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ABSTRACT: Human polynucleotide kinase (hPNK) is a putative DNA repair enzyme in the base excision
repair pathway required for processing and rejoining strand-break termini. This study represents the first
systematic examination of the physical properties of this enzyme. The protein was produced inEscherichia
coli as a His-tagged protein, and the purified recombinant protein exhibited both the kinase and the
phosphatase activities. The predicted relative molecular mass (Mr) of the 521 amino acid polypeptide
encoded by the sequenced cDNA for PNK and the additional 21 amino acids of the His tag is 59 538.
The Mr determined by low-speed sedimentation equilibrium under nondenaturing conditions was
59 600( 1000, indicating that the protein exists as a monomer, in contrast to T4 phage PNK, which
exists as a homotetramer. The size and shape of hPNK in solution were determined by analytical
ultracentrifugation studies. The protein was found to have an intrinsic sedimentation coefficient,s0

20,w, of
3.54 S and a Stokes radius,Rs, of 37.5 Å. These hydrodynamic data, together with theMr of 59 600,
suggest that hPNK is a moderately asymmetric protein with an axial ratio of 5.51. Analysis of the secondary
structure of hPNK on the basis of circular dichroism spectra, which revealed the presence of two negative
dichroic bands located at 218 and 209 nm, with ellipticity values of-7200 ( 300 and-7800 ( 300
deg‚cm2‚dmol-1, respectively, indicated the presence of approximately 50%â-structure and 25%R-helix.
Binding of ATP to the protein induced an increase inâ-structure and perturbed tryptophan, tyrosine, and
phenylalanine signals observed by aromatic CD and UV difference spectroscopy.

Mammalian polynucleotide kinase (PNK)1 has the capacity
to phosphorylate DNA at 5′-OH termini by catalyzing the
transfer of theγ-phosphate of ATP to DNA. The enzyme
can also act as a DNA 3′-phosphatase. Since PNK was first
purified, it was reasoned that one of its functions would be
in DNA repair. Both 3′-phosphate and 5′-OH termini can
be generated by ionizing radiation (1, 2) and would require
modification to allow DNA polymerases and DNA ligases
to seal the strand. Similarly, inhibitors of topoisomerase I,
such as camptothecin, can generate strand breaks with 5′-
OH groups and possibly, after the removal of the blocked
topoisomerase I, 3′-phosphate groups (3). Recent evidence
indicates that PNK can interact with several members of the
base excision repair pathway, namely, XRCC1, DNA po-
lymeraseâ, and DNA ligase III (4).

Mammalian DNA kinases have been purified from a
variety of sources including rat liver and testes and calf
thymus (5-16). The isolated enzymes exhibit similar char-
acteristics with regard to the kinase activity including an
acidic pH (5.5-6.0) optimum and the minimum size of

oligonucleotide that can be phosphorylated, which is 8-12
nucleotides (8-12). However, there is discrepancy in the
reported relative molecular mass (Mr) of these enzymes.
Several reports suggested that PNK purified from rat organs
exists as a homodimer with anMr of 80 000 composed of
40 000Mr polypeptides (6, 7), but PNK activity in tissue
extracts detected on activity gels suggested anMr of 60 000
for the polypeptide (17). Values of 56 000-70 000 have been
reported for calf thymus PNK (13, 14), while the cDNA for
the human protein encodes a protein predicted to have an
Mr of 57 100 (18, 19).

