Structure, Vol. 10, 1-20, September, 2002, ©2002 Elsevier Science Ltd. All rights reserved.

Pl S0969-2126(02)00M

Structure of a tRNA Repair Enzyme
and Molecular Biology Workhorse:

T4 Polynucleotide Kinase

Eric A. Galburt, John Pelletier,? Geoffrey Wilson,?

and Barry L. Stoddard'?®

'Fred Hutchinson Cancer Research Center and

The Graduate Program in Biomolecular Structure
and Design

University of Washington

1100 Fairview Avenue North, A3-023

Seattle, Washington 98109

’New England Biolabs

32 Tozer Road

Beverly, Massachusetts 01915

Summary

T4 phage polynucleotide kinase (PNK) was identified
over 35 years ago and has become a staple reagent for
molecular biologists. The enzyme displays 5’-hydroxyl
kinase, 3'-phosphatase, and 2’,3’-cyclic phosphodies-
terase activities against a wide range of substrates.
These activities modify the ends of nicked tRNA gener-
ated by a bacterial response to infection and facilitate
repair by T4 RNA ligase. DNA repair enzymes that
share conserved motifs with PNK have been identified
in eukaryotes. PNK contains two functionally distinct
structural domains and forms a homotetramer. The
C-terminal phosphatase domain is homologous to the
L-2-haloacid dehalogenase family and the N-terminal
kinase domain is homologous to adenylate kinase. The
active sites have been characterized through struc-
tural homology analyses and visualization of bound
substrate.

Introduction

T4 polynucleotide kinase (PNK) was initially discovered
in protein extracts of Escherichia coli bacteria infected
with T-even phage [1-3]. In the 37 years since, the en-
zyme has become a standard reagent for the manipula-
tion and study of polynucleotides [4-6]. The product of
the T4 early gene pseT [7], PNK catalyzes the transfer
of the y-phosphate group from adenosine triphosphate
(ATP) or other nucleoside triphosphates [3, 8] to the
5’-hydroxyl of polynucleotides of different lengths, se-
quences, and types [1]. Acceptable substrates include
double- and single-stranded DNA, RNA, and individual
3’-phosphate nucleotide bases. PNK also possesses a
3’-phosphatase activity that is independent of ATP [7,
9] and has been reported to hydrolyze 2’,3'-cyclic phos-
phodiesters [10]. Each catalytic activity is dependent on
magnesium as a cofactor. The pseT gene was cloned
and sequenced [11], which facilitated both the use of
recombinant PNK as a reagent and the biochemical
study of PNK itself.

The only directly known biological function of T4 PNK
is related to the ability of T4 phage to overcome a suicide
defense mechanism used by some strains of bacteria [7,
10]. In response to T4 infection, a latent tRNA anticodon
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nuclease encoded by prr strains of E. coli is activated
by the Stp DNA restriction inhibitory peptide [12-14] and
introduces a break in the bacterial lysine tRNA. This lesion
is defined by 2',3'-cyclic phosphate and 5’-hydroxyl ends
and effectively prevents protein synthesis, thus inhib-
iting phage replication. T4 PNK phosphorylates the 5'-
hydroxyl and reprocesses the 3’ end by opening the
2',3'-cyclic phosphate and then removing the 3'-phos-
phate. The reprocessed ends are substrates for T4 RNA
ligase. Thus, the phage is able to circumvent the tRNA
lesion and continue to propagate through the bacterial
population.

T4 PNK is the prototypical member of a broad family
of 5’-kinase/3’-phosphatase enzymes that mend broken
strands in nucleic acids in conjunction with the appro-
priate RNA or DNA ligase. Human members of this family
have recently been implicated in the repair of DNA strand
breaks caused by oxidative damage [15-17]. In mamma-
lian cells, the conversion of 5’-hydroxyl/3’'-phosphate
DNA ends to 5'-phosphate/3’-hydroxyl is a necessary
step for the repair of DNA nicks and gaps that may be
introduced by ionizing radiation [18], certain alkylating
agents, DNase Il [19, 20], and the enzymatic removal of
dead-end complexes of topoisomerase | generated by
camptothecin inhibition [21]. Mammalian PNKs display
the bifunctionality of T4 PNK, but differ in specificity.
While T4 PNK has a decreased activity against both
recessed 5 ends and nicks in double-stranded DNA
[22], mammalian PNKs show no preference for 5’ over-
hanging termini and are active against gaps and nicks,
which further implicates them in DNA repair pathways
[23]. Mammalian PNKs have been identified that are
DNA specific while others have a preference for RNA
[16]. Sequence alignments of H. sapiens, C. elegans, and
S. pombe PNK enzymes reveal that T4 and mammalian
enzymes share two active site motifs: the ATP binding
P loop motif which defines a kinase active site and a
short motif (DxDxT) associated with a family of phospha-
tase domains characterized by I-2-haloacid dehaloge-
nase (HAD) [15]. These conserved motifs suggest that
the chemical mechanisms of T4 PNK and mammalian
PNKs are similar.

Kinetic studies of T4 PNK have shown that the kinase
activity proceeds according to an ordered sequential
mechanism [24] and that phosphoryl transfer results in
an inversion of configuration at the phosphorus atom
[25]. Furthermore, the kinase reaction is reversible. For
example, the ATP analog B,y-imidoadenylyl 5'-triphos-
phate acts as an inhibitor to the forward reaction, but
was able to replace ATP in the reverse reaction to gener-
ate B,y-imidoadenylyl 5'-tetraphosphate [26]. While the
minimal phosphorylation substrates are 3’ nucleotide
monophosphates, T4 PNK is able to phosphorylate a
variety of oligonucleotides with a slight preference for a
5’-terminal guanosine base [27]. Despite the tetrameric
form of the enzyme, it does not display kinetic coopera-
tivity [24]. It has also been noted that N-protected deoxy-

Key words: T4 polynucleotide kinase; phosphatase; tRNA repair;
bifunctional enzyme; crystal structure; structural enzymology



Structure
22

oligonucleotides do not interfere with kinase activity [28]
and that PNK will phosphorylate several nonnucleosidic
moieties when they are 5’ attached to oligonucleotides
[29]. The phosphatase activity is known to require mag-
nesium or cobalt, has a pH optimum of 6.0, and is more
active against DNA than RNA [9].

