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ABSTRACT

While most DNA polymerases discriminate against ri-
bonucleotide triphosphate (rNTP) incorporation very
effectively, the Family X member DNA polymerase
� (Pol �) incorporates rNTPs almost as efficiently
as deoxyribonucleotides. To gain insight into how
this occurs, here we have used X-ray crystallography
to describe the structures of pre- and post-catalytic
complexes of Pol � with a ribonucleotide bound at
the active site. These structures reveal that Pol �
binds and incorporates a rNTP with normal active
site geometry and no distortion of the DNA substrate
or nucleotide. Moreover, a comparison of rNTP in-
corporation kinetics by wildtype and mutant Pol �
indicates that rNTP accommodation involves syner-
gistic interactions with multiple active site residues
not found in polymerases with greater discrimina-
tion. Together, the results are consistent with the hy-
pothesis that rNTP incorporation by Pol � is advan-
tageous in gap-filling synthesis during DNA double
strand break repair by nonhomologous end joining,
particularly in nonreplicating cells containing very
low deoxyribonucleotide concentrations.

The primary function of DNA polymerases is to repli-
cate and maintain genomic information. Replicative poly-
merases play a pivotal role in this endeavor by copying the
genetic material efficiently and faithfully (reviewed in (1)).
Polymerase fidelity is largely upheld by encouraging bind-
ing and incorporation of correct nucleotides, while discour-
aging binding and incorporation of incorrect nucleotides.
Nucleotide discrimination has two distinct facets: selec-
tion of both the correct base for pairing with a template
strand, and selection of the correct sugar containing only
a 3′-OH (deoxyribonucleotides, dNTPs) versus those con-

taining a hydroxyl at both the 2′ and 3′ positions (ribonu-
cleotides, rNTPs). Despite the high fidelity exhibited by
replicative polymerases, ribonucleotides are incorporated
into the genome during replication (2–4), likely due to the
high relative cellular concentration of ribo- versus deoxyri-
bonucleotides (5). Ribonucleotides can also be inserted by
repair polymerases, presumably with higher incidence than
exhibited by replicative polymerases (6,7) (Supplementary
Figure S1A). The presence of these ribonucleotides can ul-
timately lead to genome instability, commonly due to DNA
strand breaks resulting from the increased likelihood of hy-
drolytic backbone cleavage near 2′-hydroxyls (8).

Recent published reports indicate that ribonucleotide in-
corporation may not always be deleterious. It has been
suggested that the presence of rNMPs in DNA may serve
in a signaling capacity, by initiating mating type switch-
ing in Schizosaccharomyces pombe (9,10), or by dictating
strand discrimination during mismatch repair (11,12). Ad-
ditionally, it has been suggested that repair of DNA double
strand breaks (DSBs) during nonhomologous end joining
(NHEJ) may be effectively accomplished by insertion of ri-
bonucleotides by repair polymerases (13–15), during both
mammalian NHEJ as well as during bacterial and archaeal
NHEJ (16–18). In mammals, the candidate enzymes for ri-
bonucleotide insertion during NHEJ are Family X poly-
merases Mu (Pol �) (13,19) and terminal deoxynucleotidyl
transferase (TdT) (20). While Pol � functions in general
NHEJ and is widely expressed in a variety of tissues (21–
23), the expression of TdT is spatially and temporally lim-
ited to developing pre-B and pre-T lymphocytes (24). TdT is
a primarily template-independent polymerase whose func-
tion is to generate sequence heterogeneity for immunoglob-
ulin gene maturation during V(D)J recombination (24). Re-
cent studies have also shown that TdT can exhibit template-
dependent behavior (25). Pol � functions specifically in im-
munoglobulin kappa light chain rearrangements in V(D)J
recombination (22,26), and more broadly in repair of DSBs
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by NHEJ in non-lymphocyte cells (27–29), but does so in a
largely template-driven fashion.

The precise mechanism by which Pol � and TdT incor-
porate ribonucleotides with low discrimination (<11-fold)
(13,19,30), while their Family X siblings Pols � and � ex-
clude them 102–104-fold more efficiently is currently unclear
(31–33) (Supplementary Figure S1A). It is believed that Pol
� and TdT owe their nucleotide preferences to the loss of se-
quence conservation of the ‘steric gate’ residues that endow
Pols � and � with their considerably higher degree of sub-
strate specificity (31–33) (Supplementary Figure S1B). In
Pols � and �, the aromatic residues (Tyr271 and Phe272 in
Pol �, Tyr505 and Phe506 in Pol �) comprising the ‘YF mo-
tif ’ contribute to their ability to exclude 2′-OH-containing
nucleotides from the active site, thus reducing the likelihood
of their incorporation during DNA repair. For Pol � and
TdT, this motif is not conserved, and the corresponding
residues are glycine and tryptophan (Gly433 and Trp434 in
Pol �, Gly448 and Trp449 in TdT; henceforth referred to
as the ‘GW motif’). The first residue of each pair has been
found to play the stronger role in ribonucleotide discrimina-
tion, as loss of Tyr271 in Pol � results in a 10-fold reduction
of sugar discrimination (32), and replacement of Gly433
with tyrosine in Pol � increased discrimination by an aver-
age of 5-fold (19). Though mutational studies have indicated
that the individual side chains contribute to ribonucleotide
discrimination, recent structural information for Pols � and
� suggests that the critical interaction for rNTP exclusion is
likely mediated by the backbone carbonyl of the ‘steric gate’
residues, rather than the side chains (32,33). Given the struc-
tural similarity between the Family X polymerases (34), dif-
ferences in amino acid sequence surrounding the incoming
ribonucleotide could affect efficiency of incorporation.

To gain a better understanding of ribonucleotide discrim-
ination by the Family X polymerases, we present X-ray crys-
tal structures of human Pol �, in complex with a single-
strand break gapped DNA during distinct steps of the cat-
alytic cycle. These structures represent the first evidence that
Pol � binds and incorporates correctly paired incoming ri-
bonucleotides without distortion of catalytically competent
active site geometry. A panel of mutants identified multiple
sites that, when altered, increased selectivity for deoxyribose
sugars, yet the improved discrimination never approached
that observed for related Family X polymerases � and �.
Our work argues that ribonucleotide accommodation by
Pol � is a product of a synergistic system within the active
site––which cannot be solely attributed to a single ‘steric
gate’––and is consistent with suggestions that this relaxed
sugar selectivity is beneficial in physiological contexts.

