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Polynucleotide kinase/phosphatase (PNKP) is a critical mammalian
DNA repair enzyme that generates 5′-phosphate and 3′-hydroxyl
groups at damaged DNA termini that are required for subsequent
processing by DNA ligases and polymerases. The PNKP phospha-
tase domain recognizes 3′-phosphate termini within DNA nicks,
gaps, or at double- or single-strand breaks. Here we present a
mechanistic rationale for the recognition of damaged DNA termini
by the PNKP phosphatase domain. The crystal structures of PNKP
bound to single-stranded DNA substrates reveals a narrow active
site cleft that accommodates a single-stranded substrate in a
sequence-independent manner. Biochemical studies suggest that
the terminal base pairs of double-stranded substrates near the
3′-phosphate are destabilized by PNKP to allow substrate access
to the active site. A positively charged surface distinct from the
active site specifically facilitates interactions with double-stranded
substrates, providing a complex DNA binding surface that enables
the recognition of diverse substrates.
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DNA damage induced by ionizing radiation, as well as DNA
repair intermediates generated during base excision repair,

often result in the formation of DNA ends containing 3′-phos-
phate/5′-hydroxyl termini. Because DNA polymerases and ligases
require 3′-hydroxyl/5′-phosphate termini to complete DNA re-
pair, cells have evolved enzymes to recognize and process these
damaged DNA ends. Mammalian polynucleotide kinase/phos-
phatase (PNKP) contains 3′-phosphatase and 5′-kinase activities
present in two distinct active sites (1). The critical role of PNKP
in various DNA repair processes is underlined by the fact that
RNAi knockdown of PNKP leads to marked sensitization of
human cells to spontaneous mutation as well as to various geno-
toxic agents (2). A particularly important role is attributed to
the phosphatase activity as small molecules that selectively inhibit
the phosphatase but not the kinase activity of PNKP sensitize hu-
man cells to DNA damage in a PNKP-dependent manner (3, 4).
Mutations in the PNKP phosphatase domain are associated with
the developmental neurological disorder MCSZ, revealing a cri-
tical role for PNKP in human neurological development (5).

The PNKP phosphatase domain plays a central role in several
critical DNA repair processes. For example, PNKP participates
in base excision repair (BER) in partnership with the NEIL (en-
donuclease VIII-like) DNA glycosylases. NEILs exhibit β,δ-AP
(aminopurine) lyase activity, which produces single nucleotide
gap DNAs containing 3′-phosphate termini that are subsequently
dephosphorylated by PNKP prior to gap filling and ligation (6, 7).
PNKP is also associated with the repair of double-strand breaks
through the nonhomologous end joining (NHEJ) pathway (8, 9),
in a manner that relies on the interaction of PNKP with the
NHEJ scaffolding protein, XRCC4 (10). Consistent with its role
in these DNA repair pathways, PNKP recognizes 3′-phosphate
termini in the context of DNA gaps and nicks, as well as double-
and single-strand breaks (11). While recent structural and bio-

chemical approaches have begun to shed light on how the kinase
active site recognizes its substrates (12), the way in which substrates
are recognized by the distinct phosphatase active site are not well
understood. Here we present the results of crystallographic and
biochemical studies of PNKP phosphatase and its interactions with
DNA substrates. Our results reveal a deep phosphatase active site
cleft that accommodates single-stranded substrates in a sequence-
independent manner. We present biochemical data that support
a model for the recognition of double-stranded substrates in which
base pairing near the 3′-phosphate is destabilized by the enzyme.
We suggest that PNKP distorts target DNA structures to access
damaged substrate DNA ends, thus providing a molecular me-
chanism for the involvement of PNKP in the repair of both single-
and double-strand breaks.

