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SUMMARY
Crystallographic studies of the C-terminal, DNA polymerase β-like domain of human DNA
polymerase lambda (fPolλ) suggested that the catalytic cycle might not involve a large protein domain
rearrangement as observed with several replicative DNA polymerases and DNA polymerase β. To
examine solution-phase protein conformation changes in fPolλ, which also contains a breast cancer
susceptibility gene 1 C-terminal domain and a Proline-rich domain at its N-terminus, we used a mass
spectrometry - based protein footprinting approach. In parallel experiments, surface accessibility
maps for Arg residues were compared for the free fPolλ versus the binary complex of enzyme•gapped
DNA and the ternary complex of enzyme•gapped DNA•dNTP. These experiments suggested that
fPolλ does not undergo major conformational changes during the catalysis in the solution phase.
Furthermore, the mass spectrometry-based protein footprinting experiments revealed that active site
residue R386 was shielded from the surface only in the presence of both a gapped DNA substrate
and an incoming nucleotide dNTP. Site-directed mutagenesis and pre-steady state kinetic studies
confirmed the importance of R386 for the enzyme activity, and indicated the key role for its guanidino
group in stabilizing the negative charges of an incoming nucleotide and the leaving pyrophosphate
product. We suggest that such interactions could be shared by and important for catalytic functions
of other DNA polymerases.
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INTRODUCTION
Based upon phylogenetic analyses, DNA polymerases have been arranged into six families
which are designated as A, B, C, D, X and Y. Members of the novel X-family of DNA
polymerases belong to a larger superfamily of nucleotidyl transferases and are found in all
three domains of life 1; 2. Thus far, at least five X-family members have been identified in
humans: DNA polymerases lambda (Polλ), beta (Polβ), Mu, sigma, and terminal
deoxynucleotidyl transferase (TdT). Polβ is known to function in base excision repair (BER)
in vivo 3;4. Physiologically, Polλ has been proposed to function in BER, non-homologous end
joining, and V(D)J recombination 5; 6; 7; 8; 9; 10; 11; 12. Polβ and Polλ share 54% sequence
homology and 32% sequence identity 13. In addition, both possess gap-filling DNA polymerase
activity at their C-terminal polymerase domain, 5'-deoxyribose-5-phosphate lyase (dRPase)
activity at their 8-kD dRPase domain, and lack 3'→5' exonuclease activity (Figure 1) 5; 14;
15. However, the full-length Polλ (fPolλ) possesses a breast cancer susceptibility gene 1 C-
terminal (BRCT) domain, a Proline-rich domain, and a nuclear localization signal motif on its
N-terminus which are absent in the full-length Polβ (Figure 1). Interestingly, the Proline-rich
domain has been shown to functionally suppress the polymerase activity of fPolλ 16 and to
increase its fidelity by up to 100-fold 17.

In general, DNA polymerases are structurally and functionally quite diverse, although,
commonalities can be found. Firstly, crystal structures for all known template-dependent DNA
polymerases reveal that they share a common three-dimensional shape which resembles a
human right hand. This feature of E. coli DNA polymerase I 18 led to the “fingers, palm, and
thumb” domain nomenclature system. Secondly, all DNA polymerases perform the chemistry
of nucleotidyl transfer using the same two divalent metal ion mechanism as first proposed by
T. A. Steitz 19. This mechanism, believed to be one of the earliest enzymatic activities to evolve
20 , involves the coordination of two divalent metal ions with three conserved carboxylate
residues within a polymerase active site, the primer 3'-OH moiety, and the triphosphate moiety
of an incoming nucleotide (dNTP). Finally, a dramatic protein conformational change is
observed in the conversion from the binary complex of enzyme•DNA to the ternary complex
of enzyme•DNA•dNTP. During this change, the fingers domain moves toward the palm
domain forming the hydrophobic polymerase active site. This swing of the fingers domain
changes the polymerase from the catalytically inactive “open” to the active “closed”
conformation 21. To catalyze nucleotidyl transfer, formation of the closed conformation aligns
the polymerase active site by properly orienting the conserved catalytic carboxylates, divalent
metal ions, DNA, and dNTP22