MATERIALS AND METHODS

Expression and purification of human Pol � constructs

Sequences encoding full-length (Met1-Ala494) or the trun-
cated catalytic domain (Pro132-Ala494) of human Pol �
were cloned into the pGEXM vector (35), using the NotI
and SalI restriction sites. For crystallization of the catalytic
domain, Loop2 residues Pro398-Pro410 were deleted us-
ing site-directed mutagenesis and a glycine residue (labeled
Gly410 in these structures) was added in order to fuse the
ends of �-strands 4 and 5 (construct henceforth referred to

as hPol ��2). Full-length wildtype or �2 human Pol � con-
structs were expressed in Rosetta2 (DE3) cells, as previously
described (35). Individual amino acid substitutions were
also generated using site-directed mutagenesis, and were ex-
pressed and purified in similar fashion to the wildtype pro-
teins, lacking only the ion exchange step.

Crystallization of the hPol ��2 pre-catalytic complex with a
1-nt gapped DNA substrate and incoming ribonucleotide

The following DNA oligonucleotides were used to
create the 1-nt gapped DNA complex: template (5′-
CGGCATACG-3′), upstream primer (5′-CGTA-3′), and a
5′-phosphorylated downstream primer (5′-pGCCG-3′), and
were prepared for crystallization as previously described
(35). The annealed DNA was then mixed in a 4:1 molar
ratio, added to concentrated hPol ��2 (∼10 mg/mL),
and incubated on ice at 4◦C for one hour. Details of the
crystallization conditions for each structure are included
in Supplementary Table S1. Crystals were grown using
either the sitting drop or hanging drop vapor diffusion
techniques (36), then transferred to a cryoprotectant solu-
tion containing 100 mM HEPES pH 7.5, 20% (w/v) PEG
4000, 10 mM MgCl2, 50 mM NaCl, 5% (v/v) glycerol, 15%
(v/v) ethylene glycol. Nucleotide soaks were carried out
in cryoprotectant solution, as indicated in Supplementary
Table S1. After soaking, the crystals were then flash frozen
in liquid nitrogen and placed into a stream of nitrogen gas
cooled to –173◦C for data collection.

Structure solution and refinement

Data collected on a rotating Cu anode or at APS (Sup-
plementary Table S2) were indexed, integrated, and scaled
using either HKL3000 or HKL2000, respectively (37,38).
The 1-nt gapped pre-catalytic ternary complex with a non-
hydrolyzable incoming deoxyribonucleotide (PDB ID code:
4M04 (35)) was used as the starting model for refinement for
all structures, and the same Rfree test reflections were used
to avoid potential model bias. All structures were refined
using iterative cycles of manual model building and refine-
ment in COOT (39,40) and Phenix (41). Data refinement
statistics are listed in Supplementary Table S2. Ramachan-
dran statistics were generated using MolProbity (42).

Steady-state kinetics for single-nucleotide incorporation

DNA substrates for steady-state measurements of single
nucleotide incorporation were prepared by hybridiz-
ing a 5′-end Cyanine3-labeled 14-nucleotide primer
(5′-Cy3-GTCAGACTGACGTA-3′, where the under-
lined nucleotide on the primer terminus was either
a dA or an rA, depending on the reaction in ques-
tion) and a 14-nucleotide 5′ downstream primer (5′-
pGCCGGACGACGGAG-3′) to a 29-mer template
(5′-CTCCGTCGTCCGGCATACGTCAGTCTGAC-3′,
where the underlined nucleotide is the templating base) to
create a 1-nt gapped substrate. Reaction mixtures (20 �l)
contained 50 mM Tris, pH 7.5, 1 mM dithiothreitol, 4%
(v/v) glycerol, 0.1 mg/ml bovine serum albumin, 5 mM
MgCl2, 100 nM DNA, and full-length enzyme (Supplemen-
tary Table S3). Reactions were initiated by adding dTTP or
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UTP at varying concentrations. The reaction mixtures were
incubated at 37◦C for 3–4 min. After adding an equal vol-
ume of loading dye (99% (v/v) formamide, 5 mM EDTA,
0.1% (w/v) xylene cyanol, and 0.1% (w/v) bromophe-
nol blue), products were resolved on a 16% denaturing
polyacrylamide gel, imaged using a Typhoon 9400 (GE
Healthcare), and quantified using ImageQuant TL soft-
ware. The data were fit to the Michaelis-Menten equation
using nonlinear regression from KaleidaGraph software
version 3.6 (Synergy Software, http://www.synergy.com).

Nonhomologous end-joining assays

The human Ku and XRCC4-Ligase IV complex proteins,
as well as the GCG3’ substrate, were prepared as described
previously (43). End joining reactions were carried out in a
buffer containing: 25 mM Tris (pH 7.5), 1 mM DTT, 150
mM KCl, 4% glycerol, 50 �g/ml bovine serum albumin, 0.1
mM EDTA and 9% polyethyelene glycol (MW: 8000 kDa).
Ligations were carried out by adding (final concentrations)
10 nM Ku, 20 nM XRCC4-LigaseIV complex and 0.5 nM
Pol �, to a mixture containing 2 nM DNA substrate, 2 mM
Mg2+, 100 ng supercoiled DNA and 100 �M CTP or dCTP.
The reactions were carried out at 37◦C for 10 min, stopped
by addition of EDTA and SDS, and either purified by a
Minelute cartridge (Qiagen) or extracted once with a 1:1
mixture of phenol and chloroform. RNase HII (New Eng-
land Biolabs) digestion of joined products was carried out
overnight as per the manufacturer’s instructions. Ligation
products were resolved using a 5% native PAGE gel and vi-
sualized using a Typhoon Imager for qualitative compar-
isons. End joining products were quantified using qPCR,
with primers specific for substrate and product.