The kinase and phosphatase activities of T4 PNK are
separable and are loosely localized to the N and C ter-
mini of the protein, respectively [30]. Further proteolytic
experiments coupled with mutational analyses have re-
fined this separation [31, 32]. A truncated N-terminal
PNK consisting of residues 1-181 forms a monomer
with no phosphatase and low kinase activity, while a
construct missing residues 1-47 forms a dimer with no
kinase and residual phosphatase activity. Mutations
near the amino terminus (K15A, S16A, D35A, R38A, and
R126A) ablate kinase activity and do not affect phospha-
tase activity or the quaternary structure of the enzyme.
This constellation of residues is also present in the active
sites of adenylate kinases and similar enzymes. In con-
trast, mutations nearer to the enzyme C terminus (D165,
D167A, R176A, R213A, D254A, and D278A) each inacti-
vate the phosphatase activity without affecting the ki-
nase activity or the quaternary structure of the enzyme.
The motif DygsxDy6:XT169 found in T4 PNK is shared by a
superfamily of phosphotransferases [32].

The structure of T4 PNK represents the second struc-
ture of a bifunctional kinase/phosphatase enzyme. The
first structure is that of the dimeric 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase (PFK/FBP) [33].
This enzyme plays an indirect role in the regulation of
glucose metabolism. The N-terminal kinase domain of
PFK/FBP also shares sequence (and structural) homol-
ogy with adenylate kinases, whereas the C-terminal
phosphatase domain belongs to the phosphoglycerate
mutase and acid phosphatase enzyme families. Both of
these families have similar topologies to the haloacid
dehalogenase (HAD) family, but have a catalytic histidine
instead of an aspartic acid [33]. The presence of two
catalytic functions in one polypeptide chain usually indi-
cates a functional linkage. For T4 PNK and the multifunc-
tional eukaryotic polynucleotide kinases, the covalent
linkage of catalytic activities surely exists due to the
requirement for coupled kinase and phosphatase activi-
ties in the repair of RNA and DNA lesions.

We have solved the structure of the intact T4 PNK
tetramer and find that the tetramer is created through
two N-terminal/N-terminal domain interfaces and two
C-terminal/C-terminal domain interfaces. The kinase
domain belongs to the adenylate kinase family of en-
zymes and is observed with a bound ADP molecule in
the active site. The phosphatase domain belongs to a
family of enzymes characterized by I-2-haloacid dehalo-
genase and its active site is analyzed through homology
modeling. Last, a tRNA binding mode is proposed in
which the termini of nicked tRNA are bound in both
the kinase and phosphatase active site simultaneously,
allowing the enzyme to make both modifications within
the same substrate binding event.

Results
Enzyme Fold and Oligomerization

The structure of selenomethionine-substituted T4 PNK
with bound nucleotide was determined by the single

Table 1. Data Collection and Phasing and Refinement Statistics

Data Collection

Space group 1222

Unit cell (A) a=786b=937c=124.2
Wavelength (A) 0.97873

Resolution (highest shell) (A) 50-2.3 (2.38-2.30)

Total reflections 191,084

Unique reflections 38,288

Completeness (%) 99.1 (97.7)
Rrerge (%) 7.3 (28.8)
Average I/ol 33.4 (5.7)
Phasing

Phasing power 2.56
Figure of merit (before/after DM) 0.40/0.96
Refinement

Rcryst (0/0) 23.6

Riree (%) 26.1
Total number of atoms 2532
Number of water molecules 144
Number of ligand/cryo atoms 27/4
Rmsd bond length (A) 0.007
Rmsd bond angle (°) 1.4
Mean B value, main chain (A? 35.9
Mean B value, side chain (A2 37.6
Mean B value, solvent (A% 47.3

anomalous dispersion (SAD) method at 2.3 A resolution.
The structure was refined to an R,,o /R Of 0.236/0.261
with good geometry and an average protein B factor
of 36.5 A? (Table 1 and side bar). The crystallographic
asymmetric unit contains a single 34 kDa subunit of T4
PNK and the 1222 crystallographic symmetry operators
generate two complete enzyme tetramers in the unit
cell. Interpretable main chain electron density was ob-
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Figure 1. The Structure of T4 Polynucleotide Kinase

A monomer of T4 polynucleotide kinase is shown as a ribbon diagram with the N-terminal kinase domain in red and the C-terminal phosphatase
domain in blue (A). The secondary structural elements are numbered according to their occurrence in the chain. A topology diagram shows
B strands as arrows and « helices as cylinders. The tetrameric form of the enzyme is shown color coded by monomer (B). Subsequent images
are rotated 90° as indicated and reveal the 222 symmetry of the tetramer. The block diagrams under each view of the tetramer show the
positions of the N-terminal (red) and C-terminal (blue) domains.
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served for all but 3 residues (49-51) of the 301 amino
acid residues in the enzyme monomer. Side chain den-
sity was observed for all but nine lysines, five glutamic
acids, two tyrosines, and one asparagine. These side
chains are all solvent exposed and have been truncated
in the final model.