Recent crystallographic studies with human truncated Polλ (tPolλ, Figure 1) revealed that
unlike other DNA polymerases 23, including Polβ 24; 25 for which atomic structures are
available, the catalytic cycle of Polλ might not involve a large, protein domain rearrangement.
Rather, when comparing three crystal structures of human tPolλ (tPolλ•gapped DNA,
tPolλ•gapped DNA•dNTP, and tPolλ•nicked DNA•pyrophosphate), dNTP binding induces a
repositioning of only four side chains (i.e. Y505, F506, R514, and R517) within the active site
and a minor shift in the position of two β-strands 23. Together, these movements shift the DNA
template strand. However, the crystallographic studies that demonstrate this unique mechanism
were performed with tPolλ, rather than fPolλ. The Proline-rich domain absent in tPolλ has
recently been shown to increase the fidelity of Polλ by up to 100-fold, although, the reason for
this is not yet known 17. It is conceivable that upon dNTP binding, the Proline-rich domain
induces either the large swing of the finger domain 26 or relatively modest active site
rearrangements in the solution phase. Either of these protein conformational transitions may
provide a thermodynamic basis for selecting matched over mismatched incoming dNTPs 27.
In the present study, we investigated the extent of protein conformational changes in the
solution phase using mass spectrometry (MS)-based protein footprinting methods.
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RESULTS
In order to investigate whether or not human fPolλ undergoes a large protein conformational
change during catalysis in the solution phase, we employed a mass spectrometry-based protein
footprinting method 28; 29; 30. Briefly, a gentle, covalent modification of a protein at solvent
accessible arginine residues by p-hydroxyphenylglyoxal (HPG) is conducted under near
physiological conditions. After modification, the protein is purified and digested by trypsin, a
serine protease, which predominantly cleaves peptide chains at the carboxyl side of the amino
acids lysine and arginine, except when either residue is followed by proline or is chemically
modified. Thus, trypsin cannot cleave after HPG-modified Arg residues in peptide chains.
Following the trypsin digestion, the pool of low molecular weight peptides is analyzed by
Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-ToF) instrument to
obtain MS data. Notably, each HPG modification on the side chain of an Arg residue leads to
the addition of 131 Daltons to the molecular weight of a peptide 31; 32; 33. Analysis of a peptide
MS spectrum will reveal the precise location of the chemical modifications and the extent to
which they are modified (Materials and Methods). The solvent accessibility of Arg residues is
sensitive to protein conformation. Therefore, comparative analysis of modification patterns in
free protein versus its complexes with cognate nucleic acids could reveal protein
conformational change(s). A side chain, which becomes less amenable to modification (i.e. a
decrease in peak intensity within the MS spectrum compared to control peaks) is deemed
“protected” and is less solvent accessible. Conversely, if chemical modification becomes more
facile (i.e. an increase in peak intensity within the MS spectrum compared to control peaks),
the side chain is said to be “hyper-reactive” and more solvent accessible 29; 30. Here, this MS
foot-printing method was employed to analyze the nature of conformational changes that may
occur in fPolλ through a single turnover of the catalytic cycle. In addition, the above set of
conditions was repeated for dPolλ and tPolλ (Figure 1) to assess any inherent differences
between the solution-phase structures of these proteins in the presence or absence of DNA and
dNTP.

Investigating the Stability of Human Polλ during HPG Modification
For meaningful protein footprinting experiments, it is essential to establish mild modification
conditions under which the integrity of the functional nucleoprotein complexes is preserved.
Previous studies indicated that the treatment with 10 mM HPG to be optimal 29; 30. To make
sure that these conditions were applicable to fPolλ, we conducted an analysis of the gap-filling
DNA polymerase activities following HPG treatments (see Figure 2). The solutions of apo-
fPolλ and the binary complex of fPolλ and 22-18/41G-mer (Table 1) were first reacted with
10 mM HPG and then quenched by a molar excess of arginine. The modified fPolλ in these
two reaction solutions (lanes “HPG-E” and “HPG-ED” in Figure 2) and unmodified fPolλ
(lane “+ Control”) were examined for their ability to incorporate correct dCTP into single-
nucleotide gapped 22-18/41G–mer (Materials and Methods). Similar intensities of both
product 23-mer and remaining primer 22-mer on the three right lanes in Figure 2 suggested
that the gap-filling DNA polymerase activity of fPolλ, in both the apo form and the binary
complex with DNA, was almost preserved following HPG modification. Thus, HPG
modification conditions were sufficiently mild so that the solution-phase structure of fPolλ
remained intact for both its apo form and binary complex with DNA. We did not examine if
the HPG modification step altered the integrity of the ternary complex of fPolλ, 22ddC-18/41G-
mer (Table 1), and dCTP due to the difficulty to completely replace the fPolλ-bound, dideoxy-
terminated DNA substrate with 22- 18/41G–mer in the gap-filling DNA polymerase activity
assay (Materials and Methods). However, such an alteration was unlikely to occur considering
that the binary complex was not affected by HPG modification. Similar gap-filling DNA
polymerase activity assays were performed with dPolλ and tPolλ and demonstrated that HPG

Fowler et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2010 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modification did not disturb the conformations of these truncated mutants of fPolλ (data not
shown).