RESULTS

Structural exploration of sugar selectivity by Pol �

In order to understand the underlying structural mecha-
nism of ribonucleotide accommodation by Pol �, we have
determined X-ray crystal structures of a single-nucleotide
gap DNA substrate, with incoming ribonucleotides (Fig-
ure 1 and Supplementary Table S2). A truncation variant
of the catalytic domain of human Pol � (Pro132-Ala494)
lacking the flexible ‘Loop2’ region between �-strands 4 and
5 (Pro398-Pro410, fused with a single glycine residue) was
used for these structural studies. This loop deletion variant,
known as hPol ��2, displays an enzymatic activity pro-
file indistinguishable from the wildtype, but has a greater
proclivity for crystallization (35). To achieve optimal con-
ditions for comparison of ribo- versus deoxyribonucleotide
incorporation, hPol ��2 was crystallized as a pre-catalytic
ternary complex with a 1-nt gapped DNA substrate (Fig-
ure 1A), with an incoming nonhydrolyzable deoxyribonu-
cleotide (dUMPNPP), the structure of which has already
been reported (PDB ID code 4M04 (35)). This nucleotide
was then removed via soaking, and rebound with a nonhy-
drolyzable ribonucleotide, UMPNPP (PDB ID code 5TWP,
Figure 1B). A post-catalytic nicked complex was then ob-
tained by soaking the same dUMPNPP-containing crys-
tals with UTP, followed by a back-soak with pyrophosphate

Figure 1. Structural evaluation of ribonucleotide incorporation by wild-
type hPol ��2. Wildtype hPol ��2 was crystallized in complex with a 1-nt
gapped DNA substrate and an incoming dUMPNPP (A). A pre-catalytic
ternary complex (B, green) was obtained by soaking with nonhydrolyzable
UMPNPP (cyan), and a post-catalytic nicked complex (C, purple) was ob-
tained by soaking with hydrolyzable UTP. Structures of the active sites of
each complex are shown, with the protein drawn in cartoon and the DNA
substrate in stick. Protein secondary structural elements are marked, with
�-strands numbered, and �-helices labeled alphabetically. Magnesium (yel-
low) and manganese (orange) ions are drawn as spheres. 2Fo – Fc electron
density (contoured at 1�) is shown for the DNA substrate near the cat-
alytic center of each complex. The location of the 90◦ bend in the DNA
template strand is indicated by a blue arrow. The partially disordered py-
rophosphate leaving group is shown in stick. (D) Global superpositions of
the pre- (green) and post-catalytic (purple) complexes. The location of the
Loop2 truncation is shown as a black asterisk. (E) Detailed comparison
of the wildtype hPol ��2 active center in the pre- (protein in dark green;
primer terminus in light green; UMPNPP in cyan), and post-catalytic (pro-
tein in purple; DNA in lavender) complexes. Dashed arrows indicate move-
ment of electrons during progression of the reaction. All structural figures
were generated using PyMOL (Schrödinger).

to aid in visualization of the leaving group (PDB ID code
5TWQ, Figure 1C).

Structural superposition of the pre- and post-catalytic
complexes with a 1-nt gapped DNA substrate indicates
that these structures are nearly indistinguishable (RMSD of
0.091Å over 293 C� atoms, Figure 1D). In both structures,

http://www.synergy.com
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the protein and DNA are observed in a ‘closed’ conforma-
tion. Direct interactions with the template strand are few,
and are mediated primarily by the palm and thumb sub-
domains. The upstream primer is tightly held by the fin-
gers subdomain, while the downstream primer containing
the 5′-phosphate is bound by the 8 kDa subdomain. In the
pre-catalytic ternary complex, the incoming nonhydrolyz-
able UMPNPP is bound in the active site, correctly pairing
with the templating adenine base (Figure 1B). The ribonu-
cleotide is easily accommodated in the active site, with no
distortion of protein side chains. Two divalent magnesium
ions occupy the catalytic (metal A) and nucleotide binding
(metal B) sites. The primer terminal nucleotide is observed
with a C3′-endo sugar pucker that places the 3′-OH in a
catalytically relevant position, 3.5 Å from the �-phosphate
of the incoming nucleotide (Figure 1E). Nucleotide incor-
poration occurs in crystallo upon soaking with UTP, with
minimal structural changes resulting from catalysis. There
is clear electron density in the post-catalytic complex for
the newly formed phosphodiester bond, accompanied by a
concomitant loss of contiguous density between the �- and
�-phosphates (Figure 1C). As a consequence of bond for-
mation, the �-phosphate undergoes stereochemical inver-
sion, which results in a 1.2 Å movement of the phospho-
rous atom toward the primer terminal base (Figure 1E). The
bound PPi is partially disordered, and is present in a slightly
different conformation than observed in the pre-catalytic
complex. The metal A and B sites remain occupied, but the
metal A site is now filled by a manganese ion (likely a con-
taminant from the pyrophosphate stock used in this exper-
iment, whose identity was assigned based on coordination
distance, geometry and the presence of anomalous scatter-
ing, Supplementary Figure S2A). A partial rotation of the
side chain of Asp330 is also observed after incorporation.
Detailed analysis of the active site before and after catalysis
suggests that the reaction mechanism proceeds in a similar
fashion to that of deoxyribonucleotide incorporation (Fig-
ure 1E) (35).