The PNK monomer is made up of two distinct N- and
C-terminal /B domains comprising residues 1-148 and
158-301 (Figure 1A). These domains correspond to the
kinase and phosphatase activities as described below.
The tetramer is assembled through two separate inter-
faces (Figure 1B). One interface is formed exclusively
with contacts between the N-terminal domains. This in-
terface buries 964 A? of accessible surface area per
domain and is formed mostly through the packing of
helices 2 and 3 with their symmetry mates. The second
interface is primarily formed by contacts between
C-terminal domains and buries 1328 A2 of exposed sur-
face area per domain. This interface is anchored by
strand 11, which interacts with its symmetry mate in an
antiparallel fashion, creating a pseudocontinuous ten-
stranded 8 sheet between two C-terminal domains. He-
lix 7 packs against its symmetry mate to complete the
interface. This interface is further augmented by addi-
tional interactions between helix 5 and its symmetry
mate from the N-terminal domain. The overall dimen-
sions of the enzyme tetramer are approximately 120 X
80 x 50 A and there is a solvent-exposed channel
through the middle of the tetramer 15-20 A in diameter
(Figure 1B).

The distance between kinase and phosphatase active
sites within an individual enzyme subunit is approxi-
mately 35 A and is similar to the closest distance be-
tween active sites from separate subunits. The sites
within an individual subunit point in opposite directions
and are physically separated by helices 5, 6, and 10 and
strand 11, whereas the closest kinase and phosphatase
active sites from separate subunits face each other
across a surface valley.

The Kinase Domain

The N-terminal domain is composed of the first 148
residues and has a core consisting of a four-stranded,
parallel B sheet with 4-1-3-2 topology (Figure 1A). The
fold is completed by four « helices that are found on
both sides of the central sheet and two additional helices
following the last strand. A structural similarity search
using the DALI server [34] with the N-terminal domain
of PNK identifies a large structural kinase family that
displays homology to PNK. There are 272 structures
with a Z score = 2.0, 25 structures with Z = 5.0, and
three structures with Z > 10.0. These three structures,
in order of improving Z score, are adenylate kinase (Z =
12.0,rmsd = 2.5 A), chloramphenicol phosphotransfer-
ase(Z=12.4,rmsd = 2.6 A), and the N-terminal domain
of 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tase (Z = 14.2, rmsd = 2.5 A). A superposition of PNK,
of 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tase (PFK/FBP), and adenylate kinase (ADK) reveals in-
teresting similarities and differences between these re-
lated structures (Figure 2A). The N-terminal domain of
PNK is the smallest of the three domains; PFK/FBP

and ADK contain two and one extra strand(s) in their 8
sheets, respectively. ADK contains a functionally impor-
tant zinc knuckle subdomain inserted between helices
5 and 6 of PNK. In place of this subdomain, PFK/FBP and
PNK have short 12 and 7 amino acid loops, respectively.

The kinase domain contains a bound ADP molecule
in its active site, which represents the hydrolyzed prod-
uct of ATP present in the crystallization buffer (Figure
2B). The kinase active site in the nucleotide-bound PNK
complex contains a shallow tunnel, formed as a result
of contacts between two enzyme surface loops that
create a lid over the phosphate tail of the bound ADP.
The contacts between these loops include residues E46
and R47 in the helix 2-3 loop and residues T128 and
K129 in the helix 5-6 loop. The surface of the active
site tunnel consists almost entirely of charged or polar
residues, including R126, K129, K15, S16, R138, D35,
T86, and N33 (Figure 3, middle). Several hydrophobic
residues (P11, V131, V135, and M139) also help to form
the active site walls. The bound ADP molecule is located
on the side of the tunnel that opens into the channel in
the middle of the enzyme tetramer (Figure 3A). Its bind-
ing pocket is formed mostly through electrostatic inter-
actions between its diphosphate tail and a series of
basic residues (K15, S16, and R126) and backbone am-
ide groups from residue 12to 17 (Figure 2B). The adenine
ring stacks against the R122 side chain. The phosphate
tail of the ADP is more deeply buried in the active site and
more ordered than its associated ribose and adenosyl
groups. The nucleotide binding pocket is well conserved
in members of the ADK family and is formed by residues
that are a part of the P loop motif. The rmsd for backbone
atoms in an alignment of the ADK (residues 10-15) and
PNK (residues 12-17) ATP binding sites is 0.2 A and the
ADP molecule bound in the active site of PNK is in the
same conformation as AMPPNP bound to ADK (Figure
2B) [35]. This allowed us to easily model the position of
the y-phosphate into the PNK active site.

Based on the strong active site homology between
the kinase domain of PNK and ADK and the structure
of ADK with bound adenylate and AMPPNP [35], an
adenosine 3’'-monophosphate (3'-AMP) substrate mole-
cule can be modeled into the active site on the other
side of the tunnel from the bound ADP. This binding site
faces the exterior of the enzyme tetramer (Figure 3B)
and opens into a broad surface valley capable of accom-
modating larger polynucleotide substrates such as
tRNA. A 3’-AMP model was placed into the PNK kinase
active site based on the position of bound adenylate in
ADK. The conformation of the bound 3’-AMP model was
energy minimized to alleviate any steric clash with PNK
while holding the 5’-hydroxyl position fixed. In the re-
sulting model of the ternary complex, the 3'-AMP phos-
phate makes contacts to the backbone amide of T86
(2.8 A) and the side chains of R38 (3.0 A) and K15 (4.4 A).
R34is5.2A away from the 3'-phosphate oxygen, but has
room to rotate toward the putative phosphate binding
position. In the proposed binding mode, the adenosine
ring fits nicely in the binding pocket but there are no
base-specific contacts, the 3'-phosphate points out of
the tunnel, and the 5’-hydroxyl points into the tunnel and
is positioned correctly for an in-line phosphoryl transfer
(3.3 A from the modeled v-phosphorus atom; Figure 2B).



