T4 POLYNUCLEOTIDE KINASE

Kinetics and Specificity of T4 Polynucleotide Kinase®

Johan R. Lillehaug and Kjell Kleppe*

ABSTRACT: The kinetics of T4 polynucleotide kinase has
been investigated at pH 8.0 and 37°. Double reciprocal
plots of initial rates vs. substrate concentrations as well as
product inhibition studies have indicated that the enzyme
reacts according to the ordered sequential mechanism
shown in eq 2 in the text for phosphorylation of a DNA
molecule. Based on this mechanism the rate equation for
the overall reaction was deduced and the various kinetic
constants estimated. Hill plots indicated little or no interac-
tion between active sites in the enzyme. The apparent Mi-
chaelis constants and V., were determined at a fixed ATP
concentration, 66 uM, for a number of different substrates

Rage-induced polynucleotide kinases (EC 2.7.1.78) were
first discovered in 1965 (Novogrodsky and Hurwitz, 1966;
Richardson, 1965). These enzymes catalyze the transfer of
the y-phosphate of ATP to the 5’-hydroxyl terminus of po-
lynucleotides, oligonucleotides, 3’-mononucleotides (Rich-
ardson, 1965), and N-protected deoxyoligonucleotides (van
de Sande and Bilsker, 1973). Recently it has been shown
that the enzyme from T4 infected Escherichia coli also will
catalyze the reverse reaction (van de Sande et al., 1973). T4
polynucleotide kinase has been used extensively in structur-
al work on nucleic acids, in particular in sequence analysis
(Weiss and Richardson, 1967; Jay et al., 1974), in finger-
printing of short oligonucleotides (Szekely and Sanger,
1969; Southern, 1970; Murray, 1973), and in the synthesis
of oligonucleotides and nucleic acids (Khorana et al., 1972).
Thus, T4 polynucleotide kinase proved to be an indispens-
able tool in the synthesis of the genes corresponding to yeast
alanine tRNA (Agarwal et al.,, 1970) and tyrosine tRNA
precursor gene from E. coli (Caruthers et al., 1973).

T4 polynucleotide kinase has recently been purified to ho-
mogeneity and shown to consist of four subunits, each hav-
ing a molecular weight of approximately 35000 (Panet et
al., 1973). Despite the wide use of the enzyme little is
known about its mechanism of action. Such information
would seem to be of importance with regard to future appli-
cation of T4 polynucleotide kinase. In the present work we
have investigated the kinetics of this enzyme as well as some
aspects of the substrate specificity. The effects of some acti-
vators and inhibitors are described in an accompanying
paper {Lillehaug and Kleppe, 1975).

Experimental Section

Materials

Enzymes. T4 polynucleotide kinase was isolated accord-
ing to Panet et al. (1973). The purity and specific activity
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varying in chain length, base composition, and nature of the
sugar, and a wide variation was found. For the nucleoside
3’-monophosphates tested both the apparent Michaelis con-
stant and Vmax values were from approximately 2 to S times
larger than for the corresponding oligonucleotide. The fol-
lowing orders were obtained with regard to apparent Mi-
chaelis constants and Vp,x for the nucleoside 3’-monophos-
phates investigated: Michaelis constant, rGp > rUp > rCp
> rAp > dTp; Vmax, rGp > rCp > rAp > dTp > rUp.
Somewhat similar results were also obtained with the deox-
yoligonucleotides tested.

were as described in this paper. Micrococcal nuclease and -
bacterial alkaline phosphatase were products of the Worth-
ington Biochemical Corporation.

Nucleic Acids and Nucleotides. Calf-thymus DNA and
all unlabeled nucleotides were obtained from the Sigma
Chemical Co. Oligonucleotides were purchased from P-L
Biochemicals. T; DNA was isolated as described elsewhere
(Lillehaug et al., 1973). [y-32P]ATP was prepared accord-
ing to published procedure (Glynn and Chappell, 1964), the
initial specific activity being approximately 5 Ci/mmol.
The purity was checked by paper chromatography in sol-
vent systems published elsewhere (Kleppe et al., 1971).