MS-Based Footprinting of fPolλ, dPol λ, and tPolλ
Representative MS results comparing surface accessible Arg residues of tPolλ in its apo form
with the binary and ternary complexes are depicted in Figure 3. Figure 3D is a portion of the
mass spectrum for unmodified tPolλ and shows a peak corresponding to tryptic peptide 524–
538 which is present in all spectra at the same intensity and is used as an internal control. Figure
3A, 3B, and 3C show the same portion of the MS spectrum of HPG-modified apo-tPolλ, the
binary complex of tPolλ•22-18/41G-mer, and the ternary complex of tPolλ•22ddC-18/41G–
mer•dCTP, respectively. In the ternary complex, dCTP was not incorporated because
22ddC-18/41G–mer contains a dideoxy-terminated primer. In Figure 3A–3C, peaks resulting
from tryptic peptides 562–573, 313–324, and 379–389 correspond to HPG modification of
R568, R323, and R386, respectively, thereby shifting their m/z ratios. The spectra in Figure
3A and 3B are almost superimposable, suggesting that the structure of tPolλ is relatively
unchanged from apo-tPolλ to the binary complex tPolλ•22-18/41G–mer. In contrast, the
intensity of the modified 379–389 (R386+HPG) peak was significantly diminished in the
tPolλ•22ddC-18/41G–mer•dCTP complex (Figure 3C) indicating that R386 was shielded from
the surface by the bound nucleotide.

The purified, recombinant fPolλ, dPolλ, and tPolλ possess 41, 28, and 25 Arg residues,
respectively (Figure 4). In the absence of DNA and dNTP, HPG modified 13, 10, and 10 Arg
residues of the apo forms of fPolλ, dPolλ, and tPolλ, respectively (Table 2). Similar or lower
Arg coverages as probed by HPG have been reported in other protein systems 30; 34; 35. The
HPG-modified Arg residues of apo-dPolλ and apo-tPolλ are identical, indicating that the
Proline-rich domain did not shield any of the exposed Arg residues in the Polβ–like domain
(Figure1). At the same time it is important to note that not all the surface exposed Arg residues
could be detected by our approach as certain large tryptic peptide fragments may not be readily
amenable for MALDI-ToF analysis. For example, the single Arg residue (R174) in the Proline-
rich domain (Figure 4) is followed immediately by a Pro residue thereby making trypsin
cleavage at R174 impossible regardless of HPG modification. Therefore, the shortest peptide
resulting from trypsin digestion to contain R174 is 147–181, which likely escaped detection
due to its large size. Thus, modification at R174 is beyond the limits of detection for this assay
and may or may not be modified. Finally, R50, R55, and R57 which are located in the BRCT
domain (Figure 4), were modified by HPG in apo-fPolλ, but not in apo-dPolλ or apo-tPolλ,
because these two Polλ fragments do not contain the BRCT domain (Figure 1).

In the presence of 22-18/41G–mer (60 µM, Table 1), the HPG-modified Arg residues in
fPolλ, dPolλ, and tPolλ were identical to those detected in the corresponding apo forms of these
Polλ constructs (Table 2). This suggested that the solution phase structures of fPolλ, dPolλ,
and tPolλ were not significantly altered in the presence of DNA. In contrast, upon formation
of the ternary complex of Polλ•gapped DNA•dNTP, two residues R275 and R386 were shielded
from HPG modification in all three Polλ constructs (Table 2). Interestingly, the X-ray crystal
structure of the ternary complex tPolλ•gapped DNA•ddTTP shows that R386 forms a salt
bridge with the γ-phosphate moiety of the incoming ddTTP (Figure 5). Thus, the binding of a
dNTP likely shielded R386 from HPG modification. In addition, the X-ray crystal
structure23 reveals that R275 forms a salt bridge with the 5’ terminal phosphate moiety of the
downstream DNA primer (Figure 5C).