Crystal Structure of T4 Polynucleotide Kinase
25

adenylate kinase
T4 polynucleotide kinase

6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase

Figure 2. Superposition of the Kinase Domain and the Kinase Active Site

A superposition (DALI [34]) of T4 polynucleotide kinase (red), adenylate kinase (PDB ID code 1adk; gray), and the kinase domain of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (1bif; green) with both the observed ADP ligand and modeled 3'-AMP ligand of PNK
(A). The kinase active site of PNK is shown in a stick representation colored by atom type with residue labels in black (B). Both the observed
ADP ligand and the modeled 3'-AMP ligand are displayed in ball and stick representations. On the ATP binding side, the corresponding
residues from adenylate kinase along with its bound AMPPNP ligand (1ank) are shown colored in slate.

D35 is found on the 3'-AMP side of the tunnel and is
observed in two conformations. In one conformation, it
is engaged in a bidentate contact with R47 (3.4 and
4.0 A) and in the other conformation it forms a salt bridge
with R38 (3.6 A). In either conformation, the D35 side
chain is positioned close to the modeled position of the
3'-AMP 5'-hydroxyl (2.9-4.0 A) and is a likely candidate
for a magnesium binding side chain.

The Phosphatase Domain

The C-terminal domain is composed of the last 143 resi-
dues and has a core consisting of a five-stranded, paral-
lel B sheet with 11-10-5-8-9 topology (Figure 1A). The
o/B fold is completed by four o helices inserted between

consecutive 3 strands. There are two additional 8
strands that form a small two-stranded antiparallel sheet
between strand 5 and helix 7. A structural similarity
search using the DALI server indicates that the C-ter-
minal domain of PNK belongs to the sizeable haloacid
dehalogenase (HAD) structural family with 457 known
structures with a Z score = 2.0, 53 structures with Z =
5.0, and 5 structures with Z > 8.0. These five domains
are phosphonoacetaldehyde hydrolase (Z = 9.8, rmsd =
2.6 A), I-2-haloacid dehalogenase (Z = 9.5, rmsd =
3.2 A), epoxide hydrolase (Z = 8.9, rmsd = 3.3), phos-
phoserine phosphatase (Z = 8.8, rmsd = 3.1 A), and
hypothetical phosphatase protein hi1679 (Z = 8.5,
rmsd = 2.7 A). As with the N-terminal domain, the
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Figure 3. The N-Terminal Kinase Domain

8515

The kinase domain of PNK is shown in two views of three representations each. (A) and (B) show two views that are related by a 180° rotation.
The three representations are a ribbon diagram, a molecular surface color coded by electrostatic potential (GRASP), and a molecular surface
color coded by mutational results. The ribbon diagram is labeled according to Figure 1 for reference. The GRASP surface shows a gradient
of electrostatic potential ranging from —10 kT/e (red) to 15 kT/e (blue). The molecular surface is colored green and labeled where alanine
mutations ablate kinase activity. All three illustrations contain the observed ADP ligand and the modeled 3'-AMP ligand in a ball and stick

representation.

C-terminal domain of PNK is smaller than its closest
structural neighbors. Both I-2-haloacid dehalogenase
(HAD) and phosphoserine phosphatase (PSP) have addi-
tional helical subdomains that reduce the solvent acces-
sibility of the active site cleft (Figure 4A). The absence
of such a subdomain in PNK is likely responsible for the
broader specificity of PNK compared to other members
of this family. The smaller size of both PNK domains
has probably evolved both to broaden the substrate
specificity of the enzyme and maximize the information
content of the phage genome for effective propagation.
The HAD family of enzymes uses a common active site
architecture defined by the D-X-D-X-T motif (D;6VDGT149
in PNK). In all cases to date, these enzymes have been
shown to proceed via a covalent phospho-aspartic acid
intermediate and, with the exception of HAD, are depen-
dent on magnesium for activity [36-38]. The phospha-
tase active site of PNK is centered on the primary aspar-
tic acid in the conserved motif, D165, which is located
on the C-terminal end of the central 8 strand (strand 5).
A representation of the electrostatic potential of the
molecular surface reveals that the active site cleft is
acidic. Furthermore, residues that have been mapped
by mutagenesis to be required for phosphatase activity

cluster in the active site of the C-terminal domain (Figure
5, right).

The superposition of the active site of PNK with phos-
phoserine phosphatase inhibited by beryllium fluoride
(a mimic of a phospho-aspartate intermediate; Figure
4B) [39] reveals key functional residues and their likely
roles in catalysis. The 801 of D165 is the nucleophilic
atom responsible for attacking the 3'-phosphorus in the
S\2 phosphoryl transfer reaction. The {N from K258 is
2.7 A away from D165 501. D165 502 appears to be a
metal ligand (2.1 A) along with D278 (2.7 A), the back-
bone carbonyl from D167 (2.1 A), and a substrate phos-
phate oxygen (2.0 A). Two water molecules would likely
complete the octahedral coordination of the magnesium
ion. The modeled, nonbridging phosphate oxygens are
contacted by the backbone amides of G212 (2.7 Z\), V166
(3.0 A), and D167 (2.8 A), the yOH of S211 (3.2 A), and
the {N of K258 (2.9 A). The second aspartic acid in the
conserved active site motif (D167) forms a salt bridge
with R213 (2.4 and 2.6 A). D277 is 3.6 A away from the
modeled magnesium position and D254 is 4.5 A away
from a modeled phosphate oxygen atom. These resi-
dues correspond spatially to D171 and N170 in phos-
phoserine phosphatase, respectively, although they
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D171 D277

T4 polynucleotide kinase

phosphoserine phosphat

Figure 4. Superposition of the Phosphatase Domain and the Phosphatase Active Site

A superposition (DALI) of the phosphatase domain of T4 polynucleotide kinase (blue), phosphoserine phosphatase (1j97; gray), and I-2-haloacid
dehalogenase (1qq5; green) with the beryllium fluoride aspartic acid ester from the phosphoserine phosphatase structure (A). The phosphatase
active site of PNK is shown in a stick representation colored by atom type with residue labels in black (B). The beryllium fluoride moiety is
displayed in a ball and stick representation (orange, beryllium; yellow, fluoride). Corresponding residues from phosphoserine phosphatase

are displayed in slate.

come from different positions within the sequence and
overall folds.