Related phosphatases and kinases have also been isolated
from other organisms includingSaccharomyces cereVisiae
(20), maize (21), and phage T4 infected bacteria (22, 23).
There is only limited sequence similarity between these
proteins. In the case of the T4 enzyme, sequence similarity
to the human protein is restricted to short domains associated
with ATP binding and phosphatase activities (18, 19). The
biochemical and biophysical properties of phage T4 PNK
have been well characterized (24). Like the mammalian PNK,
it has both 5′-kinase and 3′-phosphatase activities. T4 PNK
has a broader substrate selectivity, being able to phospho-
rylate RNA, DNA, and 3′-mononucleotides, but unlike the
mammalian protein, it shows a marked preference for
sterically exposed 5′-OH groups, such as 5′-overhanging
termini (8). The phage PNK exists as a homotetramer
(Mr ) 147 000) with a subunit relative molecular mass of
33 200, and the protein is functionally active in its tetrameric
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state but not in its monomeric state (24-26). This work
represents the first biophysical characterization of a mam-
malian PNK. We have carried out detailed hydrodynamic
studies on human PNK in order to establish its oligomeric
state in nondenaturing medium under enzyme assay condi-
tions and have also looked at the effect of ATP binding on
the size and shape of the protein. In addition, circular
dichroism and UV difference spectroscopy were utilized to
examine the effect of ATP binding on protein conformation.
Our data indicate that ATP induced conformational changes
associated with an increase inâ-structure and increased
exposure of aromatic amino acids to solvent.

MATERIALS AND METHODS

Purification of Recombinant hPNK from Escherichia coli.
The cDNA was amplified by PCR, subcloned in pET-16b
(Novagen, Madison, WI), and expressed inE. coli as
previously described (19), except that we usedE. coli strain
BL21-CodonPlus (Stratagene, La Jolla, CA) in place of BLR-
(DE3). The bacteria from 4 L were harvested by centrifuga-
tion at 5000g for 5 min and resuspended in 400 mL of
extraction buffer (50 mM Tris-HCl, pH 8.0, and 6 mM
2-mercaptoethanol). Lysozyme was added to a final con-
centration of 100µg/mL together with Triton X-100 (final
concentration, 0.1%), and after incubation at 37°C for 15
min, the bacteria were disrupted by sonication. The soluble
fraction was separated from the insoluble fraction by
centrifugation at 12000g for 15 min at 4°C. Attempts to
purify the protein by Ni affinity chromatography resulted in
a marked loss of enzymatic activity, and we, therefore,
resorted to a more conventional protocol. The soluble fraction
was subjected to precipitation by 65% ammonium sulfate
followed by centrifugation at 10000g for 15 min. The pellet
was resuspended in a minimum volume of buffer A [10 mM
sodium phosphate, pH 7.3, 0.2 M NaCl, and 4 mM
2-mercaptoethanol, protease inhibitor cocktail (Sigma, St.
Louis, MO)] and dialyzed overnight in the same buffer. The
solution was loaded on an 80 mL SP-Sepharose Fast Flow
cation-exchange column (Amersham Pharmacia BioTech,
Baie d’Urfé, PQ). The column was washed with 250 mL of
buffer A, and the enzyme was eluted with an 800 mL linear
gradient of buffer A containing 0.2-0.8 M NaCl. Fractions
containing PNK activity eluted between 0.4 and 0.6 M NaCl.
The active fractions were pooled and concentrated by 65%
ammonium sulfate. The precipitate was dissolved in buffer
A and applied on a HiLoad 16/60 Superdex 75 gel filtration
column (Amersham Pharmacia BioTech). The active frac-
tions were pooled and applied on a 5 mLEcono-Pac CHT-
II cartridge column (hydroxyapatite) (Bio-Rad, Mississauga,
ON). The column was washed with 20 mL of buffer A,
followed by running a 60 mL gradient from 0.2 to 0.4 M
NaCl. The active fractions appear as a single polypeptide of
60 kDa when analyzed on a 10% SDS-polyacrylamide gel
stained with Coomassie Blue or silver staining. The purified
protein possessed both 3′-phosphatase and 5′-kinase activities
measured as previously described (19).