Pre-steady state kinetic analysis of two R386 mutants of fPolλ
To investigate the significance of the salt bridge formed between R386 and a dNTP, we created
two point mutants of fPolλ, R386A and R386E. The purpose of the alanine substitution was
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to generate a small, neutral side chain at residue 386, while the glutamate substitution was to
create a nearly isosteric side chain with a negative charge which could repel a dNTP through
charge-charge interactions. To kinetically characterize these two mutants, we determined their
gap-filling DNA polymerase activity separately under single-turnover reaction conditions
(Materials and Methods). For example, a pre-incubated solution of R386A (300 nM) and 5'-
[32P]-labeled 21-19/41A-mer (30 nM, Table 1) was mixed with increasing concentrations of
dTTP (4–64 µM) for varying times before being quenched by 0.37 M EDTA. Each time course
of product formation was fit to Equation 1 (Materials and Methods) to yield an observed rate
constant (kobs) (data not shown). The kobs values were then plotted against the corresponding
dTTP concentration (Figure 6A), and the data were fit to Equation 2 (Materials and Methods)
to generate a maximum rate of nucleotide incorporation (kp) of 1.3 ± 0.1 s−1 and an equilibrium
dissociation constant (Kd) of 15 ± 5 µM (Table 3). Under the same reaction conditions, R386E
catalyzed the incorporation of dTTP into 21-19/41A-mer with a kp of 0.005 ± 0.001 s−1 and a
Kd of 1000 ± 410 µM (Table 3 and Figure 6B). The substrate specificity, kp/Kd, was calculated
to be 0.087 and 5×10−6 µM−1s−1 for R386A and R386E, respectively (Table 3). These values
are much lower than 1.5 µM−1s−1 observed with the wild-type fPolλ 17. Thus, both the charge
and size of the side chain of R386 are important to the catalytic activity of fPolλ.

DISCUSSION
Structural Implications of Our MS-Based Protein Footprinting Data

For the MS-based footprinting method, a small molecule like HPG is a proven chemical to
readily modify the most solvent accessible Arg residues of a protein in the solution phase 28;
34; 36;37. The reagent modified 13, 10, and 10 Arg residues in the apo forms of fPolλ, dPolλ,
and tPolλ, respectively (Table 2). The affected amino acids in the context of the available
crystal structure are depicted in Figure 7. Of these only two residues R275 and R386 were
selectively protected in the ternary complex (Polλ•DNA•dNTP), not in the binary complex
(Polλ•DNA) and apo-Polλ.

The shielding of R275 in the ternary complex is consistent with the X-ray crystal structure of
tPolλ•gapped DNA•dNTP 23 implicating this residue in charge-charge interactions with the 5′-
phosphate of the downstream strand. Since R275 was modified in the tPolλ•gapped DNA
complex, it is logical to suggest that these interactions in the context of the binary complex are
less stable or highly transient. In contrast, in the presence of an incoming dNTP, R275 was
protected from modification. This may have been due to dNTP-induced stabilization of the
ternary complex. Such stabilization may have arisen by equalizing unsatisfied positive charges
(for example R386, R420) in the polymerase active site. Thus, by introducing the dNTP’s
negatively charged triphosphate moiety, positively charged surfaces on the interior of the
protein may have experienced less charge-charge repulsion and thus settled into greater
proximity. In addition, a resulting reduction of protein dynamics may have stabilized R275 by
immobilizing the thumb domain in the tPolλ•DNA•dNTP structure, thus leading to greater
interaction of R275 with 5’-phosphate of the downstream strand.

MS-based protein footprinting also revealed selective protection of R386 in the ternary
complex (Polλ•DNA•dNTP) and not in the binary complex (Polλ•DNA) and apo-Polλ. These
results are in excellent agreement with the X-ray crystal structure of the ternary complex
tPolλ•gapped DNA•ddTTP showing that R386 forms a salt bridge with the γ-phosphate moiety
of the incoming ddTTP (Figure 5). The fact that we did not observe additional protections or
hyper-reactive Arg residues in the ternary complexes suggests that dNTP binding does not
induce significant protein conformational changes. Consistently, crystallographic studies of
tPolλ 23 have indicated that dNTP binding induces only a repositioning of four active site side
chains and a minor shift in the position of two β-strands. Taken together, our MS-based
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footprinting data indicated that the solution-phase and solid-phase structures of tPolλ were
similar but not identical, especially at the local structure surrounding R275.