Discussion

T4 PNK as a Model for Eukaryotic

Polynucleotide Kinases

Recently, a human polynucleotide kinase has been de-
scribed [15-17, 40]. The structure of T4 PNK provides
a model for the structure-function relationships of hPNK
and other eukaryotic polynucleotide kinases within this
enzyme family. Sequence alignments reveal that the
eukaryotic enzymes contain both the kinase and phos-

phatase active site motifs found in T4 PNK [15]. Unlike
T4 PNK, these enzymes are active against either DNA
or RNA (but not both), and only the DNA kinases possess
the additional 3’'-phosphatase activity. Mammalian
PNKs are believed to play a role in the repair of DNA
lesions with 3'-phosphate and 5'-hydroxyl termini. Hu-
man polynucleotide kinase [16, 17] and a homolog from
yeast [41] have been implicated in the response to DNA
damage by oxidation, y-radiation, and camptothecin.
Other than the active site regions, the enzymes lack
significant sequence homology to T4 PNK. The kinase
and phosphatase domains are reversed compared to
T4 PNK, with the P loop motif found in the C-terminal
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Figure 5. The C-Terminal Phosphatase Domain

The phosphatase domain of PNK is shown in three representations: a ribbon diagram, a molecular surface color coded by electrostatic
potential (GRASP), and a molecular surface color coded by mutational results. The ribbon diagram is labeled according to Figure 1 for
reference. The GRASP surface shows a gradient of electrostatic potential ranging from —15 kT/e (red) to 15 kT/e (blue). The molecular surface
is colored green and labeled where alanine mutations ablate kinase activity. The ribbon diagram contains the modeled phospho-enzyme

intermediate in a sphere representation to define the center of the phosphatase active site.

domain and the phosphatase motif found in the N-ter-
minal domain. Furthermore, the eukaryotic enzymes are
nearly twice as large (60 kDa) as T4 PNK and exist as
monomers in solution [40]. However, it is likely that these
enzymes will have active site structures similar to those
in T4 PNK, and it will be interesting to compare the
structures of the eukaryotic DNA PNKs to those of T4
PNK in terms of substrate binding modes, domain orga-
nization, and overall structure.

Nicked tRNA Ends Can Access Kinase and
Phosphatase Active Sites Simultaneously

The structure of PNK indicates that it is possible for
nicked tRNA to bind in both the kinase and phosphatase
active sites simultaneously (Figure 6). The tetrameric
structure of PNK is crucial for this binding mode, as the
polynucleotide binding side of the kinase active site
from one monomer faces the phosphatase active site of
a neighboring monomer. The distance (~35 A) between
these sites appears appropriate for binding the nicked
ends of a tRNA anticodon loop. It is formally possible
that one PNK tetramer could bind up to four tRNAs
simultaneously as symmetry-related tRNA binding
modes do not clash with each other. The anticodon
stem loop consists of five ribonucleotides that do not
base pair with each other or make other nonlocal interac-
tions. The only known in vivo substrate for PNK is lysine
tRNA that has been nicked directly 5’ of the anticodon
nucleotides. Nicked tRNAs of this type should possess
two flexible overhangs extending from the stable, base-
paired stem structure. One overhang is two nucleotides
long and has a 2’,3’-cyclic phosphate terminus while the
other is three nucleotides long, contains the anticodon
sequence, and has a 5'-hydroxyl terminus. The ~35 A
distance between active sites can be spanned by these
flexible overhangs, suggesting that PNK performs both
3’- and 5'-terminal modifications within one tRNA bind-
ing event.

The Oligomeric State and Catalytic Activity

of Truncated Constructs

Much of the published biochemical data on the domain
organization of T4 PNK can be interpreted based on the
enzyme structure. The oligomerization state and bifunc-
tionality of PNK has been probed previously by proteoly-

Figure 6. A Model of tRNA Binding

A hypothetical RNA/protein complex in which both PNK active sites
are occupied simultaneously is shown with tRNA (gray) and two
monomers of PNK (blue and red). The 5’-hydroxyl end of the nicked
tRNA (yellow) is bound in the kinase active site of the red monomer
while the 3’-phosphate end (orange) is bound in the phosphatase
active site of the blue monomer.
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sis and truncation experiments. PNK comprised only
of residues 1-181 is a monomer with no phosphatase
activity and low kinase activity; PNK consisting only of
residues 42-301 is a dimer with no kinase activity and
residual phosphatase activity [31]. These results indi-
cate that although no allostery has been observed and
the active sites are well separated, the tetrameric form
of the enzyme is critical for the full activity of both do-
mains. The N-terminal/N-terminal domain interface in-
cludes helices 2 and 3, which also form one side of the
kinase active site tunnel. More specifically, a2 is the source
of several residues that make contacts to the modeled
3’-AMP and have been implicated by mutagenesis ex-
periments to be critical for kinase activity. The a2/a2
interface consists of two main contacts. Tyrosine 37
stacks against its symmetry mate and D36 makes con-
tacts to both H44 (3.2 A) and S40 (2.7 A) of a symmetry-
related monomer.