Hydrodynamic Studies. Fringe counts were performed
using a Beckman XLI analytical ultracentrifuge and double-
sector capillary synthetic boundary sample cells as described
(27). Prior to ultracentrifugation, protein samples were
dialyzed for 48 h in 50 mM Tris-HCl buffer (pH 7.5), 100
mM NaCl, 5 mM MgCl2, and 1 mM DTT. The absorbance

of each sample was measured using 1.0 cm path length
cuvettes. Samples (150µL) were loaded into one sector of
the sample cell, and 400µL of the dialysate was loaded into
the other sector. Runs were performed at 8000 rpm, and scans
were taken when fringes were resolved across the boundary
region between protein solution and solvent. The number of
fringes produced across the boundary was measured and
converted to concentration using an average increment of
3.31 fringes mg-1 mL-1. From a plot of the number of fringes
versus optical density, a value of 12.2 was established as
the extinction coefficient,ε1%

1 cm,280nm, for the protein.
Sedimentation Velocity Measurements. Sedimentation ve-

locity experiments were carried out at 20°C and 50 000 rpm
using the XLI analytical ultracentrifuge and interference optic
following the procedures described by Laue and Stafford (28)
and as also outlined in the instruction manual (Spinco
Business Center of Beckman Instruments, Inc., Palo Alto,
CA). Four hundred microliters of sample solution and 400
µL of dialysate were loaded into two-sector CFE centerpiece
sample cells containing sapphire windows. Runs were
performed for 4 h, during which a minimum of 30 scans
were taken. The sedimentation velocity data were analyzed
according to Williams et al. (29) to determine the sedimenta-
tion coefficient,s. The intrinsic sedimentation coefficient,
s0

20,w, which represents the sedimentation coefficient cor-
rected to water at 20°C was then calculated from the
observeds value as described by Laue et al. (30).

Sedimentation Equilibrium Studies. Sedimentation equi-
librium experiments were carried out at 5°C using interfer-
ence optics. Samples (110µL) were loaded into 6-sector CFE
cells, allowing three concentrations of sample to be run
simultaneously. Runs were performed at 14 000, 18 000, and
22 000 rpm, and each speed was maintained until there was
no significant difference in scans taken 2 h apart to ensure
equilibrium was achieved. The sedimentation equilibrium
data were evaluated with the Nonlin analysis program using
a nonlinear least-squares curve-fitting algorithm (31). The
program Sednterp (Sedimentation Interpretation Program,
version 1.01) was employed to calculate the partial specific
volume of the protein from the amino acid composition using
the method of Cohn and Edsall (32).

Hydrodynamic Calculations and Ellipsoid Modeling. The
observed sedimentation coefficient,s, determined from
sedimentation velocity data will correspond to the maximum
s value that can be obtained for the given molecular mass
of the protein, and correspondingly the protein would have
the minimum frictional coefficient,f0. Translational frictional
ratios (f/f0) were calculated from the experimental Stokes
radius obtained from sedimentation velocity experiments
(Rs,sed) according to Mani and Kay (33). The frictional ratio
f/f0, which is equivalent tosmax/s20,w, indicates the maximum
shape asymmetry of the protein. The total shape asymmetry
depends on two factors, a geometrical shape asymmetry and
expansion due to hydration. Fromf/f0 or f/fshapevalues, one
can model a globular protein with different ellipsoid shapes
(30), using the software program Sednterp 1.01, in which
the semimajor to semiminor (a/b) axial ratio of a prolate or
oblate ellipsoid of revolution is determined using respective
power series approximation of the tabulated data fora/b as
a function of (f/f0 - 1) or (f/fshape- 1) for each ellipsoid.
However, one has to designate aδ value, which corresponds
to hydration in grams of water per gram of protein, on the
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basis of the amino acid composition of the protein for
Sednterp to calculatef/fshape. This program provides a
graphical presentation of the hydrodynamic model from the
volume of an ellipsoid (4/3πab2) which is equivalent to the
volume of the hydrated protein.

