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ABSTRACT. Human polynucleotide kinase (hPNK), which possesses beN& kinase and 3DNA
phosphatase activities, is a DNA repair enzyme required for processing and rejoining of single- and double-
strand-break termini. Full-length hPNK was subjected to sedimentation and spectroscopic analyses in
association with its ligands, a 20-mer oligonucleotide, ATP, and AMP-PNP (a nonhydrolyzable analogue
of ATP). Sedimentation equilibrium measurements indicated that hPNK was a monomer in the presence
and absence of the ligands. Circular dichroism measurements revealed that the ligands induced different
conformational changes in hPNK, although AMP-PNP induced the same conformational changes as ATP.
CD also indicated that the oligonucleotide could bind to the protein-AMP-PNP complex. Prli¢rind

binding affinities and stoichiometries were determined by measuring changes in protein intrinsic
fluorescence. Titrating hPNK with the oligonucleotide indicated tight binding wikf @alue of 1.3uM

and with 1:1 stoichiometry. A'Sphosphorylated oligonucleotide with the same sequence exhibited an
almost 6-fold lower affinity Kq value, 7.2uM). ATP and AMP-PNP bound with high affinity values,
respectively, of 1.4 and 1,6M), and the observed binding stoichiometries were 1:1. Furthermore, the
nonphosphorylated oligonucleotide was able to bind to hPNK in the presence of AMP-PNP Idjth a
value of 2.5uM, confirming the formation of a ternary complex. This study provides the first direct
physical evidence for such a ternary complex involving a polynucleotide kinase, AMP-PNP, and an
oligonucleotide, and supports a reaction mechanism in which ATP and DNA bind simultaneously to the
enzyme.

Eukaryotic polynucleotide kinase/phosphatase (PNK) is a joining of double-strand breaksl@ 11). A fission yeast
bifunctional enzyme that can phosphorylateC81 termini knock-out mutant of the gene encoding Pnk1, the polynucle-
and dephosphorylaté-phosphate termini of DNAZ, 2). It otide kinase ofSchizosaccharomyces pomluisplays a
is considered to be a putative DNA repair enzyme involved pronounced hypersensitivity to ionizing radiation and camp-
in the processing of strand-break termini to a form suitable tothecin (2).

for other proteins to complete the replacement of missing  The cDNA for human PNK (hPNK) has been cloned and
nucleotides and strand rejoining| ). A variety of genotoxic sequenced and shown to encode a 57.1-kDa polypeptgie (
agents, including ionizing radiation, antitumor antibiotics 14). |ncluded among its identifiable domains are a Walker
such as bleomycin, and topoisomerase inhibitors such asa pox for binding ATP, which is the phosphate donor for
camptothecin, generate strand-break termini that cannot behe kinase activity, a phosphatase-associated dom&jn (
directly acted upon by DNA polymerases and ligases becauseand a putative phosphopeptide binding forkhead-associated
these enzymes require-@H and 5-phosphate terminis- domain (6—18). The sequences of the ATP-binding and
7). Strand breaks produced by the AP lyase activities of DNA phosphatase-associated domains are highly conserved in all
glycosylases require similar processi@y Recent evidence  of the polynucleotide kinases sequenced to date, including

from in vitro experiments indicates that PNK participates in those expressed by mammas,pombemaize, and the T4
single-strand-break repai#,(9) and nonhomologous end  phage (2, 14, 19, 20).

There are, however, several major differences, both
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his-tagged hPNK is monomeri@%) and thus differs from capthoethanol, and 0.5 mM PMSF), and then the salt
T4 polynucleotide kinase, which in its active form is a concentration was increased to 1.5 M by adding an additional
homotetramerZ6—28). On the basis of kinetic and structural 80 mL of buffer A containing 30.4 g of ammonium sulfate.
studies, the T4 enzyme is believed to bind DNA and ATP The solution was loaded onto a 10-mL HiPrep 16/10 Butyl
simultaneously Z8—30). However, there is only limited FF column (Amersham Pharmacia BioTech, Baie d'Urfe,
information regarding the mechanism of action of eukaryotic PQ) equilibrated with buffer A plus 1.5 M ammonium
kinases. sulfate. The protein was eluted with a 150-mL linear gradient