Results and Discussion
Structure Determination of PNKP Catalytic Domain Bound to 3′-Phos-
phate DNA Substrates. In order to provide a structural view of
PNKP phosphatase—substrate interactions, we set out crystallize
the murine PNKP catalytic domain, encompassing both the phos-
phatase and kinase domains, in complex with DNA substrates
containing 3′-phosphate termini. Substrate binding was stabilized
by mutation of Asp170 to alanine (PNKPD170A). Asp170 is pre-
dicted to attack the 3′-phosphate, generating a covalent phospho-
aspartate intermediate in the first step of the reaction (13). We
were successful in crystallizing this domain in the apo form, and
bound to five nucleotide single-stranded DNAs bearing either
C, T, or A at the 3′ position, and these structures were determined
to resolutions between 1.7 and 2.1 Å (Table S1, Materials and
Methods, and Fig. S1).

The structures reveal a phosphatase active site that binds the
single-stranded substrates on the same side of the enzyme as the
kinase active site (Fig. 1A). The narrow active site groove is
bounded by walls composed of the β10-α1, β11-α3, β12-α4, and
the β13-α6 regions (Fig. 1A and Fig. S2). The kinase domain over-
hangs the phosphatase active site, in particular α13, which is
believed to play a role in recognition of kinase substrates (12).
The two nucleotides of substrate DNA visible in these structures
traverse ∼13 Å from the surface of the phosphatase domain to
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the catalytic center. The 3′-most base is accommodated in an
open channel formed between the β10-α1 and β13-α6 loops.

Mechanism of Catalysis. The PNKP phosphatase domain adopts a
haloacid dehydrogenase (HAD) fold (14) commonly found in
many phosphatases, and contains conserved active site residues
that suggest the enzyme utilizes a two step mechanism that is char-
acteristic of this family (13). Key to catalysis is an active site Mgþþ

ion, which binds and stabilizes the growing negative charge on the
substrate phosphate during catalysis, as well as binding and posi-
tioning one of the critical active site aspartate residues. This Mgþþ

was not visible in the previous structure of full-length PNKP,
however Mgþþ is visible in the high resolution apoPNKPD170A

and PNKPD170A
—substrate complexes. The Mgþþ is bound by

Asp288 carboxylate, the backbone carbonyl of Asp172, and likely
also the side chain carboxylate of Asp170, which is not present in
these structures (Fig. 1B). Filling out the octahedral coordination
shell are two well ordered water molecules and the 3′-phosphate.
The 3′-phosphate is also bound by Lys259, Thr216, and the main
chain NH of Leu171. In this way, the substrate phosphate is held in
place for nucleophilic attack of the Asp170 carboxylate in the first
step of the reaction to generate the covalent phospho-aspartate
intermediate. The phospho-aspartate is hydrolyzed in the second
step, likely catalyzed by Asp172, which deprotonates the attacking
water molecule.

Recognition of Single-Stranded DNA Substrates by PNKP. The struc-
tures of PNKP bound to each of the three ssDNA substrates
reveal a number of protein-DNA contacts involving the terminal
two nucleotides (Fig. 2A). The base of the 3′-most nucleotide
contacts Phe305 through a stacking interaction that is similar
in the three substrate structures determined (Fig. 2 B and C).
The importance of this contact was assessed using a fluorescence
polarization (FP) assay in which the substrate pentanucleotide
3′-phosphate DNA was 5′-labeled with fluorescein (FAM-DNA,
Materials and Methods). Titration of this DNA with PNKPD170A