UV Spectroscopy.UV absorption and UV difference
spectra were recorded on a Perkin-Elmer Lambda 5 spec-
trophotometer over the wavelength range 320-250 nm with
1 cm path length cells as described previously (34). To
generate a UV difference spectrum, both the sample cell and
the reference cell contained ATP (10µM) and hPNK (0.5
mg/mL), but only the contents in the sample cell were mixed,
thereby allowing the interaction between PNK and ATP to
proceed. Corrections were made for dilutions before the
spectrum was analyzed.

Circular Dichroism Spectroscopy.Circular dichroism (CD)
measurements were performed in a JASCO J-720 spectro-
polarimeter (Jasco, Easton, MD) calibrated with a 0.06%
solution of ammoniumd-camphor-10-sulfonate. The tem-
perature in the sample chamber was maintained using a
Lauda RM6 low-temperature circulator. Each sample was
scanned 10 times, noise reduction was applied, and baseline
buffer spectra were subtracted from sample spectra before
molar ellipticities were calculated. To obtain spectra in the
far-UV region, the cell path length was 0.02 cm and the
protein concentration was 0.5 mg/mL, and to obtain the
aromatic CD spectra, the cell path length was 1 cm and the
protein concentration was 1 mg/mL. The CD spectra were
analyzed for secondary structure elements by the Contin ridge
regression analysis program of Provencher and Glo¨ckner
(35). For urea denaturation studies, the changes in the
ellipticity values of the protein sample as a function of urea
concentration were monitored at 218 nm.

RESULTS

Protein Expression and Purification. Active recombinant
hPNK was produced inE. coli and purified by sequential
chromatography on cation-exchange, gel filtration, and
hydroxyapatite columns. The SDS gel, stained with silver
nitrate (Figure 1), indicated purification to near homogeneity.
The relative molecular mass (Mr) of ∼60 000 is consistent
with the predicted value of 59 538, including the His tag.
The UV absorption spectrum of the His-tagged hPNK (Figure
2) exhibited an absorption maximum at 280 nm, characteristic
of tyrosine residues, and a shoulder around 290 nm,
characteristic of tryptophan residues. The 280/260 and 280/
290 absorbance ratios were 1.66 and 1.31, respectively.
Protein concentrations were determined using an extinction
coefficient, ε1%

280nm, of 12.2, a value that was established
by the refractometric method of Babul and Stellwagen (27).
The His-tagged protein displayed comparable DNA kinase
and phosphatase activities to the nontagged protein (data not
shown).

Sedimentation Velocity and Sedimentation Equilibrium
Studies. In the analytical ultracentrifuge hPNK sedimented
as a single symmetrical peak with ans0

20,w value of 3.54 S,
which was close to thes0

20,w value of 4.3 predicted for a
spherical protein with anMr 60 000, suggesting that hPNK
exists as a monomer. The intrinsic sedimentation coefficient
s0

20,w obtained for hPNK in the presence of 10µM ATP was
3.58, indicating that the protein was not undergoing any

aggregation upon ATP binding. The effect of protein
concentration ons20,w was studied to ascertain if the protein
had a tendency to aggregate at higher concentration. The
observeds value decreased as the protein concentration
increased, as expected for a nonassociating system in which
the frictional coefficient increases with an increase in protein
concentration. For less asymmetrical proteins, the effect of
protein concentration ons20,w can be described using the
relationship:

where the protein concentration (cp) is in milligrams per
milliliter and ks is an empirical coefficient equal to 0.009
mL/mg for spherical proteins (36, 37). For hPNK, theks value
was 0.045, suggesting moderate asymmetry. The asymmetry
of hPNK was also reflected in its Stokes radius, calculated
from sedimentation velocity and sedimentation equilibrium
studies. His-tagged hPNK has a Stokes radius of 37.5 Å,
whereas bovine serum albumin (BSA), with aMr of 66 000,
possesses a Stokes radius of 35.5 Å (38). This result suggests
that even though the two proteins do not differ very much

FIGURE 1: SDS gel of purified His-tagged human PNK. The lane
marked M shows the size markers.