We have shown previously that the binding of ATP ©0f 1.5-0.0 M ammonium sulfate collected in 30 5-mL
perturbs the structure of hPNK, reducing thdrelical content  fractions. Fractions containing the highest concentration of
(25). In the present study, the interaction between recom- PNK were pooled, and the buffer exchanged with buffer B
binant hPNK and an oligonucleotide with 20 residues was (50 mM HEPES, pH 7.0, 0.1%-mercapthoethanol, 1 mM
investigated by employing circular dichroism and intrinsic EDTA and 0.5 mM PMSF) using a 30-kDa cutoff Ultrafree
fluorescence measurements. The hPNifand interactions ~ concentrator (Millipore, Bedford, MA). The sample was then
resulted in partial quenching of fluorescence, and hence byapplied to a 5-mL SP Sepharose Fast Flow cation-exchange
carrying out fluorescence titrations with ATP (or AMP-PNP) column (Amersham Pharmacia BioTech). The column was
and the oligonucleotide, we established the stoichiometrieswashed with 20 mL of buffer A, and the enzyme was eluted
and the affinities with which these substrates were bound With a 50-mL linear gradient of buffer B containing 6-0
by hPNK. Our results indicated that hPNK bound both ATP 1.0 M NaCl. Fractions containing PNK activity eluted
and the oligonucleotide with a high affinity and induced between 0.4 and 0.5 M NacCl. The active fractions were
conformational changes that affected both secondary andpooled and concentrated using a 30-kDa cutoff Millipore
tertiary structures. Furthermore, we have demonstrated theultrafree concentrator while exchanging the buffer content
formation of a ternary complex of hPNK, AMP-PNP, and Wwith buffer C (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1
an oligonucleotide, thus providing evidence supporting a mM dithiothreitol, and 0.5 mM PMSF). The sample was

sequential reaction mechanism. applied on a HiLoad 16/60 Superdex 75 gel filtration column
(Amersham Pharmacia BioTech), and purified protein was
EXPERIMENTAL PROCEDURES eluted with buffer C at a flow rate of 0.5 mL/min and

o ) collected in 2-mL fractions. For longer-term storage of the
Purification of Recombinant hPNRhe full-length hPNK  5¢tjve fractions, aminoethylbenzenesulfony! fluoride (Sigma)
cDNA was amplified by PCR usingfu DNA polymerase  \ya5 added to a final concentration of 0.5 mM.

and primers with tails that provided cleavage sitesNopl Th tei it d using 10% SDS Dol
(5-TTTGAATTCCCCATGGGCGAGGTGGAGCCCCCG- € proten purity was assessed using 1U% SUs poly-
acrylamide gel electrophoresis. The purified protein pos-

GGC-3) and BamHI (5-CGCGGATCCTCAGCCCTCG- ; . L
GAGAACTGGCAG-3) and then subcloned into the expres- sessed both'$hosphatase and-kinase activities measured

: | . ) : _ : as previpusly describe(14})._ The final pro_tein concentration
EBEX asgﬁeﬂﬁTtﬁngég:O;ﬁgeggmf';ct)ggV;Qédcslotgmt%éhe was adjusted to the desired level using a 30-kDa cutoff

. ; I . Millipore ultrafree concentrator while exchanging the buffer
production of an untagged protein. The modified plasmid . .
was transfected into hod. coli bacterial strain BL21-  content with buffer D (50 mM Tns-HQ, pH .7'5’ 100 mM
CodonPlus (Stratagene, La Jolla, CA). The bacteria were NaCl, 5 mM MgCl, and 1 _mM d|t.h|othre|tol)'. P.roteln
grown at 37°C in 4 L of LI_3 medium containing ampicillin ggir;etnir&tlons (\)/¥elr§ Zdthg)rmlned using an extinction coef-
(50 ug/mL) and kanamycin (3@g/mL) to an ORg of 0.6, ) & 280nm, : :
and protein expression was then induced by overnight SubstratesThe oligonucleotide substrates;ghosphory-
incubation at room temperature in the presence ofd0  lated and nonphosphorylated;-ATTACGAATGCCCA-

isopropyl-1-thios-D-galactopyranoside (Sigma, St. Louis, CACCGC-3, were synthesized by UCDNA Services (Uni-
MO). versity of Calgary, Calgary, AB). AMP-PNP and ATP were