Methods

Preparation of Substrares. Calf-thymus DNA was di-
gested with micrococcal nuclease according to a published
procedure (Richardson and Kornberg, 1964). The average
length of the DNA used in phosphorylation experiments
was estimated to be approximately 45 mononucleotide units
based on the maximum incorporation of 32P at the 5’ ends.
Dephosphorylation of oligonucleotides was carried out
using bacterial alkaline phosphatase as previously described
(Novogrodsky et al., 1966). Bacterial alkaline phosphatase
was inactivated by adjusting the pH to 13 and incubating
the reaction mixture for 10 min at room temperature. After
neutralization the oligonucleotides were separated from
other components by gel filtration on a cohimn of Sephadex
G-50 equilibrated with 0.05 M triethylammonium bicar-
bonate. Native T; DNA and single-stranded T DNA, L-
strand, were sheared by sonication for 50 sec in a Branson
sonicator, and then treated with bacterial alkaline phospha-
tase as described above. In this case the phosphatase was
not removed, but inhibited by orthophosphate present in the
reaction mixture.

Assay System. The standard assay for T, polynucleotide
kinase contained 60 mM Tris (pH 8.0), 9 mM MgCl,, 15
mM (-mercaptoethanol, 0.066 mM [v-32P]JATP, 0.23 mM
calf-thymus DNA, expressed as phosphate, and approxi-
mately 1-1.7 units/ml of enzyme. The time of incubation
was usually 15 min and the temperature 37°. Under these
assay conditions the incorporation of labeled phosphate was
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FIGURE 1: Double reciprocal plot of effect of ATP concentration on
T4 polynucieotide kinase activity at different calf-thymus DNA con-
centrations. Standard assay conditions were employed. Calf-thymus
DNA concentrations (phosphate): (0) 95 uM; (Q) 142 uM; (&) 237
uM.

linear for more than 60 min. The initial rate was propor-
tional to the enzyme concentration up to 8.5 units/ml. The
amount of radioactivity incorporated was determined by
precipitating the DNA onto Whatman 3MM filter papers
as previously described (Kleppe et al., 1971). When assays
were carried out with oligonucleotides aliquots were spotted
on DEAE paper strips. These were then developed in 0.3 M
ammonium formate. After drying, the strips were scanned
for radioactivity and the radioactive bands were cut out and
counted (Kleppe et al., 1971).

Phosphorylated mononucleotides were separated from
[v-3?P]ATP on Whatman 40 paper in two different solvent
systems: solvent system | for dTp, rUp, rGp, and rCp: 60 g
of ammonium sulfate, 100 ml of 0.1 M sodium phosphate
(pH 6.8), and 2 ml of 1-propanol; solvent system II for rAp:
isobutyric acid-concentrated ammonia-water (66:1:33, v/

v).

Results

Effect of ATP Concentration. The influence of ATP con-
centration on the rate of reaction at a fixed concentration of
DNA was investigated for several types of DNAs. The data
in Figure 1 show the results obtained with three different
concentrations of calf-thymus DNA. In all cases the double
reciprocal plots (Lineweaver and Burk, 1934) yielded
straight nonparallel lines having a common crossover point
below the | /[ATP] axis. These results strongly suggest that
T4 polynucleotide kinase reacts according to a sequential
mechanism (Cleland, 1970). By replotting the intercepts at
the 1/v axis vs. |/[DNA] the true Michaelis constant for
calf-thymus DNA, Kp~acr, was found to be 8.2 X 1074 M
(phosphate) and the true ¥,,x was 30 nmol/ml. Based on
the concentration of 5’-hydroxyl ends, the true Michaelis
constant was then estimated to be 1.8 X 1073 M. Using a
molecular weight of 140,000 for the enzyme the turnover
number can be calculated to be 25,000 min~!. In analogous
experiments, the Michaelis constant for 3’-dTp (KyTp) was
determined to be 50 uM.