FIGURE 2: UV absorption spectrum of hPNK in 50 mM Tris, pH
7.5, 100 mM NaCl, 5 mM MgCl2, and 1 mM DTT.

s0
20,w ) s20,w/(1 - kscp) (1)
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in molecular weight, PNK has a more extended conformation
and as a consequence sediments more slowly (s0

20,w ) 3.54)
than the globular and more compact BSA (s0

20,w ) 4.6).
Figure 3 shows the sedimentation equilibrium results and

nonlinear regression fits obtained at three different speeds,
14 000, 18 000, and 22 000 rpm, for three initial loading
concentrations of 0.1 mg/mL (1.7µM), 0.2 mg/mL (3.3µM),
and 0.35 mg/mL (6µM) of PNK. The sedimentation
equilibrium data fit well to a single species model with no
evidence of any association and a calculated apparent
molecular mass of 59 600, implying PNK is monomeric in
solution. This agrees very well with theMr of 60 000
established by SDS gel electrophoresis and theMr 59 538
predicted for His-tagged hPNK. TheMr in the presence of
20 µM ATP was 60 300 (data not shown), suggesting that
hPNK was not undergoing any aggregation upon binding
ATP.

Hydrodynamic Properties and Modeling of PNK. On the
basis of sedimentation equilibrium and sedimentation velocity
studies over a range of concentrations, we can conclude that
hPNK exists as a monomer in nondenaturing medium at
neutral pH. The combination of the sedimentation coefficient,
s0

20,w value, partial specific volume, and molecular weight
data allows for a hydrodynamic characterization of hPNK.
The Sednterp software program was used to perform the
necessary calculations. The results were interpreted in terms
of a prolate ellipsoid model, the model used with other DNA
binding proteins (39). For hydrodynamic modeling one needs
to designate aδ value, the hydration factor for Sednterp, to

calculatef/fshape. According to Kumosinski and Pessen (40),
monomeric proteins with anMr <100 000 will have hydra-
tion values close to 0.28 g of H2O/g of protein based on the
increase in hydrodynamic volume over partial specific
volume calculated from small-angle X-ray scattering deter-
minations of hydrated volumes of a set of globular proteins.
Table 1 provides a summary of the hydrodynamic properties
of hPNK and the dimensions of the molecule based on a
hydrated prolate ellipsoid model. Figure 4 presents a graphi-
cal presentation of this model with the water of hydration
as a separate layer along with the model for BSA for
comparison (Sednterp program). According to this prolate
ellipsoidal model, PNK is moderately asymmetric with an
axial ratio of 5.5 (major axis/minor axis), whereas BSA, a
globular protein, has an axial ratio of 2.6. Proteins that are
asymmetric in nature will sediment more slowly than
compact globular proteins due to the increased frictional

FIGURE 3: Sedimentation equilibrium profiles for hPNK obtained at 14 000 (circles), 18 000 (squares), and 22 000 rpm (triangles) at 5°C.
The samples were run in 50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, and 1 mM DTT for 48 h. The absorbance as a function of
radial position for hPNK is shown for the following initial loading concentrations: 0.10 mg/mL (A), 0.2 mg/mL (B), and 0.35 mg/mL (C).
Global nonlinear regression fitting of all nine data sets was performed for a single component system, and the solid lines denote the fitted
curves. The residuals for each fit are shown in the upper panels above the absorbance vs radial distribution profiles.