Cells were harvested by centrifugation at 59@@ 4 °C purchased from Sigma (St. Louis, MO).
for 30 min and resuspended in 50 mL of lysis buffer (150  Sedimentation Equilibrium StudieSedimentation equi-
mM NacCl, 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.1% librium experiments were carried out atG using interfer-
B-mercapthoethanol, and 0.5 mM phenylmethylsulfonyl ence optics. Prior to ultracentrifugation, protein samples were
fluoride (PMSF)) containing a final concentration of 0.5 mg/ dialyzed for 48 h in 50 mM Tris-HCI buffer (pH 7.5), 100
mL lysozyme and 1% Triton-X 100. The suspension was mM NaCl, 5 mM MgCh, and 1 mM DTT. Samples (110
stirred on ice for 30 min at 30C, and the bacteria were uL) were loaded into six-sector charcoal-filled Epon cells,
disrupted by sonication. The soluble fraction was separatedallowing two concentrations of sample to be run simulta-
from the insoluble fraction by centrifugation at 15 @df@r neously. Runs were performed at 12 000, 16 000, and 20 000
30 min at 4°C. The salt concentration of the soluble fraction rpm, and each speed was maintained until there was no
was raised to 500 mM, and polyethylenimine was added significant difference in scans tak& h apart to ensure that
dropwise to a final concentration of 0.3% while stirring on equilibrium was achieved. The sedimentation equilibrium
ice. The sample was stirred on ice for another 20 min and data were evaluated with the Nonlin analysis program using
then centrifuged at 15 0@0for 20 min. Protein in the  a nonlinear least-squares curve-fitting algorithed)( The
supernatant was precipitated by 50% ammonium sulfate (final program Sednterp (Sedimentation Interpretation Program,
concentration), followed by centrifugation at 15 @d0r 30 version 1.01) was employed to calculate the partial specific
min. The pellet was first resuspended in 40 mL of buffer A volume of the protein from the amino acid composition using
(50 mM Tris-HCI, pH 8.00, 1 mM EDTA, 0.1%8-mer- the method of Cohn and EdsaB2).
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Circular Dichroism Spectroscopgircular dichroism (CD) emitting fluorophores34, 35):
measurements were performed in a JASCO J-720 spectropo-
larimeter (Jasco, Easton, MD) calibrated with a 0.06% Fo 1 1
solution of ammoniund-camphor-10-sulfonate. The tem- (Fo— F) = (QltK<v) + £ (2
perature in the sample chamber was maintained using a 0 arsvi e
Lauda RM6 low-temperature circulator. Each sample was _ . T .
scanned 10 times, noise reduction was applied, and baselind/neéréfa is the fractional accessibility [i.e., the maximum

buffer spectra were subtracted from sample spectra beforelfaction of the protein fluorescence (tryptophan residues)
calculating molar ellipticities. To obtain spectra in the far- 2ccessible to Q]. A plot oFo/(Fo — F) versus 1/[Q] should

UV region, the cell path length was 0.02 cm, and the protein Yi€ld @ straight line having a slope off(sv and an intercept

concentration was 0.5 mg/mL. To obtain aromatic CD of 1/
spectra, the cell path length was 1 cm, and the protein RESULTS
concentration was 1 mg/mL. The CD spectra were analyzed
for secondary structure elements by the Contin ridge regres- Expression and Purification of hPNKctive recombinant
sion analysis program of Provencher and ¢kloer 33). hPNK was produced ift. coli and purified by sequential
Fluorescence Studies$teady-state fluorescence spectra chromatography on hydrophobic, cation-exchange, and gel
were measured at room temperature on a Perkin-Elmer LS-filtration columns. The SDS gel, stained with Coomassie
55 spectrofluorometer (with 5-nm spectral resolution for blue, indicated purification to near-homogeneity (Figure 1A).
excitation and emission) using 6-R.4 uM solutions of The relative molecular mass/() of 58 000 agreed with the
purified recombinant hPNK. Protein fluorescence was excited value of 57 102 calculated for the amino acid sequence
at 295 nm, and fluorescence emission spectra were recordeghredicted from the cDNA encoding hPNK. The UV absorp-
in the 300-400-nm range; changes in fluorescence were tion spectrum of hPNK revealed an absorption maximum at
usually monitored at the emission maximum (344 nm). In 280 nm, characteristic of tyrosine residues, and a shoulder
studying the effects of ligands on protein fluorescence around 290 nm, characteristic of tryptophan residues. The
intensities, additions to hPNK samples were made from 28%,5, and ?8%,49 absorbance ratios were 1.60 and 1.33,
ligand stock solutions, keeping the dilution below 3%, and respectively. Protein concentrations were determined using
fluorescence intensities were corrected for dilution factors. an extinction coefficiente'%gonm 0f 12.2, a value that was
Background quenching, if present2%), was eliminated  established by the refractometric method of Babul and
by subtracting the signal obtained from a buffer solution that Stellwagen 86). The purified recombinant protein exhibited
contained the appropriate quantity of ligand. The total both kinase and phosphatase activiti&4) (
absorption of the enzyme samples was kept below 0.08 at Sedimentation Equilibrium StudieSedimentation equi-
295 nm. librium results and nonlinear regression fits were obtained
Analysis of Enzyme Fluorescence Quenching Datee at three different speeds for two initial loading concentrations
analysis of fluorescence quenching data took into accountof 0.25 mg/mL (4.3:M) and 0.5 mg/mL (8.6:M) for hPNK
three types of quenching mechanisms: dynamic quenching(Figure 1B and C). The sedimentation equilibrium data fit
due to time-dependent diffusive collisions between the well to a single-species model with no evidence of aggrega-
fluorophore and quencher; static quenching as a result oftion, and a calculate®l, of 58 500 is consistent with the
the formation of a nonfluorescent ground-state complex value of 58 000 obtained by SDS polyacrylamide gel
between the fluorophore and quencher; and combinedelectrophoresis. The absence of aggregation, which implies
dynamic and/or static quenching of fluorophores differing that hPNK was monomeric, agreed with our previous results
in accessibility to the quencher. Fluorescence quenching dateobtained with recombinant his-tagged hPN&GY, The M,