Analysis of interactions stabilizing binding of the incoming
ribonucleotide

In order to understand its lack of discrimination against
ribonucleotides, the hPol ��2 1-nt gapped pre-catalytic
ternary complex with bound UMPNPP was compared with
previously reported structures containing a bound deoxyri-
bonucleotide (35). The crystals were grown and soaked un-
der identical conditions––differing only in the identities
of the incoming nucleotides––to provide an unbiased mi-
croenvironment for comparison. It should be noted that
the efficient exchange of a correctly paired deoxyribonu-
cleotide with a ribonucleotide is consistent with Pol �’s
weak sugar selectivity (13,19,30). In the 1-nt gapped pre-
catalytic ternary complexes, a notable difference in the con-
formation of Trp434 is observed between the two structures.
With a bound dUMPNPP, Trp434 adopts only a single con-
formation (Figure 2A, left), which likely stabilizes the posi-
tion of the primer terminal sugar via �–CH interactions.
However, when the UMPNPP is bound, Trp434 displays
considerable mobility, which is apparent in its weakened
electron density and higher relative B-factors (Supplemen-

Figure 2. Analysis of interactions involving the 2′-OH on the incoming ri-
bonucleotide. (A) Superposition of pre-catalytic ternary complexes of wild-
type hPol ��2 with incoming deoxy- (dUMPNPP, gray) or ribonucleotide
(protein in dark green; UMPNPP in cyan). Magnesium ions (yellow) from
the ribonucleotide bound structure are shown for orientation. Zoomed in
view (right) of putative hydrogen bonding interactions (dashed lines) with
the 2′-OH. (B) Superposition of the Pol � Loop1 deletion variant pre-
(pink, PDB ID code 3UPQ (33); AMPNPP in cyan) and post- catalytic
(yellow, PDB ID code 3UQ0 (33)) complexes. (C) Superposition of the
hPol ��2 pre- (light green) and post-catalytic (lavender) complexes. Di-
rection and calculated distances for movement of paired atoms are shown
as black arrows.

tary Figure S2B). Trp434 is modeled with two alternate con-
formations. The higher occupancy conformation is nearly
identical to that observed in the dUMPNPP-bound struc-
ture, differing only by a slight rotation around the C�-C�
bond. The lower occupancy conformation assumes a dif-
ferent rotamer, where the planar aromatic group is rotated
drastically back toward the backbone between Gly433 and
Trp434. This rotation appears to be conformationally cou-
pled with a rotation of Val420, which is located proximal to
the Trp434 side chain. The increased mobility of the Trp434
side chain appears to cause a slight decrease in the posi-
tional stability of the primer terminal nucleotide. This de-
crease is reflected in the occupancy of the primer terminus,
which refined to 0.88. The density for the mobile conforma-
tion is too weak to accurately model.
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The 2′-OH of the UMPNPP makes only two direct in-
teractions with the protein. First, a putative hydrogen bond
might exist between the 2′-OH and the backbone amide of
Gly436, though the geometry of this interaction is subop-
timal (Figure 2A, left). A second hydrogen bond, between
the 2′-OH and the backbone carbonyl of Gly433, is also ob-
served. A potentially key difference between the ribo- versus
deoxyribonucleotide bound structures is visible in the dis-
position of the backbone carbonyl of Gly433 in the presence
of the 2′-OH (Figure 2A, right). If the carbonyl maintained
the position observed in the dUMPNPP-bound structure
(35), the 2′-OH would present a steric clash. Upon binding
of the 2′-OH on the UMPNPP, this carbonyl shifts by 0.5 Å,
increasing the distance from the hydroxyl to 2.3 Å. A simi-
lar short-distance hydrogen bond in Pol � was proposed to
be a potentially high energy interaction between the 2′-OH
and the Tyr505 backbone carbonyl (33).

A hydrogen bond is observed between the side chain of
His329 and the � -phosphate oxygens of the incoming nu-
cleotide, distal from the 2′-OH (Figure 2A). His329 has been
shown to be indispensable for gap-filling during NHEJ of
noncomplementary DNA double-strand breaks and tem-
plate independent synthesis by Pol �, but is dispensible
for gap-filling during single-strand break repair (45). In
these contexts, the histidine side chain is thought to sta-
bilize the binding of an incoming nucleotide, by ‘bridging’
the triphosphate and the primer terminal phosphate. It has
been hypothesized that for incoming ribonucleotides, sta-
bilizing the triphosphate position using multiple hydrogen
bonding interactions may serve to overcome unfavorable in-
teractions involving the 2′-OH (33). This is consistent with
His329 being conserved only in Pol � and TdT, rather than
in Pols � or �, which do not incorporate ribonucleotides as
effectively.

Though interactions with the triphosphate may aid in ini-
tial binding of an incoming ribonucleotide despite the unfa-
vorable interaction between the 2′-OH and the nearby back-
bone carbonyl, this hydrogen bonding network is usually
lost during dissociation of the pyrophosphate leaving group
after incorporation (33). It has been hypothesized that los-
ing these stabilizing interactions results in build-up of repul-
sive strain in the polymerase active site, making the energet-
ically unstable binding mode of the 2′-OH untenable in the
post-catalytic conformation. Consistent with this hypothe-
sis, the crystal structure of a Loop1 deletion variant of Pol
� post-catalytic nicked complex reveals that the 2′-OH on
the newly incorporated nucleotide is expelled from its posi-
tion in the pre-catalytic ternary complex, and the phosphate
backbone of the preceding nucleotide becomes grossly dis-
torted (Figure 2B) (33). By comparison, structural superpo-
sition of the pre- and post-catalytic 1-nt gapped complexes
for Pol � reveals no such distortion (Figure 2C). The only
movement observed in the Pol � post-catalytic nicked com-
plex is a slight upward shift of the C3 and O3 atoms (∼0.9
Å). This shift is common to both deoxy- and ribonucleotide
incorporation, and appears to be characteristic of bond for-
mation by Pol � (35,44).

Biochemical characterization of ribonucleotide incorporation
by Pol �

Steady-state kinetic parameters were determined for wild-
type Pol �, using a sequence and structural context iden-
tical to that used in the crystallization experiments. These
experiments show that Pol � exhibits only a 2.7-fold pref-
erence of incorporating dTTP versus UTP in this sequence
context (Table 1). Previous studies have suggested that the
presence of a ribonucleotide on the primer terminus func-
tions as a weak chain terminator for this enzyme (13). The
activity of Pol � was therefore examined in the presence of a
ribonucleotide-terminated primer. There was no significant
difference in catalytic efficiency for deoxribonucleotide ex-
tension from a rMNP-terminated primer, but there was a
slight decrease in insertion of a ribonucleotide in the same
context (Table 1).

