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SUMMARY 

In an attempt to differentiate between thymidine kinase (EC. 2.7. I. 2i) induced 
by herpesvirus hominis type I (TK r) and type 2 (TK2), the different susceptibilities 
to the modifying effects of some thymidine analogues proved to be useful criteria: 
0) 2'-deoxythymidine-5'-triphosphate (dThd-5'-PPP) inhibits TK 2 at a concentra- 
tion of o'I25 mM by 9o ~, whereas TK I is inhibited at 4"o3 mM by 5o ~. (2) 2'- 
deoxythymidine-5'-monophosphate (dThd-5'-P) competitively inhibits TK 2 at 
all concentrations tested. On the other hand, the direction of its effect on TK I is 
concentration dependent: at 5oo/~M it stimulates and at 8 mM inhibits TK I 
activity. During enzyme kinetic studies, TK I displays substrate inhibition which is 
reversed by dThd-5'-P. This result explains the stimulating effect of dThd-5'-P at 
5oo #M. This phenomenon suggests the existence on the enzyme molecule of a 
second binding site for dThd which mediates substrate inhibition and which can 
be occupied also by dThd-5'-P. After polyacrylamide gel electrophoresis of TK I, 
the stimulation by dThd-5'-P disappears, suggesting the separation of the second 
binding site from the catalytic centre. 

INTRODUCTION 

Since Kit & Dubbs (I963) described an increase of thymidine kinase activity in herpes- 
virus-infected cells, this virus-induced enzyme has subsequently been characterized by its 
temperature stability (Kit & Dubbs, I965), pH optimum, K, sa lue ,  and the inhibition by 
2'-deoxythymidine-5'-triphosphate (Klemperer et al. I967). Differences in thymidine kinases 
from uninfected and infected cells (Klemperer et al. 1967) and induction of thymidine kinase 
in herpesvirus-infected kinaseless mutant cells (Dubbs & Kit, 1964) proved that thymidine 
kinase is a virus-coded enzyme. Recently Honess & Watson 0974) showed the absence of 
any host protein moiety in the thymidine kinase induced by herpes simplex virus type I. 
The question arose whether the thymidine kinase induced by herpes simplex virus type I 
(TK I) shows properties different from those of thymidine kinase induced by herpes simplex 
virus type 2 (TK 2). Differences in temperature stability were established by Thouless & 
Skinner (197 0 and by Ogino & Rapp (I971). Thouless (i972) distinguished the two enzymes 
immunologically. Ogino, Shiman & Rapp (1973) found monomeric, dimeric and aggre- 
gated forms after gel filtration of TK I. 
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In this paper, we report attempts on the differentiation between TK 1 and TK 2 making 
use of the different effects of thymidine analogue metabolites on the activities of the two 
enzymes. The enzymes were induced in primary rabbit kidney cells, which have a negligible 
activity of cellular enzyme. 

METHODS 

Chemicals. Tris, hydrochloric acid and magnesium chloride were purchased from 
Merck AG., Darmstadt. Adenosine-5'-triphosphate (ATP), 2'-deoxycytidine (dCyd), 
2'-deoxycytidine-5'-triphosphate (dCyd-5'-PPP), deoxyuridine-5'-monophosphate (dUrd- 
5'-P), uridine-5'-triphosphate (Urd-5'-PPP), 2'-deoxyuridine-5'-triphosphate (dUrd-5'-PPP), 
2'-deoxythymidine-5'-monophosphate (dThd-5'-P), 2'-deoxythymidine-5'-triphosphate 
(dThd-5'-PPP), 5-bromo-2'-deoxyuridine-5'-triphosphate (BUdR-5'-PPP) and 5-bromo- 
uridine-5'-triphosphate (BUR-5'-PPP) were purchased from Boehringer, Mannheim/ 
Germany. Thymine (Thy), 2'-deoxythymidine (dThd), cytidine (Cyd), 2'-deoxyuridine 
(dUrd), uridine (Urd), cytosine-arabinoside (Cyt-ara), 2'-deoxycytidine-5'-monophosphate 
(dCyd-5'-P) and 5-bromo-2'-deoxyuridine (BUdR) were obtained from Serva Feinbio- 
chemica, Heidelberg/Germany. [2-14C]-thymidine, [l~C]-deoxycytidine, [2-xaC]-uridine and 
[6-aH]-deoxyuridine were obtained from the Radiochemical Centre, Amersham. 5'-deoxy- 
thymidine (5'-dThd) and 5'-chloro-thymidine (dThd-5'-C1) were a gift from Dr O. Kara, 
Sandoz AG., Basel/Switzerland. 