are most often described in terms of the Stevioimer obtained in the presence of 1M oligonucleotide was
equation: 59 500 (data not shown), suggesting that hPNK did not
undergo any aggregation in the presence of the oligonucleo-
Fo . . To tide.
E 1+ KeQl = T 1) Circular Dichroism Studiesinformation concerning the

secondary structure of hPNK was obtained from far-Uv CD
wherezy andz are the fluorescence lifetimes, respectively, data, and a typical far-UV CD spectrum of hPNK is shown
in the absence and presence of quencher (Q)Farahd F in Figure 2A. hPNK exhibited two large, negative CD bands
represent the fluorescence intensities at the emission maxi-centered at 218 and 209 nm, indicating the presence of
mum in the absence and presence of Q, respectikglyis o-helical organization. The observed molar ellipticiti¢g,
the Stern-Volmer constant for collisional quenching and at these two wavelengths wer€/100+ 200 and—8100+
may be obtained from the slope of a linear ploEgf versus 200 deg crh dmol™?, respectively. The CD spectra were
[Q] for a homogeneous population of emitting fluorophores analyzed for secondary structural elements by the Contin
when they are equally accessible to the quenching ligand.ridge regression analysis progra88). The protein possessed
However, in proteins containing multiple tryptophans, if 23% o-helix and 60%g-sheet-S-turn, and the remaining
some of the tryptophan residues are buried and thus not17% represented random structure (Table 1).
accessible to quencher, then the Stevielmer plot will Itis evident from the results of Figure 2A that the addition
deviate from linearity toward the axis. When two fluoro- of oligonucleotide induced a conformational change in hPNK
phore populations are present and one is not accessible tdecause the molar ellipticity valueg]; at 218 and 209 nm
quencher, a modified form of the Sterlolmer equation were reduced te-6400+ 200 and—71004 200 deg cri
is required to analyze the quenching of heterogeneousdmol™?, respectively, with significant changes in secondary
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Ficure 1: (A) Electrophoresis of purified hPNK in a 10% SDS polyacrylamide gel. The left lane shows the size markers with sizes marked

18.4
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in kDa. (B) Sedimentation equilibrium profiles at 12 0@D){ 16 000 (), and 20 000 4) at 5°C for 48 h. The absorbance as a function
of radial position for hPNK is shown for two initial loading concentrations: (B) 0.25 mg/mL and (C) 0.5 mg/mL. Global nonlinear regression

fitting (solid lines) of all six data sets was performed for a single-component system. The residuals for each fit are shown in the upper

panels.
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FiGure 2: (A) Far-UV—CD spectrum of hPNKN), hPNK + 10
uM ATP (a), and hPNK+ 10 M oligonucleotide [0). (B) Far-
UV—CD spectrum of hPNKHN), hPNK+ 10 uM AMP-PNP (&),
and hPNK+ 10 uM AMP-PNP + 10 4M oligonucleotide Q).
The concentration of hPNK was 0.55 mg/mL in 50 mM Tris, pH
7.5, 100 mM NaCl, 5 mM MgGl and 1 mM DTT.

structure resulting in a loss ef-helical content (Table 1).
The binding of ATP (Figure 2A) also altered the CD
spectrum of hPNK. The binding of AMP-PNP, a nonhydro-
lyzable analogue of ATP, which is an inhibitor of kinases
(30), produced changes similar to ATP in the CD spectrum
of hPNK (Figure 2B, Table 1).