Table 1: Hydrodynamic Characterization and Prolate Ellipsoid
Modeling of hPNKa

s0
20,w 3.54 S

sedimentation equilibriumMr 59600( 1000
Rs,sed 37.5( 0.5°A
f/f0 1.44
f/fshape 1.30
major to minor axis ratio (a/b) 5.51
major axis 2a 18.47 nm
minor axis 2b 3.35 nm

a See Materials and Methods section for the computational details
used for the hydrodynamic modeling.
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coefficient. Our sedimentation velocity results were consis-
tent with the hydrodynamic model for these two proteins.
PNK had an intrinsic sedimentation coefficient,s0

20,w, of 3.54,
compared to a value of 4.6 for BSA (41), even though their
relative molecular masses are in the 60 000 range.

Circular Dichroism Studies. Information concerning the
secondary structure of hPNK was obtained from CD data.
A typical far-UV CD spectrum of PNK in 0.05 M Tris, pH
7.5, 100 mM NaCl, 5 mM MgCl2, and 1 mM DTT is shown
in Figure 5. The protein exhibited two large negative CD
bands centered at 218 and 209 nm, and the molar ellipticities,
[θ], at these two wavelengths were-7200 ( 300 and
-7800( 300 deg‚cm2‚dmol-1, respectively. The presence
of a negative dichroic band at 218 nm indicated the presence
of â-structure, in addition toR-helical organization in the
enzyme. The CD spectra were analyzed for secondary
structural elements by the Contin ridge regression analysis
program (35). The protein had∼25% R-helix and∼50%
â-sheet-â-turn, and the remaining∼25% represented ran-
dom structure.

Addition of ATP induced a conformational change in
hPNK (Figure 5). In the absence of ATP, the molar ellipticity
values [θ] at 218 and 209 nm were-7200 ( 300 and
-7800( 300 deg‚cm2‚dmol-1, respectively, and the addition
of ATP decreased the ellipticity values to-6300( 300 and
-7200( 300 deg‚cm2‚dmol-1, respectively. Analysis of the
CD data indicated a decrease inR-helical content ac-

companied by an increase inâ-structure (Table 2). The
concentration of ATP used was 20µM, and the protein to
ATP molar ratio was 0.5:1.0, respectively. Similar results
were also obtained when the protein to ATP molar ratio was
1:1, i.e., when the ATP level was 10µM, the concentration
used in aromatic CD measurements. Binding of dATP and
â,γ-imidoadenosine 5′-triphosphate (AMP-PNP), a nonhy-
drolyzable form of ATP, which is an inhibitor of kinases
(24), also produced similar perturbations to the CD spectra
(data not shown).

The effect of urea concentration on protein unfolding, in
the absence and presence of ATP, was monitored by
measuring the ellipticity values at 218 nm. The experiments
were performed at room temperature in 50 mM Tris, pH 7.5,
100 mM NaCl, 5 mM MgCl2, and 1 mM DTT. hPNK lost
50% of its starting ellipticity at a urea concentration of
2.5 ( 0.1 M urea, and in the presence of 10µM ATP, the
protein lost 50% of its ellipticity at 2.75( 0.1 M urea,
suggesting that hPNK is more stable in the presence of ATP.
Binding of ATP is also known to protect the enzyme against
thermal denaturation and trypsin digestion (7).

Near-UV CD Spectra. Near-UV (250-320 nm) CD
spectroscopy provides information on the environment of
aromatic residues in folded proteins. The aromatic CD
spectrum of hPNK in the absence and presence of ATP is
shown in Figure 6. The ellipticity of the protein is positive
between 260 and 300 nm. The CD band at 291.5 nm is due
to tryptophan residues, and the band at 284 nm and a broad
shoulder around 279 nm can be assigned to tyrosine residues
while the two bands at 268 and 261.5 nm can be attributed
to the phenylalanine residues. From the spectrum, it is clear
that addition of ATP perturbed the aromatic residues. The

FIGURE 4: Hydrated prolate ellipsoid models for hPNK (A) and
BSA (B). This figure shows the size and shape (in nanometers) of
the protein and the surrounding layer of hydration. Both a side view
(left) and a view down the central axis (right), with the water of
hydration displayed as a separate layer on the outside, are repre-
sented. Hydration expands the shape of the prolate by 15.69%.