Cells. We used primary rabbit kidney cells and BHK 21 cells. Primary rabbit kidney cells 
were cultured in Hanks' medium containing to ~ native newborn calf serum and 0"25 ~o 
(w/v) lactalbumin. BHK 2I cells were cultured in minimal essential medium with added 
non-essential amino acids (Eagle, 1959). We added 0-029 ~o (w/v) of glutamine, 0-03 ~o 
(w/v) of Bacto tryptose-phosphate broth and 5 ~ native newborn calf serum. The medium 
for BHK TK- cells contained, in addition, 25 #g/ml of BUdR. 

Viruses. Type I strains (Lennette and PA) and type 2 strains (D-316 and ER) were used 
for infection. The multiplicity was about 5 p.f.u./cell. 

Thymidine kinase assay. 24 h post infection, the cells were scraped off the culture flask 
with a rubber policeman, homogenized in a Dounce homogenizer in tris-HCl-buffer with 
potassium chloride and 2-mercaptoethanol added as described by Kit & Dubbs (1965), 
ultrasonicated for lo s, and centrifuged at 33ooo g for 2o min. The supernatant fluids were 
assayed for enzymic activity in a mixture containing final concentrations of: 7o'5 mM- 
tris-buffer (pH 8.0) 6 mM-ATP 1 I, I I'7 mM-MgCI~ and also cell extract containing about 
I5O #g of protein. The final vol. was o'425 ml. The reaction was started in a water bath at 
35 °C for TK 2 or 4o °C for TK 1, respectively, by adding [14C]-dThd, final concentration 
48 #M, sp. act. 1.22 #Ci/#mol. After io min, the reaction was stopped by immersing the 
reaction tubes in boiling water or by the addition of perchloric acid. 

After neutralization of pH by KOH, dThd-5'-P was separated from dThd by paper 
chromatography as described by Dundaroff & Falke (1972). The RF value of dThd-5'-P 
was o.26 and that of dTh was o'7o. The paper strips were cut into 4 x 3 cm squares and then 
counted in a Packard scintillation spectrometer. From the proportion of phosphorylated 
dThd to the total amount of radioactivity put onto the paper strip, the amount of phosphory- 
lated dThd formed in the assay mixture was calculated. One #U is defined as the phosphory- 
lation of 1 pmol of dThd/min. 

The DEAE-cellulose disc method (Taylor, Stafford & Jones, I972) for separation of 
2'-deoxythymidine from the phosphorylated products was compared with the descending 
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paper chromatography method. We found that chromatography over I6 h yields results 
with much less dispersion and therefore employed the latter method in our studies. 

Protein assay. Protein concentration was measured by a modification of the Lowry 
method using bovine serum albumin as a standard (Richterich, 1965). 