The ability of hPNK to bind oligonucleotide in the
presence of AMP-PNP is shown in Figure 2B. For this
experiment, AMP-PNP was first added to hPNK (1:1 mole

Table 1: Effects of Ligands on the Secondary Structure of HPNK

a-helix f-sheet p-turn  random
sample (%) (%P (W) (%)
hPNK 23 41 19 17
hPNK+ ATP 15 44 23 18
hPNK + AMP-PNP 14 44 24 18
hPNK + oligo 16 46 21 17
hPNK+ AMP-PNP+ oligo 18 42 22 18

a2 The concentration of ligand used was A®8l, and the protein-to-
ligand molar ratio was 1:1. The CD spectra were analyzed by the Contin
ridge regression analysis program of Provencherier 33). ® Al-
though the calculations suggest a concomitant increagesinucture
with the loss ofa-helical structure, it must be borne in mind that CD
analysis yields close agreement with X-ray data only dehelical
structure 2 = 0.96), and less confidence should be placed in the
estimation of the nom=helical structuresrf = 0.94 for thef sheet,
0.31 for thep turn, and 0.49 for random structured3j.

1:1) to the binary complex. The ellipticity values at 218 and
209 nm in the absence and presence of oligonucleotide were
—5600 + 200 and—6300 + 200 and—6300 + 200 and
—72004 200 deg cridmol™?, respectively. These results
demonstrated that the binding of oligonucleotide by hPNK
in the presence of AMP-PNP altered the secondary structure
of the binary complex.

Near-UV CD Spectra Near-UV (256-320 nm) CD
spectroscopy provides information on the environment of
aromatic residues in folded proteins. The aromatic CD

ratio), and the resulting CD spectrum was compared to the spectrum of hPNK in the absence and presence of the

CD spectrum generated following the addition of the
oligonucleotide (oligonucleotide to protein molar ratio was

oligonucleotide is shown in Figure 3. The ellipticity of the
protein was positive between 250 and 300 nm. The CD band
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Ficure 3: Aromatic CD spectra of hPNK (1 mg/mL) in 50 mM 2

Tris, pH 7.5, 100 mM NacCl, 5 mM MgGJ) and 1 mM DTT alone
(m) or with 2 uM oligonucleotide 4).

at 291 nm was due to tryptophan residues, the bands at 283
and 279, to tyrosine residues, and the two bands at 268 and
262, to phenylalanine residues. Adding the oligonucleotide “s 7 & 5 4

perturbed the aromatic residues. The ellipticity value for the log [ATP]

CD bands at 291, 287, and 279 nm decreased, indicatingrgure 4: Fluorescence titration of hPNK vs ATP. (A) hPNK (0.4
perturbations of tryptophan, tyrosine, and phenylalanine uM) against ATP in 50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM
residues. Although the binding of ATP also perturbed the MgCl,, and 1 mM DTT. The protein was excited at 295 nm, and
environments of these aromatic residuag)(te elptcty [0S Juveseence persly s mantored % o4t i eee st
Value_s at the CD, bands corresponding to tryptophar_\ ar,'dATP concentration is blotted. (B) Sample ploqt of fluorgscence data
tyrosine residues increased rather than decreased, indicatingom titration with ATP.F,, F, andF., are the relative fluorescence

that ATP and the oligonucleotide induced different confor- intensities at 344 nm of hPNK alone, hPNK in the presence of a
mational changes in hPNK. given concentration of ATP, and hPNK saturated with ATP,
respectively. The plot is according to Chipman et 4R)(