We next endeavored to modulate the ribonucleotide dis-
crimination of Pol �, using a structure-guided site-directed
mutagenesis approach. Because Pols � and � contain the
‘YF motif ’ and exhibit greater sugar selectivity (31–33), a
strategy involving mutation of the ‘GW motif’ in Pol � to
mimic the ‘YF motif‘ (Supplementary Figure S1B) would
be logical. These variations, however, have been previously
generated in Pol � (19), and revealed that the W434F mu-
tation yielded a protein with similar enzymatic activity as
compared to wildype, that was still capable of incorporat-
ing ribonucleotides. Substitution of Gly433 with tyrosine
greatly reduced insertion of ribonucleotides (3- to 18-fold
better discrimination than wildtype, depending on the iden-
tity of the incoming rNTP), but had a severely deleterious
effect on overall catalytic efficiency of dNTP incorpora-
tion as well. From a structural standpoint, these results are
unsurprising, since the presence of the tyrosine side chain
might produce a slight steric clash with the nearby Ser458,
and a more severe clash with the large, aromatic side chain
of Trp434. The G433Y/W434F double mutant had almost
no detectable enzymatic activity (19). Therefore, we decided
to take a more conservative mutagenesis approach, substi-
tuting Gly433 with either alanine (as was used to decrease
ribonucleotide discrimination by Pols � and � (32,46)) or
serine. Increasing the size of the side chain could, hypothet-
ically, decrease the backbone flexibility in this region, and
limit the mobility of the carbonyl interacting with the 2′-
OH. The side chain of Trp434 was reduced in size to ei-
ther a single ring (histidine) or alanine. His329 was sub-
stituted with alanine, to remove hydrogen bonds with the
� -phosphate of the incoming ribonucleotide. These muta-
tions were generated in full-length Pol �, and kinetic pa-
rameters were determined in a steady-state enzymatic ac-
tivity assay, using a 1-nt gapped single-strand break DNA
substrate of identical sequence context to that used in the
structural studies (Table 2).

Whereas the wildtype Pol � displayed only 2.7-fold pref-
erence for deoxyribonucleotides, the G433A and G433S
mutants improved discrimination against ribonucleotides
incrementally, directly correlated with increasing side chain
size (7.6- and 11-fold preference for deoxyribonucleotides,
respectively) (Table 2). For G433S, this effect was largely
achieved by a reduction in apparent binding affinity for the
incoming ribonucleotide (72.7 �M), as compared to the de-
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Table 1. Kinetic characterization of nucleotide incorporation by human wildtype Pol �, in the context of a 1-nt gapped DNA substrate

Primer terminus Nucleotide Km (�M) kcat (s−1) kcat/Km (s−1·�M−1)

dA dTTP (4) 4.0 ± 0.90 0.020 ± 0.0050 5.60 × 10− 3 ± 2.2 × 10−3

dA UTP (6) 21.0 ± 3.0 0.04 ± 0.017 2.1 × 10− 3 ± 0.65 × 10−3

rA dTTP (4) 3.7 ± 0.70 0.017 ± 0.0050 4.40 × 10− 3 ± 1.0 × 10−3

rA UTP (3) 23.6 ± 5.80 0.015 ± 0.0007 0.65 ± 0.17 × 10−3

Values represent the mean ± standard deviation for each calculation, with values in parenthesis indicating the number of independent measurements per
sample.

Table 2. Comparison of ribonucleotide discrimination in wildtype and mutant Pol � proteins

Enzyme xNTP Km (�M) kcat (s−1) kcat/Km (s−1·�M−1) Discrimination

Pol � wt dTTP (4) 4.0 ± 0.9 0.02 ± 0.005 5.6 × 10− 3 ± 2.2 × 10−3

UTP (6) 21 ± 3.0 0.04 ± 0.012 2.1 × 10− 3 ± 0.65 × 10−3 2.7
Pol � H329A dTTP (5) 7.5 ± 1.98 0.017 ± 0.005 2.2 × 10− 3 ± 4.23 × 10−4

UTP (5) 65.8 ± 10.8 0.005 ± 0.003 8.1 × 10− 5 ± 3.34 × 10−5 27.0
Pol � G433A dTTP (3) 3.1 ± 0.28 0.018 ± 0.006 5.8 × 10− 3 ± 2.3 × 10−3

UTP (3) 29 ± 2.8 0.022 ± 0.008 0.76 × 10− 3 ± 0.23 × 10−3 7.6
Pol � G433S dTTP (5) 6.0 ± 1.4 0.026 ± 0.005 4.5 × 10− 3 ± 1.6 × 10−3

UTP (5) 72.7 ± 22.9 0.027 ± 0.014 0.41 × 10− 3 ± 0.28 × 10−3 11.0
Pol � W434A dTTP (6) 9.4 ± 1.13 0.032 ± 0.013 3.7 × 10− 3 ± 1.68 × 10−3

UTP (3) 79.1 ± 8.20 0.012 ± 0.003 1.6 × 10− 4 ± 0.56 × 10−4 23.0
Pol � W434H dTTP (4) 6.7 ± 1.62 0.020 ± 0.006 3.1 × 10− 3 ± 1.37 × 10−3

UTP (3) 61.1 ± 8.20 0.021 ± 0.006 3.5 × 10− 4 ± 0.88 × 10−4 8.8

Values represent the mean ± standard deviation for each calculation, with values in parenthesis indicating the number of independent measurements per
sample.