The apparent Michaelis constant for ATP varied some-
what with the DNA substrate used. At the same concentra-
tion of DNA substrate, 2 X 107* M, the following values
were obtained for calf-thymus DNA, T; DNA, and
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FIGURE 2: Hill plot of data from Figure 1. Calf-thymus DNA concen-
trations (phosphate): (©) 95 uM, () 142 uM.

dT(pT)g, respectively: 1.4 X 1074, 2.6 X 107% and 1.3 X
10~3 M. To obtain the true Michaelis constant for ATP
when 3’-dTp was the other substrate, the concentration of
3'-dTp was varied from 4 to 50 uM at three different ATP
concentrations. The inverse plots gave straight lines with a
common crossover point below the x axis as expected. The
intercepts were then replotted vs. 1 /[ATP] and the true Mi-
chaelis constant for ATP was found to be 4 X 1073 M from
the intercept on the 1/[ATP] axis. When heat-denatured
calf-thymus DNA was used the same kinetic constants were
obtained as for the native DNA.

Physical studies (Panet et al., 1973) on T4 polynucieotide
kinase have revealed that the active form of the enzyme
consists of four subunits and consequently the enzyme may
have several active sites. The possibility of allosteric inter-
actions accordingly cannot be ruled out. The data in Figure
1 were therefore replotted according to Hill (1910), Figure
2. The Hill coefficients, ny, for the three DNA concentra-
tions used were calculated to be 1.16, 1.08, and 1.00. Since
all these coefficients are close to 1 it was concluded that al-
losteric interactions, if present, are of rather little signifi-
cance.

Influence of DNA Concentrations. The results above sug-
gested that the reaction mechanism was sequential. Further
evidence for this view was obtained by determining initial
velocities at different DNA concentrations and fixed con-
centrations of ATP. Again straight nonparallel lines were
obtained, having a crossover point below the 1/[DNA] axis.
At 62, 124, and 308 uM of ATP the slopes were 0.046,
0.042, and 0.039 mM /nmol per ml, respectively, and the in-
tercepts were determined to be 0.120, 0.083, and 0.056
ml/nmol. At very low concentrations of ATP, i.e. below 0.6
X 10~* M, some substrate inhibition was observed at high
concentrations of DNA. This effect was not observed at
high concentrations of ATP. It could also be abolished by
addition of salts or polyamines as described in an accompa-
nying paper (Lillehaug and Kleppe, 1975). By plotting the
intercepts at the 1/v axis against 1/[ATP] the true Mi-
chaelis constant for ATP, K atp, was estimated to be 1.5 X
10=* M. The data given above were also plotted according
to Hill (1910) (not shown). The Hill coefficients were all
close to 1.0 thus offering further evidence for noninteract-
ing active sites in the enzyme.

Effects of Products. To understand the reaction mecha-
nism in more detail the inhibition patterns caused by ADP
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FIGURE 3: Double reciprocal plots of effect of calf-thymus DNA con-
centration on T4 polynucleotide kinase activity in the presence of reac-
tion products. Standard assay conditions: (A) (O) control, (O) 9.25 X
1074 M ADP added; (B) (O) control, (O) 1.3 X 10~* M (phosphate)
calf-thymus DNA containing 5’-phosphate added.

and P-DNA,! ie. the two products formed in the forward
reaction, were examined. As indicated in Figure 3, P-DNA
is a competitive inhibitor of HO-DNA whereas ADP is a
noncompetitive inhibitor. Similar findings for P-DNA have
been reported for T, polynucleotide kinase (Novogrodsky et
al., 1966). The apparent inhibitor constant, K;app, was esti-
mated to be 1.3 X 1073 M. In a separate experiment the ef-
fect of ATP on inhibition by ADP was investigated. As
shown in Figure 4 the inhibition again appears to be non-
competitive.