log (Fy-F / F - Feo)
- o

Fluorescence Spectroscopplthough hPNK has nine

tryptophan and nine tyrosine residues, the observed fluores4yhen similar studies were conducted with AMP-PNP (data
cence was due to tryptophan residues because the proteifiot shown), hPNK bound AMP-PNP with a high affinity,
was ex0|te_d at 295 nm. Fluoresqence spectra of hPNK wereyjth a K4 value of 1.6+ 0.2uM and a binding ratio of 1:1.
measured in Tris buffer, pH 7.5, in the absence and presence \ye also studied the binding of the nonphosphorylated and
of 6 M guanidine hydrochloride (Gdn-HCI). In the absence 5._phosphorylated 20-mer oligonucleotides to hPNK. The
of the denaturant, the emission maximum was at 344 nonphosphorylated oligonucleotide, a substrate for the kinase
nm, and in 6 M Gdn-HCI, the emission maximum was red activity of PNK, was bound with high affinityKy value,
shifted to 353+ 1 nm and was accompanied by a decrease 1.3 4M), and because the value of the slope for the
in fluorescence intensity. These results indicated that thelogarithmic plot was 1.04, this indicates 1:1 stoichiometry
unfolding of hPNK n 6 M Gdn-HCI exposed the partly  (Figure 5A and B). However, thephosphorylated oligo-
buried tryptophan residues to a more polar environment.  nycleotide, which can be considered to be a product of the
We studied the effects of the binding of substrates (ATP enzymatic reaction of PNK, showed markedly lower affinity
or the oligonucleotide) and the inhibitor (AMP-PNP) to for PNK with a K4 value of 7.2uM, and the value of the
hPNK by determining the response of its fluorescence to slope for the logarithmic plot was 0.92, indicating 1:1
increasing concentrations of ligand. The hPNigand stoichiometry (Figure 5C and D). The difference in affinities
interaction was accompanied by a partial quenching of for the two forms of the oligonucleotide demonstrate that
fluorescence with no change in the emission maximum, the enzyme can differentiate between phosphorylated and
which enabled the determination of the binding affinit) nonphosphorylated DNA termini.
and stoichiometry by following fluorescence quenching (a  The binding of the nonphosphorylated oligonucleotide to
measure of ligand binding) as a function of ligand concentra- hPNK in the presence of 10M AMP-PNP is shown in
tion. A plot of the relative fluorescence intensity versus the Figure 6A and B. At this concentration of AMP-PNP, all of
concentration of ATP is shown as an inset in Figure 4A. the hPNK should exist as a binary complex with AMP-PNP
The maximum quenching of fluorescence intensity observed because th&y value for AMP-PNP is 1.&tM. The observed
at saturating concentrations of ATP was taken as 1, and thefluorescence emission intensity of this binary complex was
observed quenching at different concentrations of ATP was taken as the control value in the absence of the oligonucleo-
plotted as the fraction of bound versus free ATP concentra- tide. Quenching of the fluorescence emission intensity was
tion (Figure 4A). Nonlinear regression analysis of the binding then monitored as a function of the concentration of added
data revealed unimodal binding withky value of 1.4+ oligonucleotide to determine the binding affinity of the
0.2uM. In Figure 4B, logF, — F)/(F — F.,) is plotted against  oligonucleotide to the binary complex. The affinity of hPNK
log [ATP], where Fo, F, and F, are the fluorescence for the oligonucleotide was not significantly affected by the
intensities of solutions of enzyme alone, enzyme in the presence of AMP-PNPK( value was 2.5+ 0.3 uM),
presence of various concentrations of ATP, and enzymesuggesting the formation of a ternary complex between
saturated with ATP, respectively. This plot yielded a slope hPNK, AMP-PNP, and the oligonucleotide. The plot of log-
of 1.04, indicating a 1:1 interaction between ATP and hPNK. (Fo — F)/(F — F.) versus log[oligonucleotide] was linear
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%o “ o - Ficure 7: Modified Stern-Volmer plot of the steady-state quench-
= / = / ing of hPNK fluorescence by ATP. The decrease in fluorescence
g R ) N (F — Fg) at 295-nm excitation and 344-nm emission is expressed
‘s 7 & 5 4 “a 0 1 2 as a function of the reciprocal concentration of AFPandF, are
log [Oligonucleotide] log [5'P-oligonucleotide] the relative fluorescence intensities at 344 nm of hPNK alone or

in the presence of a given concentration of ATP, respectively. The

FicurRe 5: Fluorescence titration of hPNK vs oligonucleotide. (A) inset represents the ratio B§/F vs the ATP concentration

hPNK (0.4uM) against oligonucleotide in 50 mM Tris, pH 7.5,
100 mM NaCl, 5 mM MgCJ, and 1 mM DTT. The protein was - -
excited at 295 nm, and the fluorescence intensity at 344 nm was Table 2: Sterr-Volmer ConstantsKsy, f.) Obtained from Fits of
monitored (see inset). Fraction of bound (i.e., relative fluorescence the Modified Sterr-Volmer Equation to Protein Fluorescefce

guenching) versus free oligonucleotide concentration is plotted. (B) Ksy

Sample plot of fluorescence data from titration with oligonucleotide, ligand UM f.

according to Chipman et al4®). (C) hPNK (0.4uM) against 5

phosphorylated oligonucleotide. (D) Sample plot of fluorescence ATP 0.68 0.45

data from titration with 5phosphorylated oligonucleotide. AMP-PNP 0.55 0.50
oligo 0.70 0.72

A 5'P-oligo 0.40 0.36

AMP-PNP+ oligo 0.45 0.62

1.0 1 .

a Stern-Volmer constantsKsy, «M %) and the fractional accessibility
(f) were determined from the slope and the intercept orytieis, as
described in Experimental Procedures.