yielded a dissociation constant (KD) of 600� 30 nM, however
mutation of Phe305 to alanine (F305A) almost completely abol-
ished binding (Fig. 2D). In addition to the recognition of the
3′-phosphate, the 5′-phosphate of the 3′ terminal nucleotide is
also bound through a bidentate interaction with Arg258. Muta-
tion of this residue to alanine (R258A) reduces substrate binding
affinity ∼10-fold, indicating a significant role in substrate binding.
The next nucleotide adopts different conformations in the three
different structures, in spite of the fact that it is a thymine nucleo-
tide in each of the structures. This variation is likely due to dif-
ferences in the packing environments in the different crystal
forms, which result in small conformational shifts in the β10-α1
and β13-α6 regions (Fig. 2A). The 5′-phosphate of this residue
makes long-range electrostatic interactions with Arg223 and
Lys225, as demonstrated by the fact that mutation of these resi-
dues to glutamate (R223E-K225E) markedly reduces substrate
binding affinity (Fig. 2D). The thymine base of this nucleotide
makes hydrophobic contacts to Phe184 (Fig. 2 B and C). Muta-
tion of Phe184 to alanine (F184A) dramatically reduces substrate
binding affinity, however this effect may also arise from a loss of
contact of Phe184 with the 3′ terminal base (Fig. 2D). The recog-
nition of the penultimate nucleotide explains the finding that
pCp is dephosphorylated much less efficiently than pCpCp (11).

PNKP does not directly interact with the Watson-Crick edge of
the 3′ terminal base, instead, water molecules hydrogen bond
to this surface. The one conserved water-mediated interaction
with the base involves a water that constitutes part of the octa-
hedral coordination shell of the catalytic Mgþþ. This water forms
a hydrogen bond with the O2 atoms of cytosine or thymine bases
at the 3′ position, or an equivalent hydrogen bond with the N3
of adenine (Fig. 2C), suggesting that PNKP binds 3′-phosphate
substrates in a manner that is independent of the identity of the
3′ base. We used DNAs containing A, C, T, or G bases at the 3′
position as competitors of the PNKPD170A-FAM-DNA complex
in FP experiments. Each of the DNAs was able to compete for
binding to PNKPD170A, dependent on the presence of a 3′-phos-
phate in the competitor DNA (Fig. 2E). The results indicate that
3′-phosphorylated DNAs containing A, C, or Tat the 3′ position
bind PNKP with essentially identical affinities, consistent with
the lack of sequence-specific interactions between PNKP and
these residues in the crystal structures. The DNA containing G
at the 3′ position was an approximately threefold weaker compe-
titor, suggesting that PNKP may bind substrates containing a
3′-guanine base less well than other substrates.

Recognition of Double-Stranded Substrates Involves Destabilization
of Base Pairing. PNKP plays well characterized roles in NEIL-
dependent BER and NHEJ, and, consistent with these cellular
functions, the PNKP phosphatase domain dephosphorylates 3′-
phosphate termini present at DNA gaps, nicks, and double-strand
breaks with similar efficiencies (11). Our structural data, how-
ever, reveal a narrow and deep active site cleft that can accom-
modate single but not double-stranded substrates. We propose
that PNKP interacts with double-stranded substrates by destabi-
lizing base pairing near the 3′-phosphate terminus, thereby
releasing the substrate strand to allow access to the phosphatase
active site. We propose that Phe184, which protrudes from a
protein surface feature we term “the Phe wedge,” plays a critical

Fig. 1. Structure of PNKP bound to DNA substrates. (A) Overview of PNKP—
DNA interactions in ribbon (left) and electrostatic surface representations
(right). The PNKP phosphatase domain is teal, the kinase domain is yellow,
and DNA substrates orange. In addition to the phosphatase DNA substrate, a
model for the docking of a minimal DNA substrate to the kinase domain (12)
is shown in the right box. Selected protein elements that bound the phos-
phatase active site are labeled, and the positions of the catalytic Asp170 and
Asp172 residues in the phosphatase are indicated by red spheres. (B) Stereo
view of the PNKPD170A phosphatase active site bound to a substrate DNA
containing a 3′ cytosine. Residues interacting with the 3′ nucleotide as well
as the active site Mgþþ are labeled. Asp170 is modeled (gray) based on its
orientation in the wild type structure (11) and its predicted in-line attack
on the substrate 3′-phosphate is indicated with an arrow.
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role in the initiation of base-pair destabilization through hydro-
phobic interactions with the substrate bases, destabilizing intra-
helical base stacking in the substrate (Fig. 3 A and B). Phe305,
which is buried deeper in the active site, could play a role in sta-
bilizing the liberated single-strand in the catalytic conformation
through stacking interactions with the 3′-terminal base. Distinct
from the active site cleft is a second positively charged region
composed of residues from the Phe wedge (Lys182) as well as
the β13-α6 loop (residues 300–303). We propose that these
residues interact with the partner strand in a double-stranded
substrate, providing additional binding energy in the initial recog-
nition of the duplex DNA before base-pair destabilization, as
well as interactions with the released nondamaged strand after
base-pair destabilization.