Comparing the MS-based footprinting spectra of fPolλ, dPolλ and tPolλ (Table 2) in the same
substrate binding states reveals remarkable similarity, with the exception of R50, R55, and R57
which reside in the BRCT domain and were expected not to be probed by HPG in dPolλ and
tPolλ. Given that nearly all probed Arg residues were modified to similar extents, and that
fPolλ, dPolλ, and tPolλ were subjected to conditions designed to mimic discrete states of the
catalytic cycle, it is reasonable to assume that this polymerase does not undergo a radical
conformational change involving Arg residues as it carries out gap-filling DNA synthesis.
However, more experimental evidence is required to substantiate this conclusion. Additionally,
few differences between the MS-based footprinting spectra of Polλ•DNA and
Polλ•DNA•dNTP (Table 2) do not exclude the possibility of small, local structural
rearrangements within the polymerase active site as catalysis occurs.

Structural and Functional Roles of R386
Table 2 illustrates that nucleotide binding to the binary complexes of all three Polλ constructs
protected R386 from chemical modification. In the crystal structure of tPolλ•gapped
DNA•ddTTP (Figure 5), a strong salt bridge (2.90 and 3.04 Å) likely forms with the γ-
phosphate of the bound ddTTP due to charge-charge attraction. Thus, it is most likely the salt
bridge that prevents the guanidinium moiety of R386 to react with HPG. Such a salt bridge
perhaps strengthens the ground-state binding affinity of an incoming nucleotide, positions it
for catalysis, and stabilizes pyrophosphate, the leaving group. This possibility was strongly
supported by the kinetic data of R386A and R386E, two point mutants of fPolλ (Table 3).
Relative to wild-type fPolλ, R386A catalyzed correct dTTP incorporation into single-
nucleotide gapped DNA with a 3-fold lower kp, 6-fold higher Kd, and 17-fold lower
incorporation efficiency (kp/Kd). These kinetic effects from the side chain of R386 could be
contributed to the positive charge, size, or a combination of both properties. When R386 was
mutated to a glutamic acid residue which is of similar size but opposite charge, the kp was
reduced by 780-fold, the Kd was increased by 385-fold, and the nucleotide incorporation
efficiency was decreased by 300,000-fold. Thus, the positive charge of R386 has a more
important role in nucleotide binding and catalysis than the size of its side chain. The R386E
mutation could repel the negatively-charged dNTP and significantly weaken its binding. Since
the rate-limiting step of the kinetic mechanism for nucleotide incorporation catalyzed by
Polλ has not been established, the charge-charge repulsion could either destabilize the transition
state or alter the positioning of dNTP during catalysis.

Interestingly, in the crystal structure of the product ternary complex tPolλ•nicked
DNA•pyrophosphate 23, R386, R420, and Mg2+ stabilize the negative charges on the
pyrophosphate leaving group and facilitate catalysis (Figure 8). The R386E substitution is
likely to inhibit the formation of the pyrophosphate product through charge-charge repulsion
during catalysis. Thus, the R386E mutation could compromise coordination of both dNTP and
pyrophosphate in the enzyme active site, leading to the greatly reduced kp.

Conservation of R386 and R420 in Other DNA Polymerases
The structural and functional importance of R386 and R420 suggested that other DNA
polymerases may use similar positively-charged residues, arginine or lysine, to anchor both
the dNTP and pyrophosphate. Thus, we analyzed the available X-ray crystal structures of the
other ternary complexes in order to determine whether this feature was conserved among DNA
polymerases (Supplementary Table 1). The X-ray crystal structure of Polβ•gapped
DNA•ddCTP shows that R149 and R183 are oriented near the triphosphate group of ddCTP
in a manner similar to Polλ’s R386 and R420 24. For DNA polymerase Mu and TdT, these two
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members of the X-family possess the structural homolog of R420 which corresponds to R323
for DNA polymerase Mu and R336 for TdT 38; 39. However, in lieu of a positively-charged
residue structurally homologous to R386 and/or R420, the negative charge on the dNTP
phosphate can be stabilized by utilizing lysine, histidine, asparagine, or possibly the amide
nitrogen of the peptide backbone (Supplementary Table 1) 38; 39. As an example, DNA
polymerase IV from Sulfolobus solfataricus employs a network of residues, an arginine (R51),
a lysine (K159), a phenylalanine (F11), and two tyrosines (Y10 and Y48), to cooperatively
stabilize the negatively-charged phosphates through salt bridge formation and hydrogen-
bonding interactions 40; 41.