oxyribonucleotide (21 �M). Interestingly, G433A exhibited
a similarly low binding affinity for UTP (29 �M), as com-
pared to the wildtype. Both Gly433 mutants displayed a
slight decrease in catalytic rate for ribonucleotide incorpo-
ration. Therefore, improved ribonucleotide discrimination
was successfully achieved, without a significant decrease in
catalytic efficiency for deoxyribonucleotide incorporation.
With respect to Trp434, modulation of ribonucleotide dis-
crimination was inversely correlated with side chain size.
The alanine substitution yielded substantially higher dis-
crimination (23-fold), while the effect of the histidine sub-
stitution were more moderate (8.8-fold) (Table 2). Similar to
the G433A/S mutants, the increased discrimination by the
Trp434 mutants was largely due to a reduction in apparent
binding affinity for the incoming UTP (79.1 �M and 61.1
�M for W434A and W434H, respectively). The increase in
ribonucleotide discrimination comes at a cost, however, be-
cause these mutations also decrease the catalytic efficiency
of deoxyribonucleotide incorporation. Surprisingly, despite
its distance from the 2′-OH, substitution of His329 with ala-
nine had the greatest effect on ribonucleotide discrimina-
tion (27-fold). The H329A mutant exhibited reduced bind-
ing affinity for the incoming ribonucleotide, to a similar ex-
tent as for the Gly433 and Trp434 mutants, but also an 8-
fold decrease in the catalytic rate for the reaction. It should
be noted that, in all cases, the 1-nt single-strand break was
filled using a single nucleotide, regardless of the identity of
the sugar moiety involved. Neither the wildtype Pol �, or
any of the ribonucleotide discrimination mutants displayed
any evidence of strand displacement or multiple incorpora-
tions, which is consistent with the observation that Pol �
fills small (1- or 2-nt) gaps in vivo using a single incorpora-
tion event (44).

We next assessed the relevance of ribonucleotide incor-
poration in the context of DSB repair by NHEJ, using an in
vitro reconstitution assay. The DSB substrate for this assay
was comprised of ends that align to form a 1-nt gap that
must be filled using complementary dCTP or CTP before
end-joining can occur (Figure 3A). End joining is appar-
ent upon addition of Ku, XRCC4-ligase IV complex, wild-
type full-length Pol �, and either dCTP or CTP. Joining ef-
ficiency was similar when using dCTP when compared with
CTP, and the incorporation of cytidine ribonucleotide in
joined product was verified with RNAseHII digestion (Fig-
ure 3A). Using CTP, Pol � G433A and G433S mutants sup-
ported less joining, compared with wild type Pol � using
CTP, and a slight decrease when dCTP was used (Figure
3B). This is consistent with these mutants’ increased sugar
discrimination (Table 2). Trp434 and His329 mutations have
been previously reported to cause a severely deleterious ef-
fect on the ability to perform nonhomologous end-joining
(15,45), so these mutants were not tested in this study.

Structural characterization of the hPol ��2 ribonucleotide
discrimination mutants

To better understand how Pol � active site mutations may
affect ribonucleotide discrimination, structures of all of the
hPol ��2 mutants were determined in complex with the
same DNA substrate used for the wildtype protein (Sup-
plementary Tables S1 and S2). Despite the decreased bind-
ing affinity of each mutant for the incoming ribonucleotide
(Table 2), the UMPNPP is clearly bound in the active
site, with catalytically competent geometry indistinguish-
able from that of the wildtype enzyme (RMSD of 0.15–0.21
Å over 325 C� atoms) (Figure 4A). Both glycine substitu-
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Figure 3. Comparison of nucleotide discrimination by Pol � in NHEJ. (A)
In vitro NHEJ concatamerization assay for full-length wildtype Pol �, us-
ing either dCTP or CTP, as indicated. Following completion of NHEJ,
dCTP- or CTP-incorporated reaction mixtures were treated with RNase
HII, which cleaves where ribonucleotides have been incorporated into
DNA (52). (B) Comparison of nucleotide discrimination by wildtype or
mutant Pol � in the same in vitro NHEJ concatamerization assay used
above (top), lacking only the RNase HII treatment step. Extent of end-
joining by each protein variant was quantitated by real-time PCR (bot-
tom). All values represent calculated averages of end-joining (normalized
to the activity of wildtype Pol � with dCTP incorporation) ± the standard
deviation for each experiment (Supplementary Table S4). Each assay was
performed in triplicate.

tions are easily accommodated in the active site and cause
no distortion in surrounding residues. In the G433S ternary
complex, the serine side chain is observed in two alternate
conformations, neither of which would clash with Trp434.
As in the wildtype ternary complex, the Trp434 side chain
is highly mobile in the G433S structure. Conversely, in the
G433A ternary complex, the side chain is observed in the
sharply rotated conformation likely incapable of stabiliz-
ing the position of the primer terminal nucleotide. All of
the Gly433 and Trp434 mutants exhibit some primer termi-
nal instability (occupancies refined to 0.79, 0.72, 0.82 and

Figure 4. Structural characterization of Pol � ribonucleotide discrimina-
tion mutants. (A) Structural superpositions of the active site residues in
the pre-catalytic ternary complexes of hPol ��2 wildtype (green, UMP-
NPP in cyan) and ribonucleotide discrimination mutants (H329A in or-
ange, G433A in blue, G433S in magenta, W434A in yellow, W434H in ma-
roon). The two magnesium ions (yellow spheres) from the wildtype struc-
ture are shown for orientation. The panel on the right gives a magnified
view of the 2′-OH distances to the carbonyl of residue 433. (B) Struc-
tural superpositions of the post-catalytic complexes of the hPol ��2 wild-
type (protein in purple, DNA in lavender) and H329A mutant (protein in
orange, DNA in khaki). The partially disordered pyrophosphate leaving
group (PPi, orange) from the wildtype structure, and a bound glycolate
molecule (GOA, gray) from the H329A structure are modeled in the active
site in stick. (C) Stick diagram of the expulsion of the newly incorporated
rUMP from the active sites of the G433A/S (G433A in blue, G433S in
magenta) and W434A/H (W434A in yellow, W434H in maroon) mutants.
The canonical position maintained by the wildtype protein (purple, trans-
parent) is shown for comparison. Putative hydrogen bonding interactions
for the wildtype (purple dashes) and mutant (black dashes) base pair are
indicated. Coordination of the HhH2 sodium ion (green sphere) by the
phosphate between residues P4 and P5 in the mutants is drawn as a green
line. (D) Structural superpositions of the post-catalytic complexes of the
hPol ��2 wildtype (gray), G433A (blue), and G433S (magenta) mutants
with incorporated dTMP. E. Stereo diagram of DNA substrate mixtures
from the post-catalytic complexes of the hPol ��2 wildtype (gray, PDB ID
code 4M0A (35)), W434A (yellow), and W434H (maroon) mutants with
incoming dTTP/incorporated dTMP.