Kinetic Parameters for Mono- and Oligonucleotides.
Previous studies (Richardson, 1965; van de Sande and Bil-
sker, 1973) have indicated that T, polynucieotide kinase ex-
hibits a rather low specificity with regard to the nucleotide
at the 5’-hydroxyl end. However, these studies were all car-
ried out using fixed substrate concentrations. It was there-
fore of some interest to compare different kinetic parame-
ters of substrates having a defined structure. The apparent
Michaelis constant and apparent V,,x were determined for
a number of mono- and oligonucleotides varying both in
length and nucleotide composition. The concentration of
ATP used was fixed, 66 uM. With some oligonucleotides
some substrate inhibition was observed similar to that ob-
served for calf-thymus DNA. At high concentration of ATP
no inhibition was detected suggesting that oligonucleotides
possibly can bind also to the ATP binding site. Double re-
ciprocal plots at different concentrations of the DNA sub-
strates gave a similar picture to that obtained for calf-thy-
mus DNA.

! Abbreviations used are: HO-DNA, a DNA carrying a free 5-hy-
droxyl group;: P-DNA, a DNA carrying a 5-phosphoryl group.
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FIGURE 4: Double reciprocal plots of effect of ATP concentration on
T4 polynucleotide kinase activity in the presence of ADP: (O) control,
(3) 9.25 X 10~* M ADP added; otherwise standard assay conditions.

Table I. Apparent Michaelis Constants and Vi, Values
for Some Nucleoside 3'-Monophosphates
and Oligonucleotides.?

Apparent
Michaelis Apparent
Substrate Constant (WM) Viyax? Rel
3'-dTp 22.2 10.5
3-rUp 53.9 5.3
3'rCp 43.5 17.0
3'-rAp 41.7 15.0
3"-1Gp 143.0 34.3
dT(pT), 5.5 1.0
dT(pT), 1.8 2.8
dT(pT), 3.5 2.5
dC(pC), 13.3 1.4
dA(pA), 18.8 3.7
aG(pG), 29.6 9.8
Micrococcal nuclease 7.6 16.7

treated calf-thymus DNA

@ The concentration of ATP was 66 uM; other conditions
are as described in the Experimental Section. The concen-
trations of nucleotides were estimated spectrophotometri-
cally using published extinction coefficients (Cassani and
Bollum, 1969; Ts’o et al., 1966; Lefler and Bollum, 1969).
b The apparent Vi,ay for dT(pT), was taken as unity.

The kinetic data listed in Table I showed a variation up
to 80-fold in the apparent Michaelis constant and 34-fold
for the apparent Vi, values. The apparent Michaelis con-
stant and V.« values for the nucleoside 3’-monophosphates
were from 2 to 5 times higher than the corresponding oligo-
nucleotides. It is unlikely that this difference can be as-
cribed to the fact that for all the nucleoside 3’-monophos-
phates, except Tp, the ribose compounds were employed
whereas the oligonucleotides were all of the deoxy form. A
more reasonable explanation is that the chain length as well
as an extra charge on the 3’-phosphate group has an effect
on the binding of the substrate. The former is clearly evi-
dent in the case of the thymidylic acid oligomers. The high-
est values for both the apparent Michaelis constant and
Vmax Were obtained with substrates having a 5’-guanine res-
idue. Substrates possessing a 5’-thymidylate terminal nucle-
otide gave the lowest value. For comparison micrococcal
1975 1223
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nuclease treated calf-thymus DNA was also included in the
table. Such a DNA contains only adenylate and thymi-
dylate as 5’-terminal nucleotides (Richardson, 1965; Sul-
kowski ad Laskowski, 1962). In agreement with this obser-
vation the apparent Michaelis constant for this DNA was
found to have a value between that of the thymidylic acid
oligomers and dA(pA)y. The apparent Vo, for this DNA
was, however, surprisingly high. Nucleoside 2’-monophos-
phates were not phosphorylated to any extent in agreement
with earlier findings of Richardson (1965).