Fraction Bound
o
[5,]
1

Rel. Fluorescence

tryptophans. This result indicated that fluorescence quenching
R IEREE was not due to a single class of fluorophores, and the

0.0 —— modified form of the SterrVolmer equation for heteroge-
0 10 2°_ 30 40 50 60 neous emitting fluorophores was applied. Replotting of the
[Ligand], pM data yielded a straight line. The intercept on yreis (. 2)
B was 2.2, indicating that 45% of the protein fluorescence
~ 27 (tryptophan residues) was accessible to quencher (ATP). The
3 . .
R g Stern—Volmer quenching constanK§y) of the accessible
E 0 / fraction of tryptophan residue(s) was 0.68. The valuef of
. / and Ksy obtained with AMP-PNP and the oligonucleotide
2 1] are given in Table 2. The accessibility of tryptophan residues
T2 . . . . (fy to these quenchers was oligonucleotideligonucleotide
7 & 5 4 + AMP-PNP > AMP-PNP > ATP > 5'-phosphorylated

log [Oligonucleotide] oligonucleotide. The values of the Stefolmer quenching

Ficure 6: Fluorescence ftitration of hPNK and AMP-PNP vs  constant, which corresponds to the association constant for

oligonucleotide. (A) hPNK (0.4M) + 10 uM AMP-PNP against : - :
oligonucleotide i(n )50 mM (Tl’iit, F))H 7_5,“100 mM NaCl% mMm  €nzyme-ligand complexes37), decreased in the following

MgCl,, and 1 mM DTT. The protein was excited at 295 nm, and Order: oligonucleotide- ATP >AMP-PNP> oligonucleo-
the fluorescence intensity at 344 nm was monitored (see inset).tide + AMP-PNP> 5'-phosphorylated oligonucleotide. The
Fraction of bound (i.e., relative fluorescence quenching) versus freerank order was in agreement with that of tKg values

oligonucleotide concentration is plotted. (B) Sample plot of piained from the analysis of fluorescence titrations.
fluorescence data from titration with oligonucleotide, according to

Chipman et al.42).

(slope was 0.94), indicating that the hPNK/AMP-PNP

complex bound the oligonucleotide with 1:1 stoichiometry.  hPNK is a DNA repair enzyme required for the processing
Enzyme Fluorescence Quenching by Ligardsreasing and rejoining of single- and double-strand-break termini. The

the concentration of the ligands led to the decreased complete cDNA, which encodes a 521 amino acid protein

fluorescence of hPNK with no change in the emission (57.1 kDa), was expressed if. coli, and the purified

maximum. The SteraVolmer plot for fluorescence quench- recombinant protein exhibited both kinase and phosphatase

ing by ATP is shown in Figure 7. As seen in the inset, the activities. In an earlier study, we demonstrated that

plot of Fo/F versus [Q] was not linear, and the observed terminal his-tagged hPNK exists as a monomer in solution

downward curvature indicated the presence of inaccessible(25). In this study, we observed that wild-type hPNK also

DISCUSSION



Substrate Binding to Human Polynucleotide Kinase Biochemistry, Vol. 42, No. 41, 20032083

exists as a monomer in solution, indicating that the modifica- mutagenesis to determine if this tryptophan becomes more
tion of the N terminus has no effect on the oligomeric exposed upon oligonucleotide binding to hPNK.

structure of the protein. More importantly, the binding of & The ability of hPNK to bind the oligonucleotide with high
20-mer oligonucleotide has no significant effect on the affinity (Kq = 2.5 uM) in the presence of AMP-PNP with
sedimentation characteristics of hPNK, indicating that protein 1:1 (hPNK-AMP-PNP: oligonucleotide) stoichiometry (Fig-
remains monomeric when bound to its substrate. ure 6B) demonstrated the formation of a ternary complex
Itis instructive to compare the properties of hPNK to those jnvolving hPNK, AMP-PNP, and the oligonucleotide. The
of T4-phage PNK, a polynucleotide kinase for which detailed Stern-Volmer constants obtained from the fluorescence
biOphySiC&' data and the 3-D Crystal structure have beenquenching data (Tab]e 2) also C|ear|y demonstrate the
obtained g7, 28). Even though both hPNK and T4 PNK are  formation of a ternary complex with significantly different
bifunctional enzymes with '&inase and 3phosphatase  Kg, andf, values than those of the binary complexes of
activities, they exhibit different substrate specificiti@s)( hPNK-AMP-PNP and hPNK-oligonucleotide. This indicates
The human and T4 enzymes differ structurally in that T4 that the binding of the oligonucleotide to the hPNK-AMP-
PNK in its active form is a 140-kDa homotetramer whereas pNP complex does not cause the release of AMP-PNP
hPNK is a 60-kDa monomer. The secondary structure of because the observe(iv and fa values do not Correspond
hPNK also differs significantly from that of T4 PNK in that  to the hPNK-oligonucleotide complex. In the repair of DNA
the T4 enzyme has-45% a-helix and~25% f§ structure  strand breaks by hPNK, ATP is the phosphate donor and is
(26) whereas hPNK has25%a-helix and~50% structure  required for the phosphorylation of the-6H end @9).
(25 and the kinase and phosphatase domains in hPNK areBecause AMP-PNP is a nonhydrolyzable analogue of ATP,
reversed compared to those in T4 PNK2{14). The it was used to demonstrate the formation of the proposed
substantial structural differences between hPNK and T4 PNK ternary Comp|ex_ The Spectroscopic data indicated that AMP-
may explain some of the differences in their structure  pPNP strongly mimicked ATP in its interaction with hPNK.
function relationships. For example, the observed differencesecause the ATP concentration in cells is typicag mM,
in substrate specificities can be rationalized on the basis of ce|lular hPNK will normally be saturated with ATP, and we
steric hindrance arising from the different sizes of the two therefore assessed the interaction of the oligonucleotide with
active enzymes. In the present study, spectroscopic techhpNK in the presence of AMP-PNP. The fluorescence
niques have been employed to study the interaction of quenching results indicated that substrates (ATP and the
substrates with hPNK. oligonucleotide) induced different conformational changes
The effects of binding of ATP, AMP-PNP, and an in hPNK and therefore must have either perturbed the same