0.88 for G433A, G433S, W434A and W434H, respectively).
There is no indication of this instability for the H329A mu-
tant. In this structure, the incoming nucleotide triphosphate
is easily accommodated in the canonical position, even in
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the absence of the His329 side chain, and displays no in-
crease in B-factors that might be indicative of mobility.
Though there are no distortions of active site geometry, it
should be noted that distances associated with the short-
range hydrogen bond between the 2′-OH and the Gly433
carbonyl vary in the mutants, but all are longer (2.4–2.6 Å)
than is observed in the wildtype enzyme (2.3 Å) (Figure 4A,
right).

Post-catalytic structures of each mutant were then de-
termined by soaking binary complex crystals with UTP.
H329A incorporated the ribonucleotides with no global
structural changes to either the protein or the DNA sub-
strate (Figure 4B) as a result of nucleotide incorporation
(RMSD of 0.21 Å over 325 C� atoms). In contrast to
the post-catalytic structures of the wildtype and H329A
mutants, all of the Gly433 and Trp434 substitution mu-
tants showed a drastic change in DNA substrate confor-
mation after incorporation. Once the reaction is completed,
the newly incorporated nucleotide is expelled from the ac-
tive site and is largely disordered beyond the phospho-
diester bond. Meanwhile, the sugar-base moiety of the
primer residue immediately upstream is flipped 180◦ from
the canonical position, which allows it to maintain base
pairing with the template base in the -1 position (Figure
4C). The phosphate of the newly incorporated rUMP now
coordinates with the metal in the HhH2 site. Due to the rel-
atively high concentration of free nucleotide triphosphate in
the soaking solution (5 mM), a new UTP molecule is bound
in the active site, mimicking a pre-catalytic complex. Since
the primer terminus is no longer in a catalytically relevant
conformation, the bound triphosphate is unincorporated.

To determine whether the observed DNA substrate re-
arrangement was a general characteristic of catalysis, or
was due specifically to the presence of a ribonucleotide,
post-catalytic structures of the mutants were determined by
soaking binary complex crystals with dTTP. Both Gly433
substitution mutants incorporated the deoxyribonucleotide
with no subsequent conformational changes in DNA sub-
strate (Figure 4D). In contrast, both Trp434 substitu-
tion mutations displayed a roughly equal mixture of reac-
tion products––a population where the newly incorporated
dTMP remains in the active site, in a conformation nearly
identical to that observed in the wildtype protein (35); and a
population that has expelled the newly incorporated dTMP
similarly to the observed conformation of the incorporated
ribonucleotides, and bound an unincorporated dTTP (Fig-
ure 4E). The entire newly incorporated deoxyribonucleotide
is visible in the W434H structure, but refines with higher B-
factors and relatively weak 2Fo – Fc electron density.

DISCUSSION

Diminished ribonucleotide discrimination is one of the dis-
tinguishing features of Family X Pol � (13,19) (Supplemen-
tary Figure S1). Because Pol � plays a unique role in re-
pair of DNA double-strand breaks containing noncomple-
mentary ends during NHEJ, ribonucleotide incorporation
by this enzyme could prove to be a critical consideration.
NHEJ is the major repair pathway during the G1 phase of
the cell cycle, and in nonreplicating cells (47). At these par-
ticular times, the deoxyribonucleotides typically favored by

DNA polymerases are at their lowest concentrations, while
ribonucleotide levels are correspondingly high (5). Given
the tremendous threat that DSBs pose to genomic integrity,
the most efficient means of their repair might be through
incorporation of ribonucleotides by Pol �, which could be
rapidly repaired afterwards through the ribonucleotide ex-
cision repair pathway (reviewed in (48)). To investigate how
Pol � accommodates rNTPs, we used X-ray crystal struc-
tures of the catalytic domain of Pol �, in complex with
DNA single-strand break substrates and incoming ribonu-
cleotides (Figure 1 and Supplementary Table S2), to reveal
that Pol � binds and incorporates ribonucleotides, with no
distortion of canonical catalytic geometry. Given the dras-
tic difference in ribonucleotide discrimination between Pol
� and Pols � or � (Supplementary Figure S1), it is perhaps
surprising that a more substantial structural distinction be-
tween the active sites of these Family X polymerases is not
observed.

Replicative DNA polymerases use Van der Waals interac-
tions with large, usually aromatic side chains to systemati-
cally exclude binding of ribonucleotides (49) (Supplemen-
tary Figure S3), and mutations of the steric gate residues
decrease discrimination by >100-fold (reviewed in (50,51)).
In contrast, sugar selectivity in the Family X polymerases
would appear to be mediated through hydrogen bonding in-
teractions between the 2′-OH of a ribonucleotide and the
protein backbone (Figure 2A and Supplementary Figure
S3). The increased sugar selectivity of Pols � and � (32,33),
compared to that of Pol � and TdT, has been largely at-
tributed to the presence of a putatively high-energy, short-
range hydrogen bonding interaction between the 2′-OH and
the backbone carbonyl of the ‘YF motif ’ tyrosine residues
(Tyr271 in Pol �, and Tyr505 in Pol �). The lengths of
this hydrogen bond in the rNTP-bound 1-nt gapped pre-
catalytic ternary complex structures of Pols � and � (Sup-
plementary Figure S4) are measured to be 2.5 and 2.4
Å, respectively. For both of these enzymes, the backbone
carbonyl shifts slightly (∼0.4 Å) from its position in the
deoxyribonucleotide-bound structure upon binding of the
rNTP. Intriguingly, this putative hydrogen bonding interac-
tion in the pre-catalytic ternary complex of Pol � is similarly
short, at 2.3 Å (Figure 2A). Since the amino acid side chains
are not directly involved in this interaction, it is perhaps un-
surprising their substitution would have more subtle effects
(8- to 12-fold changes in discrimination (32,46)).