Discussion

In the present work we have investigated the initial reac-
tion rates and determined the kinetic parameters for some
of the substrates of T4 polynucleotide kinase. All experi-
ments were carried out at pH 8.0 and 37°. The overall reae-
tion can be listed as follows for the phosphorylation of a
DNA substrate:

&

ATP + HO-DNA == ADP + P-DNA (1)
It has previously been reported (van de Sande et al., 1973)
that the overall equilibrium constant K.q = k,/k-| has the
value of approximately 50 at pH 8.0. Furthermore, it has
also been proposed that an enzyme-phosphate intermediate
is involved in the reaction.

With regard to the overall reaction mechanism two possi-
bilities seem to exist: (1) a ping-pong mechanism and (2) a
sequential reaction mechanism. A ping-pong mechanism
can be ruled out from the intersecting patterns shown in
Figure 1 and the data obtained at different DNA concen-
trations and, furthermore, the high reversibility of the reac-
tion (van de Sande et al., 1973) excludes any irreversible
steps in the mechanism. Such irreversibility is (Cleland,
1963a) a necessary requirement for a ping-pong mecha-
nism. Qur data suggest that the enzyme reacts according to
a sequential mechanism where both substrates react with
the enzyme before either product dissociates. The mecha-
nism could be either of the ordered, Theorell-Chance, or the
rapid-equilibrium random type (Cleland, 1963a). It is pos-
sible to distinguish between these mechanisms by determin-
ing the mode of inhibition caused by the two products
formed. The data in Figure 3 clearly indicated that P-DNA
was a competitive inhibitor of HO-DNA. The only mecha-
nism which will explain the inhibition data of T4 polynucle-
otide kinase by P-DNA is:

HO-DNA ATP ADP P-DNA
| A 4

- ' ¥ ! e -
The inhibition data of ADP also support this conclusion.
Furthermore, such a reaction scheme is also in complete
agreement with data from the reversal experiments where it
was shown that reversal only took place in the presence of
P-DNA (van de Sande et al., 1973). In the presence of salt
or polyamines (Lillehaug and Kleppe, 1975) the mechanism
is still sequential but probably of the rapid-equilibrium ran-
dom type.

Neglecting the reverse reaction the rate equation for
phosphorylation of a DNA substrate (Cleland, 1963a) by
T polynucleotide kinase can be written as follows:

_ Vi[HO-DNAJATP]
Kipo-pxafarp + KATPIHO-DNA] +
Kyo-pnalATP] + [HO-DNAJ[ATP]

Kino.pna can be determined from the point of interception

(3)

v
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obtained from the kinetic data when calf-thymus DNA is
the substrate; Kino.ona = 11.9 X 107F M (phosphate) or
2.6 X 107% M based on molarity of 5’-hydroxyl ends. It is
possible 10 estimate three of the rate constants from the re-
lationship between the measured kinetic constants (Cleland,
1963a):
- vy
l‘)1 I—E]tKHO-DNA

ViKino-pna_

= 4 x 107 M sec"! (4)

by = = 104 sec™! (5)
: ELKHO-DNA

1 _[E) 1 _ "

T, % Ry = 12 sec (6)

where V> was estimated from the data published by van de
Sande et al. (1973). When calculating [E]; we have used a
mol wt of 140,000 for the enzyme. However, since the en-
zyme molecule consists of four subunits the possibility ex-
ists that there are several active sites on the enzyme. Exper-
iments are currently in progress to determine the number of
active sites. The rate constants may therefore have to be re-
vised when such data become available.