The removal of residues 1-41 (PNK [42-301]) removes
a large amount of the N-terminal/N-terminal interface
and prevents the tetramerization of the enzyme leading
to C-terminal linked dimers in solution. However, the
phosphatase activity is also significantly reduced de-
spite its C-terminal location ~30 A away from the kinase
active site. One likely possibility is that the remaining
N-terminal domain sterically interferes with the phos-
phatase active site since it is connected to the C-ter-
minal domain via what appears to be a flexible loop.
This explanation is made even more plausible by the
basic nature of the N-terminal domain and the acidic
nature of the phosphatase active site. The removal of
residues 182-301 (PNK [1-181]) eliminates nearly the
entire C-terminal domain and thus we would predict an
N-terminal linked dimer in solution. The observation of
a monomer leads to the conclusion that the N-terminal
domain interface is not as robust as the C-terminal one.
This hierarchy in the strengths of the domain interfaces
correlates well with surface area burial, as the C-terminal
interface buries 37% more surface area than the N-ter-
minal interface. As mentioned above, the kinase active
site is closely associated with the N-terminal interface
via helix 2. The lack of such an interface with the mono-
meric PNK (1-181) might explain the decrease in kinase
activity despite the presence of all the critical active site
residues.

Substrate Binding Modes and Substrate
Specificities of ADK Family Members

The substrate profiles of PNK and ADK, as well as addi-
tional kinase family members, can be explained by their
compared structures. The bound ADP molecule ob-
served in the active site of the kinase domain is bound
in the same conformation as other P loop-bound nucleo-
tides. The P loop is a phosphate binding motif with
well-conserved sequence and structure [42]. It has the
consensus sequence (A/G)-X,-G-K-(G/S/T) and is known
to occur in adenylate kinases, ras proteins, elongation
factors, ATP synthase B subunits, myosin heavy chains,
thymidine kinases, and phosphoglycerate kinases. The
observed binding mode of ADP confirms that, as in other
P loop structures, it is recognized and bound mostly
through interactions of the protein with the phosphate
oxygens. This mode fits well with the observation that
PNK is able to use any nucleotide triphosphate as the

phosphoryl donor in the kinase reaction [3, 8]. Similarly,
the modeled binding mode of 3’-AMP shows a lack of
base-specific contacts, which is reasonable since PNK
can phosphorylate a polynucleotide with any 5’-terminal
nucleotide [8]. Furthermore, the 3'-phosphate position
allows the modeled mononucleotide to be easily ex-
tended to a variety of polynucleotides.

The ATP and polynucleotide binding sites are on op-
posite sides of the active site tunnel (Figure 3). In the
context of the tetramer, the tunnel leads from the central
channel to the exterior. The ATP binding sites open into
the channel while the polynucleotide binding site is on
the exterior side of the tetramer. This allows large poly-
nucleotide substrates to bind on the outside of the tetra-
mer without encountering steric clashes from other PNK
subunits or from other polynucleotides that might al-
ready be bound in the other active sites. Interestingly,
molecular surfaces of adenylate kinase do not exhibit a
tunnel. In its open form, ADK contains a binding cleft
for both ATP and adenylate. However, as the enzyme
binds substrate, the latch domain closes down on the
substrate, completely cutting it off from solvent [35]. For
ADK, the closing of the latch creates a specific binding
pocket within the enzyme so that only the desired sub-
strate molecule will bind productively. In contrast, the
broad tunnel we observe for PNK allows the enzyme to
have a very broad substrate specificity. The tunnel
opens up to solvent and as such, polynucleotides of all
types and sizes are able to bind and become phosphory-
lated. With other members of the family, such as PFK/
FBP, remnants of a tunnel can be observed, but the
tunnel openings are considerably narrower and more
restrictive than in PNK. The tunnel/clamp structure has
diverged within the PNK/ADK structural family along
with the polynucleotide binding site. The selection of a
particular tunnel or clamp backbone structure along with
the specific residues that line the phosphoryl acceptor
binding pocket appears to be an efficient way to gener-
ate a large variety of substrate specificities within the
context of a single fold.

Kinase Domain Active Site Structure Correlates

with Mutational Analyses

Alanine scanning mutagenesis experiments on PNK
have revealed a subset of residues that appear critical
to the kinase activity (K15, S16, D35, R38, and R126)
[32]. These five mutants all map to the tunnel region
(Figure 3, right) and their specific roles in the catalytic
mechanism of phosphoryl transfer can be described.
K15 is one of the defining residues in the P loop motif
and it is thought to be important for the structure of this
motif because of its strict conservation [42]. It interacts
with the B-phosphate of the bound ADP and with the
modeled position of both the ATP y-phosphate and the
3’-AMP 5’-hydroxyl. S16 is also a part of the P loop
structure, as both the backbone amide of S16 and the
side chain hydroxyl contact the B-phosphate of the
bound ADP. Interestingly, this position in the motif is
not as conserved as the preceding lysine. ADK has a
glycine in this position and other P loop proteins have
a threonine (myosin heavy chains and ATP synthase 8
subunits). Fitting with the apparent role of S16, kinase
activity is maintained by PNK with the S16T mutation
[32]. R126 also contacts the diphosphate group of ADP,
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is conserved in ADK (R123), and is a lysine (K172) in
PFK/FBP. Therefore, K15A, S16A, and R126A mutations
are deficient in kinase activity because they disrupt the
ATP binding site of PNK. D35 is observed in two confor-
mations as described above and is located on the AMP
side of the tunnel. In one conformation it forms a salt
bridge with R38, which contacts the 3'-phosphate of
3’-AMP in our model, so one possible role for D35 is that
it simply helps to position R38 for phosphate binding.
However, R38 is also positioned by a salt bridge with
E47, and so a D35A mutation might not be expected to
ablate kinase activity if this were its main function. D35
is unique in that it is the one acidic residue that is found
near the active site of the kinase domain. Since the
kinase activity is dependent on magnesium, a more likely
function of D35 is metal binding. In its alternate confor-
mation, it is well positioned for this role, as its delta
oxygens are 3.7 and 4.0 A away from the modeled position
of the 5'-hydroxyl of 3'-AMP and pointing in the right
direction to bind a metal ion that would bridge the gap
between the 5'-hydroxyl and the y-phosphate of ATP.