Acrylamide gel electrophoresis. Acrylamide gel electrophoresis was carried out in a 
Shandon apparatus (Shandon Labortechnik, Frankfurt, Germany) using 5 ~ (w/v) acryl- 
amide gel according to Munyon et aI. (1972). After electrophoresis at 4 °C with constant 
current power of 2 mA/gel, the gels were cut into twenty slices (2 mm each) and put into the 
enzyme assay mixture (vol. 0.225 ml), which contained final concentrations of 92.2 mM-tris- 
buffer, pH 8.o, 15"2 mM-ATP, and 15. 3 m~-MgC12 dThd-5'-P, wherever indicated, was added 
at 3oo #M final concentration. Subsequently the reaction was started by addition of 62. 7 #M- 
[14C]-dThd, sp. act. of 1.22 #Ci/#mol. All slices from one gel were tested in one batch, 
wherever indicated, in 2"25 ml of the enzyme assay mixture containing the same concen- 
trations of constituents as above. 

After an incubation period of 2o min, the enzymic activity was measured as described for 
the cell extract. 

R E S U L T S  

Host enzyme 

The activity of TK in non-infected primary rabbit kidney cells amounts to a few percent 
only of the activity found after infection by HSV. 

Table I shows the sp. act. of  TK in non-infected primary rabbit kidney cells several days 
after explantation and the activity of TK 24 h after infection. The variations of  TK  activity 
in virus infected cells are caused by the different functional stages which the primary rabbit 
kidney cells are in. An extract of kidney tissue from our suckling rabbits, prepared in an 
analogous fashion to kidney cells also yields asp .  act. of 2.2 #U/Ioo #g of protein. 

Enzymic activities in crude extracts of infected cells 

In order to determine the substrate specificity of the virus-induced TK in our system, we 
tested the kinase activity in crude extracts of cells infected with either type I or type 2 strains. 
Each of the labelled pyrimidine derivatives was given alone and the degree of phosphoryla- 
tion observed was chosen as the reference value. In parallel assays the labelled pyrimidine 
derivative was added simultaneously with an equimolar concentration of an unlabelled 
analogue. Any decrease in the degree of phosphorylation would indicate that the analogue 
was competing with the pyrimidine derivative as a substrate. 

As can be seen from the data in Table 2, the enzymic activity of crude extracts of infected 
cells catalyses thymidine phosphorylation IO to 2o times faster than phosphorylation of  
other substrates (e.g. Urd, dUrd and dCyd). When dCyd, Urd and dUrd are added together 
with radioactive thymidine, no interference with the phosphorylation of thymidine was 
seen. Interference of phosphorylation of dUrd and less marked that of dCyd and Urd by 
dThd suggests that these pyrimidine derivatives are phosphorylated by TK  ~. 

Influence of pyrimidine nucleosides on thymidine kinase 

In further experiments we investigated the influence on the activity of TK  of some 
pyrimidine nucleosides and pyrimidine nucleotides, which were added at final concentra- 
tions of 48o #M, whereas that of [14C]-dThd was 48 #~ (sp. act. 1.22 #Ci/#mol). The re- 
action mixture was incubated and phosphorylation of [14C]-dThd tested subsequently. 
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Table I. Activity of  TK in non-infected and infected 
primary rabbit kidney cells 

Non-infected cells 
~ - -  ~ Infected cells 

Time after ~- f 
explantation (h) Sp. act. * Virus Sp. act. * n 

24 h 5"8 PA 366"5 + 175"37 16 
2 X 24 h 6"9 Len 254"5 + 142'2 16 
3 x 24 h 5'6 D-316 254"3 + I8O'9 I6 
4 x 24 h 6"5 ER 3o6"3 + 213'9 I6 
5xz4h  6"9 

* #Ulloo#g of protein. 
t Mean+ standard deviation. 