After examining the published ternary structures of several DNA polymerases listed in
Supplementary Table 1, we concluded that the presence of positively-charged residues, either
arginine or lysine, at the dNTP and pyrophosphate binding sites of a DNA polymerase active
site is almost universal. The alignment of the amino acid sequences of several DNA
polymerases, including the A-, B-, X-, and Y-family members for which crystal structures are
not available, is shown in Figure 9. Although DNA polymerases are structurally and
functionally quite diverse, all DNA polymerases analyzed in this work showed that at least
one-positively charged residue was conserved in each DNA polymerase family (Figure 9). In
addition to the two metal ion mechanism proposed by Steitz 19, our finding reveals another
conserved feature among the DNA polymerases examined herein. However, based upon our
mutagenesis results, these positively-charged residues are not an absolute requisite for
catalysis, since the catalytic activity of Polλ R386A remained fairly robust (Table 3).

In summary, our mass spectrometry-based protein footprinting method suggested that tPolλ,
dPolλ, and fPolλ do not undergo a dramatic conformational change during catalysis in the
solution phase. Moreover, our work identified the importance of stabilizing the negative
charges of an incoming nucleotide and the pyrophosphate product, a feature shared by a myriad
of DNA polymerases.

MATERIALS AND METHODS
Preparation of Human fPolλ, dPolλ, and tPolλ

Cloning, expression, and purification of human fPolλ17, dPolλ17, and tPolλ 42 were described
previously.

Synthetic Oligodeoxyribonucleotides
The oligodeoxyribonucleotides in Table 1 were purchased from Integrated DNA Technologies
(Coralville, IA) and purified by denaturing polyacrylamide gel electrophoresis (17%
acrylamide, 8 M urea, Tris-borate-EDTA running buffer). Their concentrations were
determined by UV absorbance at 260 nm with calculated extinction coefficients. Each single-
nucleotide gapped DNA substrate was prepared by heating a mixture of 21-mer (or 22-mer),
19-mer (or 18-mer), and 41-mer in a 1:1.25:1.15 molar ratio, respectively, for 8 min at 95 °C
and then cooling the mixture slowly to room temperature over 3 h as described previously 42.
For polymerization assays, a DNA primer was 5'-[32P]-labeled by incubating [γ-32P]ATP (GE
Healthcare) and T4 polynucleotide kinase (New England BioLabs, Inc) for 1 hour at 37 °C.
The unreacted [γ-32P]ATP was subsequently removed by centrifugation via a Bio-Spin-6
column (Bio-Rad Laboratories). Lastly, the radiolabeled primer was annealed to form the
appropriate gapped DNA substrate as described above.

Reaction Buffer
Reaction buffer L contained 50 mM Tris-Cl (pH 8.4 at 37 °C), 5 mM MgCl2, 100 mM NaCl,
and 0.1mM EDTA and 10% glycerol. For the kinetic assays, reaction buffer L was
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supplemented with 0.1 mg/mL BSA and 5 mM DTT. This reaction buffer was optimized
previously for transient state kinetic analysis of fPolλ and its deletion constructs 17; 42. All
reactions reported herein were carried out in the appropriate reaction buffer at 37 °C, and all
concentrations refer to the final concentration of the components after mixing.

Mass Spectrometry-Based Protein Footprinting Assay
In parallel experiments using fPolλ, dPolλ, and tPolλ: enzyme (10 µM), the enzyme (10 µM)
•22-18/41G–mer (60 µM) binary complex, and the enzyme (10 µM)•22ddC-18/41G–mer (60
µM)•dCTP (100 µM) ternary complex were subjected to chemical modification by HPG. HPG
reacts specifically with the guanidine group in an arginine residue resulting in 131 Da mass
increase 31; 32; 33;. Previous optimization experiments indicated the Arg/HPG ratio in the range
of 1:40 to 1:20 was optimal for achieving very mild modification conditions, under which the
integrity of the functional complexes were preserved 29; 35. These conditions were adopted for
footprinting purified free Polλ and its binary and ternary complexes. The HPG treatments were
carried out at 37 ˚C in the dark for 60 minutes and terminated by addition of 160 mM final
concentration of arginine in its free form. Polλ was then separated from DNA and dNTP by
SDS-PAGE. The protein bands were excised, destained, dehydrated, and digested with 1 µg
of trypsin in 50 mM NH4HCO3 at 25 °C overnight.