FIGURE 5: Far-UV CD spectrum of hPNK in 50 mM Tris, pH 7.5,
100 mM NaCl, 5 mM MgCl2, and 1 mM DTT (b) and in 50 mM
Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, and 20
µM ATP (2).

Table 2: Provencher-Glöckner Secondary Structural Analysis of
hPNK in the Absence and Presence of ATP

sample R-helix (%) â-sheet (%) â-turn (%) random (%)

PNK 25 44 5 26
PNK + ATPa 19 45 16 20

a The concentration of ATP used was 20µM, and the protein to
ATP molar ratio was 0.5:1.0, respectively.

FIGURE 6: Aromatic CD spectra of hPNK in 50 mM Tris, pH 7.5,
100 mM NaCl, 5 mM MgCl2, and 1 mM DTT (9) and in 50 mM
Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, and 10
µM ATP (2).
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ellipticity value for the CD band at 291.5 nm increased in
the presence of ATP. For tyrosine residues, we now observed
two, well-resolved CD bands at 284 and 278 nm, as opposed
to a broad shoulder around 279 nm for the apoprotein, and
the ellipticity values were also higher at these two wave-
lengths. In the presence of ATP, the CD signals at 268 and
261.5 nm were reduced.

UltraViolet Difference Spectroscopy. The local environ-
ments of aromatic residues in a protein can affect its UV
absorption spectrum. If the solvent polarity around an
aromatic ring decreases, absorbance maxima will be shifted
to longer wavelengths (red shift), and this will result in an
increase in molar absorptivity (hyperchromic effect). On the
other hand, if the solvent polarity around an aromatic ring
increases, absorbance maxima will be shifted to shorter
wavelengths (blue shift) and molar absorptivity will decrease
(42). Hence, UV difference spectroscopy can yield useful
information concerning the environment of aromatic residues
under varying conditions. The possible effect of ATP on the
aromatic amino acids was investigated by measuring UV
difference spectra. Figure 7 shows the difference spectrum
of hPNK when ATP was added to the sample cell and the
contents were mixed, thereby allowing the interaction to
proceed, whereas in the reference cell the protein and the
buffer containing ATP were not mixed. The concentration
of protein and ATP was identical in both cells, except that
in the sample cell the protein was able to bind ATP and the
observed difference in the absorption spectrum was a
consequence of their interaction. The negative difference
peak at 290 nm was characteristic of a blue shift of the
tryptophan absorption band. The negative trough at 282 nm
resulted from a blue shift of the tyrosine absorption band,
and these blue shifts associated with tryptophan and tyrosine
residues were interpreted as arising from an increased
exposure of these aromatic groups to solvent (43). The effect
of ATP on phenylalanine residues was difficult to detect
because the absorption coefficient for phenylalanine is lower
than those for tryptophan and tyrosine by an order of
magnitude [ε (M-1‚cm-1) for phenylalanine, tryptophan, and
tyrosine are 220, 5050, and 1440, respectively]. These
findings are in agreement with our near-UV CD data, where
we observed changes in the environment of aromatic residues
as a consequence of ATP addition. However, with this
technique we are also able to monitor the changes in the

microenvironment of these aromatic groups as a result of
ATP binding.

DISCUSSION

This study provides the first structural characterization of
human polynucleotide kinase. We have established by
sedimentation under nondenaturing conditions that the protein
exists as a monomeric peptide with anMr of 59 600. Binding
of ATP had no significant effect on its sedimentation
characteristics, suggesting that the protein was not undergo-
ing any aggregation in the presence of ATP. It is instructive
to compare the properties of hPNK to that of T4 phage PNK,
the other polynucleotide kinase for which detailed biophysi-
cal data have been obtained. Both proteins can phosphorylate
5′-OH termini and dephosphorylate 3′-phosphate termini.
However, there is little sequence similarity at the amino acid
level, except for short domains associated with ATP binding
and phosphatase activity. Unlike hPNK, the phage T4
enzyme can exist in different oligomeric states (25, 26).
Sedimentation velocity studies in phosphate and Tris buffers
revealed the existence of two sedimenting species withs20,w