Table 2. Interference of mutual pyrimidine-derivatives with respect to 
phosphorylation by extracts from infected cells 

Substrates PA Len ER D-316 

[a~C]-dThd* 136? 2oot 238? 391 ? 
[14C]-dThd + dCyd 117 205 240 377 
[14C]-dThd + Urd 137 209 24I 357 
p4C]-dThd + dUrd 139 21 o 251 399 

[~4C]-dCyd 19" 8 20"5 9" I 13"8 
p~C]-dCyd + dThd I I "7 I o'I 8"9 7"7 
[l~C]-dCyd + U r d  18"8 21 "8 12" I 9"6 
[t4C]-dCyd + dUrd 17"6 16"4 I o.I t o.6 

p4C]-Urd 16"6 18.6 9"4 I I "4 
[14C]-Urd + dThd I o'6 7"7 lO'I 6"7 
[~4C]-Urd + dCyd 15"9 17" 8 7"8 7"7 
[a4C]-Urd +dUrd 15" 8 14"2 9" 8 7"o 

pH]-dUrd 24"6 34"7 7"1 9'8 
pH]-dUrd + dThd 3"9 3"9 5' i 6"3 
[3H]-dUrd+ dCyd 26"7 42'0 6"4 7'7 
pH]-dUrd + Urd 27"8 38 "5 9"8 8 "o 

* The final concentration was 48 #M of labelled substrate and 48 # M  o f  unlabelled substrate. 
t #U. 

Only five of the pyrimidine nucleotides tested (at the bo t tom of Table 3) discriminate be- 
tween T K  I and T K  2. Whereas dThd-5 ' -PPP and BUdR-5 ' -PPP exert a strong inhibi tory 

effect on T K  2, the inhibi t ing effect of dUrd-5 ' -PPP,  dThd-5 ' -P and BUR-5 ' -PPP was less 
marked.  However, one of these metabolites displays a st imulating effect on T K  I. 

F r o m  these observations one has to conclude that, in order to exhibit a selective inhibi t ion 

of T K  2, pyrimidine nucleotides must  have the following features in c ommon :  (I) a methyl 
group or a iigand of similar size in the C5 posit ion of the pyrimidine moiety of the mole- 

cule; (a) a z-deoxyribose; and (3) a t r iphosphogroup in the C5 posi t ion of  the ribose. 

Dose-response experiments with dThd-5'-P and dThd-5'-PPP 

Our finding that  dThd-5 ' -P stimulates T K  I and depresses T K  2 was brought  forth by 
dose-response experiments. Fig. I shows the influence of varying amounts  of dThd-5 ' -P  

and  dThd-5 ' -PPP on activities of T K  I and T K  2. 
Max imum st imulat ion o f T K  1 is obtained with dThd-5 ' -P at 5oo #M. At  higher concentra-  

tions, the s t imulat ion is reduced and finally the reaction falls below control values. The 
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Table  3. Influence of pyrimidine nucleosides on thymidine phosphorylation by 
extracts from infected cells' 

Virus strains 
Pyrimidine r 
nucleoside PA Len D-316 ER 

Thy* 97? 96? 95? 88? 
5'-dThd 28 27 34 33 
dThd-5'-C1 15 13 21 22 
Cyd 88 85 IOO 9I 
dCyd 91 94 ioo Ioo 
Cyt-Ara 90 84 99 92 
dCyd-5'-P 92 95 ~ oo 89 
dCyd-5"-PPP 82 82 88 87 
BUdR 9 9 5 Io 
dUrd-5'-P 84 93 ioo 92 
Urd-5'-PPP 9~ 80 95 98 
dUrd-5'-PPP Io~ Io2 77 66 
dThd-5'-P 155 ~ 59 5 ~ 54 
BUR-5'-PPP Io9 lo6 57 63 
dThd-5'-PPP 90 95 7 9 
BUdR-5'-PPP 99 98 4 9 

* Unlabelled nucleosides and nucleotides have a concentration of 480 #M, the concentration of [2-I4C] - 
deoxythymidine was 48 #M. The last five lines give the results of experiments from 5 different enzyme 
preparations. 

t Percent of activity without pyrimidine nucleosides. 

add i t ion  o f  a mixture  o f  dThd-5 ' -P  and dThd-5 ' -PPP  results in reduced s t imula t ion  o f  T K  I 
by dThd-5 ' -P .  This metabol i te  has a slightly inhib i tory  effect on T K  2. dThd-5 ' -PPP,  on the 
o ther  hand,  exerts an inhibi tory  effect on T K  1 at  high concentra t ions  only and  a s t rong 
inhib i tory  effect on T K  2 at  bo th  high and low concentrat ions.  The combina t ion  of  dThd-  
5 ' -P and  dThd-5 ' -PPP  at  equ imola r  concentra t ions  exerts the same degree of  inhibi t ion on 
T K  2 as dThd-5 ' -PPP  alone (results no t  shown here). 