To detect base-pair destabilization in double-stranded PNKP
substrates, we tested the ability of PNKP to modulate the fluor-
escence of double-stranded DNA substrates harboring 2-amino-
purine (2AP). 2AP is a fluorescent base analog that is quenched
by base stacking interactions (15) and has been used to study
base-pair destabilization induced by protein-DNA interactions
(16). We created a set of blunt-ended double-stranded substrates
containing a 3′-phosphate terminus on one strand and a single

2AP at positions 2, 4, 6, or 8 with respect to the blunt end in the
complementary strand. We measured 2AP fluorescence in each
of these samples bound to PNKPD170A, corrected for background
fluorescence from the PNKPD170A-dsDNA complex. The results
were expressed as a % recovery of fluorescence in each sample
normalized to the fluorescence of the 2AP-labeled single-strand
(Fig. 3C and Materials and Methods). The results clearly indicate
that PNKP binding induces a dramatic (83%) reduction in fluor-
escence quenching in the substrate containing 2AP at position 2
(S2, Fig. 3C). Substrates containing 2AP further from the end of
the substrate (at positions 4 and 6) showed a less pronounced,
27% reduction in 2AP quenching, while the substrate harboring
2AP at position 8 exhibited very little reduction in quenching.
These results are consistent with destabilization of base pairing
in the terminal 2 base pairs of the blunt-ended substrate, while
the following base pairs up to position 6 may be partially desta-
bilized. Base pairing further from the DNA end (position 8) is not
perturbed by PNKP interactions. We next tested the ability of
PNKPD170A harboring additional mutations to destabilize sub-
strate base pairing. PNKPD170A∕F305A elicited only a small (16%)
reduction in fluorescence quenching in the 2AP S2 substrate,
and little detectable reduction in quenching in any of the other
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Fig. 2. Recognition of single-stranded substrate DNA by the PNKP phosphatase domain. (A) Superposition of the complexes of PNKPD170A with a 3′-cytosine
substrate (teal and orange) with the complex containing a 3′-adenosine (gray). Substrate contacting residues are shown as sticks and hydrogen bonding
interactions are shown with dotted lines. (B) Close-up view of interactions of PNKPD170A with the 3′-cytosine substrate. Surfaces are displayed for Phe184,
Phe305 and the substrate bases to illustrate stacking interactions that stabilize this complex. The red sphere indicates a water that forms part of the
Mgþþ coordination shell that also hydrogen bonds to the O2 of the 3′ base. (C) Similar to (B), with the 3′-adenosine complex superimposed in gray. (D)
Determination of the binding of PNKPD170A and mutants to 5′-FAM-TTCTCp-3′ by fluorescence polarization (FP) spectroscopy. PNKPD170A (inactive WT) or
the indicated variant was titrated against the FAM-labeled DNA and the data was fit to a sigmoidal binding curve (SI Text). (E) Influence of the identity
of the 3′ base on PNKPD170A-substrate interactions. FP competition experiments were carried out in which PNKPD170A-FAM-DNA complexes were challenged
with the indicated unlabeled DNAs.
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substrates, suggesting a key role for Phe305 and its stacking in-
teractions with the base of the 3′-phosphorylated residue in base-
pair destabilization (Fig. 3C). PNKPD170A∕F184A also induced only
a small reduction in quenching S2, however quenching in the S4
substrate was similar to PNKPD170A. Fluorescence recovery for
the S6 and S8 substrates was minimal. Together, these results sug-
gest that both phenylalanine residues in the active site cleft are
important for substrate base-pair destabilization.