oligonucleotide of 20 residues alone or in the presence of tryptophan residue(s) differently or interacted with different
AMP-PNP on the intrinsic fluorescence of hPNK were tryptophan residues.

measured to determine the binding affinitiekq)( and Phosphate transfer by a polynucleotide kinase could
stoichiometries of these ligands. Fluorescence spectroscop;broceed by one of two possible mechanisms: (i) a ping-

indicated that the binding of either ATP or AMP-PNP with pong mechanism o (i) a sequential mechanig8).(A ping-

a Kq value of 1.4 or 1.6uM, respectively, induced a ,ng mechanism would entail the initial binding of ATP and
conformational change. K value for ATP of 2uM has  yhe suhsequent release of ADP (with retention by the enzyme
been reported for the kinase activity of purified rat liver PNK inorganic phosphate) before the enzyme binds the DNA.
(24), and T4 PNK also binds ATP with high affinitké = = 5ever, a sequential reaction mechanism implies that both
2 M) (30). In this study, we have demonstrated for the firSt Atp 414 DNA bind before either product dissociates. On
time that hPNK also binds an oligonucleotide substrate with o pasis of the results of initial-rate studies at different

high affinity (Ks = 1.3uM) in a 1:1 stoichiometric manner. g hqtrate concentrations, product inhibition studies, and the
In an earlier kinetic study with purified calf thymus PNK o\ egiple nature of the reaction, Lillehaug and Kleppe argued
(3.)’ we obta'uned' & value of 1.74M W't,h a 24-mer that T4 PNK activity proceeds according to a sequential
oligonucleotide, in excellent agreement with the spectro- . tiqn mechanism2@, 40). Galburt et al. 28) have also
scopic findings of the current s_tudy. In the_ pr_esent study, proposed a ternary complex of T4 PNK bound to DNA and
we were also able to establish the stoichiometry. By a1p on the basis of the strong homology between the kinase
comparison, the binding affinity of the'phosphorylated  4,main of T4 PNK and adenylate kinase and the structure
oligonucleotide was almost 6-fold lower, indicating that adenylate kinase with bound adenylate and AMP-PNP
binding is primarily dependent on the nature of the 5 41y oy finding that hPNK bound the oligonucleotide with

terminus, as would be expected fro_m its enzymatic function. high affinity in the presence of AMP-PNP demonstrated the
The Sterr-Volmer constants obtained from fluorescence ¢ ation of a ternary complex, thus providing direct

qhuenchirr:g arr:alysl,is (Tabll_e 2) sulgggst th"’.‘}ffhPNK binding|;| 10 physical evidence supporting the sequential reaction mech-
the 3-phosphorylated oligonucleotide differs structurally znism for polynucleotide kinases. However, the order of

from the specific binding to the nonphosphorylated oligo- binding of the ligands could conceivably be a random process

nucleotide. o because the binding affinity for DNA was not influenced
Fluorescence and near-WA\CD data showed that binding by the presence of AMP-PNP.

to the nonphosphorylated oligonucleotide perturbed the

aromatic residues (tryptophans, tyrosines, and phenylala-ockNOWLEDGMENT

nines). The proposed DNA-binding domali) is postulated

to be in the C-terminal end (residues 4884) of hPNK, a We thank Robert Luty for CD analysis, and Leslie D.
region that contains only one of the nine known tryptophans Hicks for performing analytical ultracentrifugation experi-
(W-402). In future studies, we will make use of site-directed ments.
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