Phosphatase Domain Active Site Structure
Correlates with Mutational Analyses

Alanine scanning mutagenesis experiments on PNK
have also been performed on the C-terminal phospha-
tase domain and have yielded a set of 6 residues that
are critical for activity (D165, D167, R176, R213, D254,
and D278) and a set of 2 residues that partially reduce
activity (R246 and R279) [32]. D165 and D167 make up
the core of the conserved active site motif D-X-D-X-T.
Based on the structural alignment of PNK with the beryl-
lium fluoride-bound phosphoserine phosphatase struc-
ture, D165 functions both as the nucleophile responsible
for attacking the phosphorus atom in an S\2-type reac-
tion and as a magnesium ligand. Main chain atoms of
D167 are involved in both phosphate (amide) and metal
(carbonyl) binding, but the D167A mutant should still be
able to function in that capacity. The side chain of D167
forms a salt bridge with R213 and the 2 residues are
widely separated in sequence as D167 is found at the
C-terminal end of strand 5 and R213 is located at the
C-terminal end of strand 10. Therefore, the D167-R213
salt bridge appears to be important for stabilizing the
structure of the active site. Strand 10 is a critical constit-
uent of the active site structure since both S211 and
G212 interact with the bound phosphate. Furthermore,
since both D167A and R213A are defective in phospha-
tase activity, this suggests that the salt bridge between
them plays a critical role in the formation of the active
site. This also explains why the substitutions D167N and
D167E are not active [32]. Asparagine is unable to form
a strong electrostatic interaction with arginine and a
while a glutamate residue can form a salt bridge with
arginine, its extra length would perturb the positions of
S211 and G212 relative to the rest of the active site.
Similarly, the modified salt bridge that would exist be-
tween lysine, in an R213K mutant, and aspartic acid
must not position the rest of strand 10 appropriately for
phosphate binding, as this mutant is also inactive. D254
is positioned away from the phosphate binding site
(4.5 A) and forms a salt bridge with R279 (3.0 A). Both
of these residues may be important for polynucleotide

binding as they are positioned in the entrance to the
active site cleft and replacement of R279 with alanine
partially reduces activity. The partially reduced activity
of R246A involves another arginine residue that contacts
D254 on the opposite side from R279 (3.0 and 3.2 A)
and is again likely to be important for substrate binding.
D278 is located in close proximity to the modeled mag-
nesium ion and would therefore be important for metal
binding. The fact that D278E is partially active is consis-
tent with this role. Out of the 6 identified residues, R176
is the furthest away from the phosphate binding center
(11.0 A) and does not contribute in any clear way to the
active site.

The 2',3'-cyclic phosphodiesterase activity must also
reside in the phosphatase domain active site, but there
is a dearth of data on this activity. Future experiments
involving cocrystal structures with the various sub-
strates of both domains along with bound magnesium
ions should clarify the relationship of this activity to the
3’-phosphatase activity.

Biological Implications

The structure of T4 PNK is the first structure of a bifunc-
tional RNA repair enzyme. The enzyme has both 5'-
kinase and 3’-phosphatase activities and, in conjunction
with T4 RNA ligase, is able to repair lesions introduced in
tRNA by a bacterial response to infection. The structure
verifies that the kinase and phosphatase activities reside
in structurally distinct domains that are members of the
adenylate kinase family and the I-2-haloacid dehalogen-
ase family, respectively. Both active sites have been
located in the context of the enzyme tetramer and de-
scribed via a combination of the observation of bound
substrates and homology modeling. Truncation and mu-
tational results have been mapped onto the structure
and explained. Last, a tRNA binding mode has been
proposed in which both 3’ and 5’ modifications occur
in the context of a single binding event.

Experimental Procedures

Subcloning, Expression, and Purification

Subcloning was required to move the T4 PNK gene into an inducible
vector for expression of selenomethionine-derivatized protein. The
gene for T4 PNK was amplified from p.PNK plasmid (New England
Biolabs; NEB) using the polymerase chain reaction (PCR) with a
forward primer containing an Ndel cleavage site at the start codon
(5'-GGTAGGTCATATGAAAAAGATTATTTTGACTATTG-3') and a re-
verse primer containing a BamHI site just 3’ of the stop codon
(5'-CGAAGCCCTCTAAAAATTCCTAGGAT-3'). pAll17 (a pET-based
vector, W. Jack, NEB) and the PCR-generated fragment were di-
gested with BamHI and Ndel and then ligated to generate the pET-
PNK expression plasmid.

Selenomethionine-containing T4 PNK was expressed in minimal
media from the E. coli strain BL21(DE3) adapted for growth with
methionine pathway inhibition (Doublie, 1997). Cells were grown in
minimal media at 37°C to an ODy, of 0.8 and the following amino
acids were added to inhibit the methionine biosynthetic pathway:
100 mg/L lysine, threonine, phenylalanine; 75 mg/L selenomethio-
nine; 50 mg/L leucine, isoleucine, and valine. Following a 15 min
incubation at 37°C, 0.5 mM isopropyl-thio-3-d-galactosidase (IPTG)
was added to induce expression and the cultures were left at 37°C
for 10-14 hr.