To investigate the role of the putative second strand binding
surfaces (Fig. 3 A and B) in substrate recognition, we generated
several mutants in these residues and tested their substrate bind-
ing and base-pair destabilization activities. All of the mutants
generated in this region (residues 182, 300–303) displayed levels
of single-stranded substrate binding similar to PNKPD170A

(Fig. S3). To test the impact of these mutations on double-strand
substrate binding, we assessed the ability of a double-stranded
DNA containing a blunt, 3′-phosphorylated end, to compete with
a single-stranded FAM-DNA in an FP assay (Fig. 3D). In a con-
trol experiment, the double-stranded DNAwas found to compete
approximately sixfold more efficiently for PNKP binding than the
unlabeled version of the single-strand, suggesting that double-
stranded substrates are bound more tightly by PNKP than sin-
gle-stranded substrates (Fig. S4). Mutation of both Arg300 and
Lys301 to alanine resulted in a small but reproducible reduction
in the competition of the dsDNA compared to the wild type
PNKPD170A control. Mutation of the same residues to glutamate
resulted in a further reduction in competition, suggesting electro-

static interactions with dsDNA. Mutation of positively charged
residues 300–303 to glutamate (300s, Fig. 3D), resulted in a dra-
matic loss of dsDNA competition, even though this variant bound
to the single-stranded FAM-DNA with nearly wild type affinity
(Fig. S3). Lys182 from the Phe wedge may also play a role in
dsDNA binding because mutation of this residue to glutamate
also reduced dsDNA competition (Fig. 3D). Finally, we used
our 2AP fluorescence assay to test the ability of the
PNKPD170A∕R300E∕R301E mutant to destabilize substrate base pair-
ing. The results indeed indicate a dramatic reduction in 2AP
fluorescence recovery in the S2 DNA compared to the wild type
(Fig. 3C). This result indicates that these residues are directly
involved in destabilization of the duplex DNA, because this mu-
tant binds single-stranded DNA with nearly wild type affinity.

A Model for PNKP-Induced Substrate Distortion. We suggest the fol-
lowing model for DNA damage detection and catalysis (Fig. 4).
We propose that the large, nearly contiguous substrate binding
surface across the PNKP kinase and phosphatase domains
(Fig. 1A) interacts nonspecifically with DNA and could possibly
scan for regions of flexibility indicative of DNA strand breaks.
Distortion of the DNA at the strand break could allow further
interrogation of the site of damage, facilitating access of the
3′-terminus to the groove at the interface of the kinase and phos-
phatase domains that yields access to the phosphatase active site.
PNKP-driven destabilization of 2–3 base pairs at the site would
allow access to the phosphatase catalytic center and dephosphor-

Fig. 3. Interactions of PNKP with dsDNA substrates involves base-pair destabilization. (A) Ribbons view of a PNKPD170A—ssDNA complex in which residues
directly involved in catalysis, Mgþþ binding, or 3′-phosphate binding, are red, those involved in other interactions with the ssDNA substrate are yellow, and
residues proposed to interact with the second, undamaged strand in a two-stranded complex are colored green. (B) Electrostatic surface representation of the
same view as in (B), with the ssDNA binding surface, Phe wedge and 2nd strand binding surfaces indicated. (C) Demonstration of PNKP-dependent destabiliza-
tion of base-pairing in double-stranded substrates by 2AP spectroscopy. 2AP base-pair destabilization was assessed through the recovery of 2AP fluorescence
upon binding PNKPD170A compared to a single-stranded control. The four 2AP substrates used are indicated at the bottom, and results for PNKPD170A (inactive
WT), as well as the indicated PNKPD170A mutants are shown. (D) Interactions between PNKPD170A or the mutants indicated and a dsDNA substrate were assessed
in a FP competition assay in which a single-stranded FAM-DNAwas challenged with an unlabeled dsDNA. 300s refers to a mutant in which residues 300–303 are
all mutated to glutamate.
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ylation of the 3′-end. To compensate for the unfavorable free
energy associated with base-pair disruption, the complementary,
undamaged strand may interact with the second strand binding
region (Fig. 3 A and B). The importance of this region is under-
lined by its conservation throughout metazoan PNKP enzymes
(Fig. S2). Interestingly, this region is absent in prokaryotic T4
PNKP. While structural and mutagenesis data in the T4 system
(17) suggest a similar mechanism of recognition of single-
stranded nucleic acids, the recognition and processing of double-
stranded substrates may involve a mechanism distinct from that
employed by the mammalian enzymes. The mechanism presented
here predicts that nicked or gapped substrates may interact with
or sterically occlude interactions of a second substrate at the ki-
nase active site. In agreement with this model, it has been shown
that the binding of such structures to PNKP bearing mutations at
phosphatase active site strongly inhibits productive substrate
binding by the kinase domain (18).