Small molecular weight peptides were analyzed by MALDI-ToF MS using AXIMA-CFR
instrument (Shimadzu Scientific Instruments). The samples were analyzed with an α-cyano-4-
hydroxycinnamic acid matrix as described previously28. Sequence data and Protein Prospector
v4.0.6 (http://prospector.ucsf.edu) were used to identify Polλ peptide peaks. Modified arginine
residues were assigned by identifying mass peaks that appear only in the spectra of HPG-
modified Polλ and that have a molecular weight corresponding to the sum of the predicted
peptide fragment plus the 131 Da HPG adduct. For accurate qualitative analysis of the modified
peptide peaks, at least two unmodified proteolytic peptide peaks were used as internal controls.
A protection was considered to be significant when the intensity of the given modified peptide
peak derived from HPG treated free protein was reduced at least 10-fold in the context of the
nucleoprotein complexes. A modified peptide peak was considered unprotected when the
intensities of the given peptide obtained from free protein and nucleoprotein complexes were
within ± 20% of each other. The data were reproducibly compiled and analyzed from at least
three independent experimental groups.

Gap-Filling DNA Polymerase Activity Assay for HPG-Modified Enzymes
Following chemical modification with 10 mM HPG at 37 ˚C for 60 minutes (see above) and
quenching of the reaction with arginine (160 mM), the gap-filling DNA polymerase activity
of HPG-modified Polλ was tested by pre-incubating the modified enzyme (10 µM) with 5’-
[32P]-labeled 22-18/41G–mer (60 nM) for 5 min at 37 ˚C. The polymerization reaction was
then initiated by the addition of dCTP (100 µM), and the reaction was terminated with EDTA
(0.37 M) after 1 minute. Reaction products were separated using denaturing polyacrylamide
gel electrophoresis and visualized using autoradiography.

Determination of kp and Kd Values
Both the maximum rate of nucleotide incorporation (kp) and the equilibrium dissociation
constant (Kd) of an incoming nucleotide were determined under single-turnover conditions: a
pre- incubated solution of Polλ (300 nM) and 5′-[32P]-labeled 21-19/41A-mer (30 nM) was
mixed with increasing concentrations of dTTP (GE Healthcare) in reaction buffer L at 37 °C.
Reactions were terminated by adding 0.37 M EDTA at various times. For rapid nucleotide
incorporations, experiments were performed using a rapid chemical-quench flow apparatus
(KinTek). Reaction aliquots, sampled at discrete time points, were analyzed by sequencing gel
analysis and quantitated using a Typhoon TRIO PhosphorImager (GE Healthcare). Each time
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course of product formation was fit to a single-exponential equation (Equation 1) to yield an
observed rate constant of nucleotide incorporation (kobs) and reaction amplitude (A). The
kobs values were subsequently plotted against the corresponding dTTP concentration, and these
data were fit to a hyperbolic equation (Equation 2) using non-linear regression to yield the kp
and Kd values.
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Figure 1.
Schematic domain structure of human fPolλ, dPolλ, tPolλ, and Polβ. Each domain, with amino
acid residue numbers indicated above, is shown as a rectangle. The N-terminal 35 residues of
fPolλ contain a nuclear localization signal motif as represented by the line.
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Figure 2.
Gap-filling DNA polymerase activity of fPolλ following HPG modification. Reactions of
fPolλ (10 µM) and 22-18/4 1G–mer (60 µM) were initiated by the addition of 100 µM dCTP
at 37 ˚C and terminated after 1 minute by the addition of 0.37 M EDTA. The negative control
reaction (− Control) did not have dCTP. “HPG-E” and “HPG-ED” denote HPG-modified apo-
fPolλ and the HPG-modified binary complex (fPolλ•22-18/41G–mer), respectively. The
positive control reaction (+ Control) contained unmodified fPolλ.
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Figure 3.
Representative segments of the MALDI-ToF MS spectra. (A) apo-tPolλ was treated with HPG,
(B) the Binary complex of tPolλ•22-18/41G–mer DNA was pre-formed and then subjected to
HPG modification, (C) the ternary complex of tPolλ•22ddC-18/41G–mer DNA•dCTP was pre-
formed and then treated with HPG, (D) unmodified apo-tPolλ.
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Figure 4.
The tryptic digestion map of human fPolλ. Residues 0-575 are encoded by the fPolλ gene. The
protein contained N-terminal and C-terminal hexahistidine tags. The tryptic peptide peaks that
were detected by our MALDI-ToF instrument are underlined. Arrow heads indicate that the
peptide sequence continues on the next lower line at the arrow tail. Protein domains are colored
as follows: Yellow, N-terminal nuclear localization sequence and hexahistidine tag; Orange,
BRCT domain; Grey, Proline-rich domain; Purple, dRPase domain; Blue, Fingers subdomain;
Red, Palm subdomain; Green, Thumb subdomain and C-terminal hexahistidine tag.