values of 2.9 and 6.5, indicating the existence of monomeric
and tetrameric species. Sedimentation equilibrium studies
yieldedMr values of 33 200 and 147 300 for the monomer
and the tetramer, respectively. In addition, the T4 enzyme
was functionally active only in the tetrameric state while the
subunits by themselves had no kinase activity. The secondary
structure of hPNK also differs significantly from the phage
T4 enzyme. In the case of the T4 enzyme, two negative
dichroic bands were positioned at 222 and 209 nm (25), and
the molar ellipticity values at these two wavelengths were
-20 000 ( 1000 and-10 000 ( 1000 deg‚cm2‚dmol-1,
respectively, suggesting a highly helical organization of the
enzyme. Lillehaug (25) estimated theR-helix content to be
around 50%, and the amount ofâ-pleated sheet was
approximately 25%, which contrasts with the 25%R-helix
and 44%â-pleated sheet determined for hPNK (Table 2).

The substantial structural differences between the two
enzymes may explain some of the differences in their
respective structure-function relationships. For example, T4
PNK efficiently phosphorylates exposed 5′-OH termini but
reacts poorly with recessed 5′-termini in double-stranded
substrates. The mammalian enzyme, on the other hand, does
not appear to differentiate between exposed and recessed 5′-
termini (8). This could be rationalized on the basis of a
difference in steric hindrance arising from the relative sizes
of the two active enzymes.

The CD and UV difference spectroscopy indicated that
the binding of ATP to hPNK at micromolar concentration
induces a conformational change. In this regard, hPNK is
similar to the T4 enzyme, which also binds ATP with high
affinity (kd ) 2 µM) (24). The amino acid sequence of hPNK
(18, 19) revealed the presence of a P-loop domain (residues
372-380) commonly associated with ATP binding (44).
Interestingly, this domain does not contain an aromatic amino
acid, although there is a phenylalanine residue at position
381. However, our spectral data (Figures 6 and 7) indicated
perturbation of the signals corresponding to tyrosine and
tryptophan, as well as phenylalanine, implying that some of
these residues come in close proximity to the ATP binding
domain. From the observed magnitude of the UV difference

FIGURE 7: UV difference spectrum of hPNK produced by 10µM
ATP. The concentration of hPNK used was 0.5 mg/mL in 50 mM
Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, and 1 mM DTT. The
units are expressed as the difference in molar absorption,∆ε.
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spectrum (molar absorption,∆ε, at 290 and 282 nm for
tryptophan and tyrosine were 2300 and 2500, respectively)
(Figure 7), one can quantitate the number of tryptophan and
tyrosine residues perturbed by taking into account the molar
absorptivity of tryptophan (5050) and tyrosine (1440). We
thus estimated that one tryptophan and two tyrosine residues
were perturbed and become more exposed to solvent in the
presence of ATP. In future studies, fluorescence spectroscopy
will be employed to further characterize ATP binding, with
a view to establishing its affinity and stoichiometry.

In summary, we have established that the recombinant
human polynucleotide kinase, isolated after expressing the
PNK cDNA in E. coli, exists as a monomer in the buffer
system employed for functional activity studies. It thus differs
markedly from the tetrameric structure of T4 PNK. Binding
of ATP had no significant effect on the sedimentation
characteristics of hPNK, suggesting that the protein was not
undergoing any aggregation in the presence of ATP. Hy-
drodynamic modeling indicated the protein to be moderately
asymmetric in nature. Spectroscopic analysis showed that
hPNK underwent a conformational change upon binding
ATP and assumed a more extended structure.
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