Since the critical interaction with the 2′-OH could create
a steric clash with the backbone carbonyl of the first residue
of either the ‘YF or ‘GW’ motif, the energetics of that region
must be considered. These residues lie on the C-terminal
end of �-helix M in the Family X polymerases. Therefore,
a partial negative charge from the helical dipole moment in
this region could contribute somewhat to stabilization of the
short-distance interaction between the 2′-OH and the back-
bone carbonyl of Gly433 (32). In addition, since glycine
residues have decreased restraints on backbone plasticity
(42), a glycine at this position in Pol � and TdT might of-
fer the carbonyl interacting with the 2′-OH a wider range of
motion than would be possible for the tyrosine residues ob-
served in Pols � and �. The proposed mobility of the Gly433
carbonyl in Pol � is visible from superpositions of the avail-
able 1-nt gapped crystal structures, from the binary complex
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Figure 5. Putative role of Gly433 backbone carbonyl motions for ribonu-
cleotide binding and incorporation. Structural superposition of hPol ��2
1-nt gapped binary (pink, PDB ID code 1LZG (35)), pre-catalytic ternary
(protein in green; UMPNPP in cyan), and post-catalytic nicked (purple)
complexes. Magnesium ions (yellow) from the pre-catalytic structure are
shown for orientation. Global view of regions in close proximity to the
2′-OH are shown on the left, with a zoomed-in view (right) of putative
hydrogen bonding interactions (dashed lines) with the 2′-OH.

before binding of the incoming ribonucleotide (35); to the
UMPNPP-bound pre-catalytic complex; through in crys-
tallo incorporation in the post-catalytic nicked complex.
This superposition reveals that the carbonyl moves ∼0.3 Å
from its position in the binary complex upon binding of the
incoming ribonucleotide, then a further ∼0.4 Å as a result of
incorporation (Figure 5). The relative importance of Gly433
backbone flexibility is supported by the fact that substitu-
tion of Gly433 with either alanine or serine––which should
incrementally increase restraints on movement––shows a
correlated increase in ribonucleotide discrimination (Table
2). Although the Gly433 mutants more effectively excluded
ribonucleotides from binding in the active site, they display
catalytic rates nearly indistinguishable from the wildtype
protein, regardless of the type of nucleotide incorporated.
Aside from a slightly longer interaction distance from the 2-
OH to the carbonyl observed in the structures of the Gly433
substitution mutants (Figure 4A), there are no overt struc-
tural explanations for the differences in ribonucleotide dis-
crimination.

The role of Trp434 in this system is less clear. The trypto-
phan side chain, being larger than the phenylalanine present
in Pols � or �, reduces extraneous space inside the active
site. Having a tighter, more compact active site could more
effectively exclude solvent and decrease vibrational mobil-
ity of the incoming nucleotide or the divalent metal ions,
allowing the catalytically competent geometry to be main-
tained more easily. The space-filling hypothesis is supported
by the observation that an incremental size reduction from
a two-ring system to a single ring (W434H), to deletion of
the ring system entirely (W434A), correlated well to an in-
crease in ribonucleotide discrimination (Table 2). Improved
sugar selectivity is due primarily to reduced binding affinity
for the rNTP, as indicated by the increase in Km. A slight im-
provement in sugar selectivity was also observed when the
equivalent residue in Pol � (Phe272) was mutated to alanine
(32). The heterogeneity of DNA product conformations in
the post-catalytic structures for the Trp434 substitution mu-
tants (Figure 4C and E) suggests that loss of the tryptophan
side chain may fundamentally affect nucleotide incorpora-

tion, regardless of the identity of the sugar. Decreased stabi-
lization of the primer terminal sugar, through loss of �–CH
interactions, provides a possible explanation for the reduced
catalytic efficiency in these mutants. There appears to be an
additional electrostatic component to the system, since sub-
stitution of Trp434 with histidine rather than phenylalanine
had a stronger effect on ribonucleotide discrimination (19).

His329, positioned on the opposite side of the incoming
nucleotide far from the 2′-OH, has an unanticipated role
in ribonucleotide binding and incorporation. H329A, like
the Gly433 and Trp434 mutant, exhibited decreased binding
affinity for the ribo- versus deoxyribonucleotide. However,
loss of the His329 side chain also decreased the rate of the
reaction by 8-fold (Table 2), likely due to loss of putative hy-
drogen bonding interactions with the triphosphate and with
the primer terminal phosphate. Pre- and post-catalytic crys-
tal structures of Pol ��2 (H329A) revealed no overt struc-
tural changes that could contribute to either the reduction
in binding affinity or kinetic rate (Figure 4). It is possible
that loss of His329 decreases stabilization of the dense neg-
ative charge on the pyrophosphate leaving group. Thus, the
ability of the H329A mutant to incorporate the incoming
ribonucleotide with no subsequent conformational changes
(Figure 4B), indicates that its effect is transmitted catalyti-
cally, rather than through strain associated with binding of
the 2′-OH.

Though previous studies of the Family X polymerases
have attributed sugar selectivity primarily to a single residue
of the ‘steric gate’ (19,32,46)––namely the tyrosine or
glycine of either the ‘YF’ or ‘GW’ motif––our work also
suggests a role for the tryptophan residue present in Pol
�. Our work demonstrates that any energetic strain gen-
erated by binding and incorporation of the incoming nu-
cleotide’s 2′-OH is easily accommodated in the wildtype en-
zyme. However, any alteration of the immediate microenvi-
ronment diminishes the ability of Pol � to absorb this ener-
getic strain. Interestingly, ribonucleotide discrimination in
Pol � could also be modulated by the side chain of a residue
positioned too far away to directly sense the presence of a 2′-
OH (i.e. His329). The structural, biochemical, and kinetic
data presented in this work reveal that accommodation of
ribonucleotide binding and incorporation cannot be solely
attributed to a single residue, but rather is a complex system,
with multiple residues uniquely contributing to the overall
energetics of nucleotide binding and incorporation.
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