It may be argued that the rate constants obtained using
micrococcal treated calf-thymus DNA as substrate are not
well defined due to the presence of both adenylate and thy-
midylate as 5’-terminal nucleotides. We have therefore de-
termined k;, k2, and k4 when 3-dT, is the substrate. The
values obtained were 0.8 X 107 M~! sec™!, 45 sec™!, and 9
sec™!, respectively. As can be seen, only k; differs signifi-
cantly.

In the case of T, polynucleotide kinase certain kinetic pa-
rameters have been reported (Novogrodsky et al., 1966).
Direct comparison with the present results is difficult since
different conditions were employed in the assays and fur-
thermore only apparent Vmax and Michaelis data were
given. In general, though, it would appear that the kinetic
parameters for the two enzymes are similar.

The data obtained with mono- and oligonucleotides may
suggest that T, polynucleotide kinase possesses a certain
specificity with regard to 5'-terminal nucleotide. This find-
ing could be of importance with regard to practical applica-
tion of the enzyme. The question may also be raised wheth-
er or not there are differences in kinetic parameters with re-
gard to phosphorylation of single- and double-stranded
DNAs or RNAg, in particular double-stranded molecules
containing protruding 3’-hydroxyl ends. Some experiments
with double-stranded DNAs of defined sequence (K.
Kleppe and H. G. Khorana, unpublished) have shown that
these differ vastly with regard to rate of phosphorylation.
The micrococcal nuclease treated calf-thymus DNA used in
the present work probably is more or less completely single
stranded since no differences were obtained between native
and heat denatured substrate. Further experiments with
single- and double-stranded DNAs of defined sequence
should provide more information concerning the specificity
and in vivo role of T4 polynucleotide kinase.
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Effect of Salts and Polyamines on T4 Polynucleotide Kinase'

Johan R. Lillehaug and Kjell Kleppe*

ABSTRACT: The activity of T4 polynucleotide kinase (EC
2.7.1.78) was found to be greatly stimulated by salts, such
as NaCl and KCI, and polyamines such as spermine and
spermidine. Up to a sixfold increase in initial rates was ob-
served with a variety of different single-stranded DNAs and
mono- and oligonucleotides. The optimal concentrations of
salts were 0.125 M, corresponding to a total ionic strength
of u = 0.19. For polyamines the optimal concentrations
were found to be at approximately 2 mAM. With low enzyme
concentration and in the absence of activators complete
phosphorylation was not achieved for a number of sub-
strates. In the presence of salts or polyamines or high con-

Rlynucleotide kinase (T4) (EC 2.7.1.78) catalyzes the
phosphorylation of 5’-hydroxy! termini of nucleic acids and
oligo- and mononucleotides using ATP as a phosphate
donor (Richardson, 1965). The enzyme has recently been
purified to homogeneity and some of its properties studied

* From the Department of Biochemistry, University of Bergen, Ber-
gen, Norway. Received October 23, 1974. This study was supported by
the Norwegian Research Council for Science and Humanities and the
Nansen Foundation.

centration of enzyme the phosphorylation proceeded to
completion. Addition of salt led to an increase in both the
apparent V..« and the Michaelis constant for the DNA
substrate whereas the Michaelis constant of ATP remained
unchanged. Polyamines had a similar influence on the ki-
netic constants for the DNA substrate whereas a decrease
was found for the apparent Michaelis constant for ATP.
The overall mechanism in the presence of activators was
found to be sequential but probably of a rapid equilibrium
random type. Of the inorganic anions tested both P; and PP,
inhibited the enzyme in a competitive manner with both
substrates.

(Panet et al., 1973). Despite its wide use today in structural
work on nucleic acids little is known about the function of
this enzyme in vivo.

A numpber of factors are likely to influence the activity of
T4 polynucleotide kinase. With regard to practical applica-
tion, function, and regulation in vivo, information about
these aspects would seem to be of importance. In the pres-
ent work we describe the effect of some activators and in-
hibitors of T4 polynucleotide kinase employing mono- and
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