The cell pellets (25 g) were resuspended in 100 ml of phenyl
column buffer A (0.2 M NaCl, 20 mM Tris-HCI, 0.1 mM EDTA, 10 mM
B-mercaptoethanol [pH 7.5]) at room temperature. The resuspended
cells were lysed by sonication with a sonicator cell disruptor (Heat
Systems-Ultrasonics) with 2 min intervals at 70% power until the
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soluble protein reached a plateau. The resulting lysate was centri-
fuged for 30 min at 12,000 RPM in a Beckman JA17 rotor. The crude
cell supernatant was applied to an 80 ml phenyl Sepharose (lo sub)
column which was washed with three column volumes (CV) of phenyl
column buffer A. A gradient was then applied from 0% to 50%
ethylene glycol (Fisher) in the same buffer, and 18 ml fractions were
collected. The peak T4 PNK-containing fractions were determined
by running samples on a 10%-20% SDS-PAGE gel stained with
Coomassie blue, and were pooled (175 ml final volume). The phenyl
Sepharose pool (175 ml) was diluted to a final volume of 1.0 L with
heparin column buffer A (0.1 M NaCl, 20 mM Tris-HCI, 0.1 mM EDTA,
10 mM B-mercaptoethanol, 10% glycerol) and was applied to a 7.8
ml AF-Heparin 5PW column. The column was washed with three
CV of the same buffer, and an NaCl gradient from 0.1 M to 1.0 M
NaCl in ten CV of the same buffer was applied to elute the enzyme.
The peak T4 PNK-containing fractions were determined by running
samples on a 10%-20% SDS-PAGE gel stained with Coomassie
blue, and were pooled (12 ml). The resulting pool was concentrated
by dialysis into 0.3 M NaCl, 20 mM Tris-HCI, 0.1 mM EDTA, 1 mM
DTT, 50% glycerol (pH 8.0) at 4°C. The concentrated AF-Heparin
5PW pool (~4 ml) was applied to a 318 ml HiPrep Sephacryl S-200
size exclusion column and was eluted with 0.3 M NaCl, 20 mM Tris-
HCI, 10 mM B-mercaptoethanol, 0.1 mM EDTA, 10% glycerol (pH
8.0) at 4°C, and 4 ml fractions were collected. The peak T4 PNK-
containing fractions were determined by running samples on a 10%-
20% SDS-PAGE gel stained with Coomassie blue, and were pooled
(28 ml). The HiPrep Sephacryl S-200 pool was dialyzed for 16 hr
against 2.0 L of Source Q15 buffer A (0.1 M NaCl, 20 mM Tris-HCl,
10% glycerol, 0.1 mM EDTA, 10 mM B-mercaptoethanol [pH 8.5])
at 4°C and was applied to a 7.8 ml Source Q15 column. The column
was washed with three CV of Source Q15 buffer A and was eluted
with an NaCl gradient from 0.1 to 1.0 M in the same buffer. The
peak T4 PNK-containing fractions were determined by running sam-
ples on a 10%-20% SDS-PAGE gel stained with Coomassie blue,
and were pooled (34 ml). The final pool was dialyzed against storage
buffer (50 mM NaCl, 10 mM Tris-HCI, 0.1 mM EDTA, 1 mM DTT,
50% glycerol, 0.1 mM ATP [pH 7.4]) at room temperature.

Crystallography

Selenomethionine T4 PNK was dialyzed from storage conditions
into 10 mM Tris (pH 7.4), 50 mM KCI, 1 mM DTT, 0.1 mM EDTA, 0.1
mM ATP. It was crystallized in hanging drops (2 pl of protein solution
at 1 mg/ml with 2 .l of well solution). The well solutions ranged from
5% to 10% PEG 4000 and 0 to 5 mM MES (pH 6.5). The protein
crystals grew within a week and were between 50 and 200 pm on
a side. They were initially transferred to a cryo-solution of well solu-
tion plus 30% (w/v) sucrose in two steps of increasing sucrose
and flash frozen in liquid nitrogen. With this treatment the crystals
diffracted in a primitive orthorhombic space group (P222), with split
spot profiles and diffracted to 2.8 A with unit cell dimensions a =
77.6 A, b = 97.3 A, ¢ = 121.5 A. This data did not lead to a solution
of the phase problem. Later, crystals were transferred from the
crystallization drop into a cryo-solution of well solution plus 30%
(v/v) dimethyl sulfoxide (DMSO) in four steps of increasing DMSO
concentration and flash frozen. With the new cryo-condition, the
crystals diffracted to 2.3 Aina body-centered orthorhombic space
group (1222) with unit cell dimensions a = 78.6 A b=937Ac=
1242 A. A three-wavelength multiple anomalous dispersion (MAD)
[43] data set was collected on beamline 5.0.2 at the ALS (Advanced
Light Source, Lawrence Berkeley Laboratory) using a four-panel
ADSC CCD area detector, but the crystal showed significant decay
during data collection. Data were processed and scaled using
HKL2000 [44]. Subsequent data analysis was performed using the
CNS package [45]. Two selenium sites were located by manual
inspection of the anomalous Patterson map and nine more were
found through anomalous difference Fourier methods. Because of
the crystal decay, phases were obtained with the set of 11 selenium
sites using single anomalous dispersion (SAD) [46]. An interpretable
electron density map was obtained after density modification with
solvent flipping with a solvent content of 50% (CNS), and an initial
model was built using XtalView [47]. The model was refined with
CNS using the mif target (maximum likelihood, f’s) with 7% of the
data excluded for the calculation of the crossvalidating free R [48].
Ninety percent of all the built residues are in the most favorable

regions of Ramachandran space and 10% are in the allowed regions
[49]. Statistics from phasing and refinement are shown in Table 1
along with typical examples of the experimental electron density
map generated with XtalView and Raster 3D [50].

Ribbon diagrams were generated with SwissPDB Viewer [51] and
POV-Ray. Molecular surface figures and active site figures were
generated with PyMOL [52] and GRASP [53].
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Note Added in Proof

A paper describing the structure of the isolated kinase domain of
T4 PNK was published while this manuscript was in review [54]. The
results regarding the overall structure of the kinase domain and
active site are quite similar to the results described above.