Studies on enzyme kinetics 

Enzyme kinetics were s tudied in o rder  to gain insight into the kind o f  inhibi t ion  and  
s t imula t ion  and  the results are summar ized  in Fig. 2. 

dThd-5 ' -P  displays compet i t ive  inhibi t ion o f  T K  2, here shown for the enzyme induced 
by D-3~6. In  contrast ,  the compet i t ive  inhibi t ion by  dThd-5 ' -P  o f  T K  I is superceded by 
subs t ra te  inhibi t ion.  The  substra te  inhibi t ion is evident  in the curve wi thout  dThd-5 ' -P  at  
thymidine  concentra t ions  o f  35 to 14o #M. This substra te  inhibi t ion can be lowered  by  
add i t ion  o f  1.23 mM-dThd-5 ' -P  and is abol ished by 4.8 mM-dThd-5 '-P.  

The Kin-values for  T K  induced by D-316 are 16"3 #M and  I7 '5 #~ ,  that  of  T K  induced  by 
ER,  I9"4 and  21.8 (35 °C), whereas  tha t  o f  Lennette  is IO'2 and 9"3 and tha t  o f  P A  is Io.6 
and  I 1.3 (4o °C). The K~n-values of  T K  r were calcula ted f rom the l inear  pa r t  o f  the  
~/V-I/[S]-plot at low substrate  concentra t ions  (Fig. 2a). 

The same phenomenon  was found  with the enzyme induced by  the P A  strain. The  
dThd-5 ' -P  effect can also be not iced when T K  I is incubated  at  45 °C and  3o °C. In o rder  
to confi rm these results,  we did identical  exper iments  using enzymes f rom infected no rma l  
B H K  and  B H K  ( T K )  mu tan t  cells. The results ob ta ined  were identical.  
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Fig. I. Effect of varying concentrations of (a) dThd-5'-P and (b) dThd-5'-PPP on enzymic 
activity of extracts from virus-infected cells. O--O, PA, A--A,  Len, II----II, ER, O- -O,  D-316. 
A--A, PA extract, D--D, Len extract, tested with the combination of dThd-5'-P and dThd-5'- 
PPP, each thymidine analogue in the concentration indicated. [z4C]-thymidine concentration was 
48 #M. Activity without thymidine analogues was 2oo % Two other experiments yielded similar 
results. 

Influence of dThd-5'-P on thymidine kinase after 
polyacrylamide gel electrophoresis 

Next, we performed polyacrylamide gel electrophoresis o f  the enzymes. A different acti- 
vity pattern of  T K  I and T K  2 was found. As can be seen f rom Fig. 3, the activity of  T K  2 
(D-316) moves slowly into the gel and shows a single peak. The T K  I (Lennette) migrates 
faster and the activity is scattered over a broader  range. 

When testing gel slices in a reaction mixture containing dThd-5'-P,  no  stimulation o f  
T K  I is observed (Fig. 3). This observation was confirmed by further experiments. 

A generally depressing effect of  electrophoresis on T K  I reducing activity to 5o to 6o 
o f  the untreated enzyme can be observed independent o f  the effect of  dThd-5'-P.  



