.3 1.7

dGTPb (1.0 ± 0.2) × 10−2 8.4 ± 0.6 1.4 × 10−3 8

dTTPb (2 ± 1) × 10−4 7 ± 4 1.4 × 10−3 8

dCTPb (1.0 ± 0.2) × 10−2 7 ± 4 1.4 × 10−3 8

dPTP (3.3 ± 0.2) × 10−4 22 ± 2 1.5 × 10−5 24

1-dNaTP (3.6 ± 0.3) × 10−4 11 ± 3 3.3 × 10−5 12

5-dNITP (1.31 ± 0.04) × 10−2 1.5 ± 0.2 8.7 × 10−3 2

a
Calculated as (Kd )Analog/(Kd )dATP.

b
The kinetic parameters for natural dNTPs are from the work of Fiala et al.12
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