An evolving theme in selective recognition of damaged DNA
by repair enzymes is the binding-assisted distortion of the da-
maged DNA. For example, the recently determined structures
of the 5′-flap endonuclease FEN-1 (19), and the related 5′-
exonuclease hExo1 (20) bound to DNAs suggest a binding me-
chanism in which the substrate is kinked with limited base-pair
disruption near the site of cleavage. Such distortion is required
for access to the backbone of the DNA and in-line attack of
the phosphodiester bonds that are central to the mechanisms
of both PNKP and the 5′-endonucleases. Such binding mechan-
isms result in significant affinity of the repair enzyme for the pro-
duct, which has been suggested to be critical for the ordered
processing of DNA lesions by multiple enzymes in a manner that
protects potentially mutagenic DNA repair intermediates (21).
Consistent with this model, PNKP has been shown to have sig-
nificant affinity for the products of both its kinase and phospha-
tase domains (22). Interactions with the single-strand repair
scaffold protein, XRCC1 or the NHEJ scaffold protein, XRCC4,
facilitate PNKP product release, consistent with the idea that

these scaffold proteins organize multistep, coordinated repair of
DNA damage (23–25).

Materials and Methods
Fluorescence Polarization Spectroscopy. The binding affinity of the PNKPD170A

to DNA was evaluated by fluorescence polarization spectroscopy using a
3′-phosphorylated fluorescent ssDNA (5′-FAM-TCCTCp-3′, designated FAM-
DNA) synthesized by Integrated DNA Technologies (IDT). To test the binding
affinity of other 3′-phosphorylated DNA substrates, a competition assay was
used. In this assay, we measured the ability of 3′-phosphorylated DNAs (see SI
Text for sequences) to compete off the fluorescein-labeled DNA.

Fluorescence Spectroscopic Studies of 2AP-Modified DNA Complexes. Steady-
state fluorescence of DNAs containing 2AP was measured at room tempera-
ture on a PTI spectrofluorometer. The 2AP was excited at 315 nm and the
fluorescence was monitored at 370 nm with 5-nm spectral resolution for ex-
citation and emission. A complete description of this experiment is provided
in SI Text.

Crystallization. The PNKPD170A catalytic fragment, either in the apo state or
bound to ssDNA substrates, was crystallized at room temperature by hanging
drop vapor diffusion. Crystals of apo PNKPD170A were obtained by mixing an
equal volume of protein at 4 mg∕mL (1 μL) and well solution composed of
0.1 M Bis-Tris pH 7, 20% PEG 3350. For PNKPD170A complexed with DNA, pro-
tein was incubated with 3′-phosphorylated ssDNAs (5′-TTCTXp-3′; X ¼ A,T,C)
in a 1∶3 ratio on ice for 2 h. Crystals grew in similar conditions to that of the
apo PNKPD170A (25% PEG3350 and pH range 6.5–7) with 10% t-butanol as
additive. Details for protein expression, purification, crystallographic data
collection and processing, and for structure determination and refinement
are found in SI Text.
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