Fowler et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2010 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fowler et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2010 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fowler et al. Page 17

J Mol Biol. Author manuscript; available in PMC 2010 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
The crystal structure of the ternary complex of tPolλ (blue), gapped DNA substrate (black),
and ddTTP (multi-colored) 23. (A) overall structure; (B) a close-up view detailing the
interaction between R386 (red) and ddTTP; (C) a close-up view detailing the interaction
between R275 (red) and the 5’-phosphate of the downstream primer terminus.
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Figure 6.
Concentration dependence on the rate of dTTP incorporation into 21-19/41A-mer (Table 1).
A pre-incubated solution of enzyme (300 nM) and 5′-[32P]-labeled 21-19/41A-mer DNA (30
nM) was mixed with increasing concentrations of dTTP for various times prior to be quenched
by 0.37 M EDTA. The observed rate constants (kobs) were plotted against the concentrations
of dTTP and the data were fit to Equation 2 (Materials and Methods). (A) For fPolλ R386A,
a kp of 1.3 ± 0.1 s−1 and a Kd of 15 ± 5 µM were determined, and (B) for fPolλ R386E, a kp of
0.005 ± 0.001 s−1 and a Kd of 1000 ± 410 µM were determined.
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Figure 7.
Ternary complex of tPolλ (blue), gapped DNA substrate (black), and incoming ddTTP
(multiple colors) 23 showing locations of the arginine residues (red space filling models)
modified by HPG in apo-tPolλ.
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Figure 8.
Active site of tPolλ (blue) in the ternary complex with a gapped DNA (black), after the
chemistry step but before product release 23. The charge of the leaving group, pyrophosphate
(PPi, red-orange), is stabilized by two Arg residues (red) and a divalent metal ion (red sphere).
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Figure 9.
Conservation of positively charged residues involved in stabilizing the triphosphate moiety
and/or the pyrophosphate product. Based upon X-ray crystal structural analysis, amino acid
residues within 4.0 Å of the triphosphate moiety (red) were identified. Amino acid sequences
of selected (A) A-family, (B) B-family, (C) X-family, and (D) Y-family DNA polymerases
were aligned using ClustalW2. Conserved residues are shaded in blue and the conserved
catalytic aspartic acid residues are shaded in green.
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Table 1
DNA substrates

21-19/41A-mer 5’-CGCAGCCGTCCAACCAACTCA CGTCGATCCAATGCCGTCC-3’
3’-GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5’

22-18/41G–mer 5’-CGCAGCCGTCCAACCAACTCAC GTCGATCCAATGCCGTCC-3’
3’-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5’

22ddC-18/41G–mer 5’-CGCAGCCGTCCAACCAACTCAC GTCGATCCAATGCCGTCC-3’
3’-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5’

The downstream 18-mer and 19-mer strands were 5′-phosphorylated. “C” denotes ddCMP.
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Table 3
Kinetic parameters of dTTP incorporation into single-nucleotide gapped 21-19/41A-mer catalyzed by fPolλ variants
at 37 °C

fPolλ Mutant kp (s−1) Kd (µM) kp/Kd (µM−1s−1) Efficiency Ratioa

WTb 3.9 ± 0.2 2.6 ± 0.4 1.5 1

R386A 1.3 ± 0.1 15 ± 5 0.087 17

R386E 0.005 ± 0.001 1000 ± 410 0.000005 300,000
a
Calculated as (kp/Kd)WT/(kp/Kd)Mutant

b
Values for the WT enzyme are from Fiala et. al.17
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