Downloaded from www.microbiologyresearch.org by

IP:  130.203.136.75

On: Fri, 16 Sep 2016 03:46:43

0"010 

0-008 

~- 0.006 

0.004 

0-002 

Regulation of thymidine kinase 

I I I  I I l I 

i (a) 

I I I I I 
14 28 56 113 14 28 

I/S (I/raM) 

'/' (b) 0-010 

0.008 

0-006 _~ 

0.004 

,ooo  

75 

I I 
56 113 

Fig. 2. Lineweaver-Burk plot of thymidine kinase of (a) type I and (b) type 2, influenced by dThd- 
5'-P- [14C]-thymidine concentration was 8 to 566#M. O--O, Len: A - - A ,  Len with I'23 mM- 
dThd-5'-P; Ill--m, Len with 4"8 mM-dThd-5'-P C)--©, D-316; /~--~,  D-316 with 1"23 mM- 
dThd-5'-P; [1--[Z, D-316 with 4"8 mM-dThd-5'-P. 

The abolition of dThd-5'-P-induced stimulation after polyacrylamide gel electrophoresis 
is not due to an effect of the gel (see control experiments on Table 4) or components of the 
gel (results not shown here). However, the depressing effect of dThd-5'-P on TK induced 
by D-3 ~ 6, remains noticeable after polyacrylamide gel electrophoresis. 

The question arose whether a regulatory subunit could be separated from the catalytic 
centre during electrophoresis. In order to recombine the hypothetical subunits, we incubated 
all 2o gel slices together in one single test mixture. 

From Table 5 it can be seen that the attempt to recombine the two subunits was not 
successful. Despite incubation in a common reaction mixture, no stimulation by dThd-5'-P 
could be observed. 

We conclude that the hypothetical regulatory subunit after polyacrylamide gel electro- 
phoresis is no longer able to transfer the stimulation by dThd-5'-P. 

DISCUSSION 

In our experiments advantage was taken of the fact that rabbit kidney cells display little 
cellular TK activity. The amount of TK activity rises, however, enormously after infection 
with HSV. This feature allows the study of the properties of TK; it does not, however, per- 
mit a differentiation between virus or cell coded enzymes. 

Our results show that the enzymes which were induced by HSV I and HSV 2 in primary 
rabbit kidney cells preferentially phosphorylate dThd, whereas dCyd, Urd and dUrd are 
phosphorylated to a minimal extent. The phosphorylation of dUrd can be lowered by 
dThd (Table 2). This suggests that TK I, in contrast to TK 2, may also phosphorylate dUrd. 
Jamieson, Gentry & Subak-Sharpe (I974) showed that herpes simplex virus type ~ and type 2 
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Fig. 3. Activity of extracts from virus-infected cells after polyacrylamide gel electrophoresis. The 
gel was cut into 2 mm slices which were separately tested. Mean of 6 tests: 0---0, Len; A--A,  
D-316. To the standard reaction mixture dThd-5'-P was added at a concentration of 3oo,t~M: 
©--©,  Len; A--~,  D-3~6. Incubation was for 20 min. Bromophenol blue was added at frac- 
tion 20. 

induce activity o f  an unique enzyme that phosphorylates dThd as well as dCyd to a similar 
degree in B H K  ( T K -  and d C K - )  cells. Using higher concentrations o f  dCyd than were 
used in our  experiments, they detected that the phosphoryla t ion of  pThd  was inhibited by 
dCyd (Jamieson & Subak-Sharpe,  I974). 

dThd-5 ' -P  selectively enhances the activity o f  T K  I ;  dThd-5 ' -PPP and BUdR-5 ' -PPP  
selectively inhibit the activity o f  T K  2 (Table 3). Thus, the different influences of  these 
pyrimidine nucleosides allow a differentiation of  the two enzymes. This differentiation holds 
for thymidine kinase induced by all of  four virus strains o f  type I tested and also for seven 
strains of  type 2 tested by us (Just, Dundarof f  & Falke, 1975). 

The conversion of  dThd by T K  I does not  follow simple Michael is-Menten kinetics, 
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Table 4. Stimulation of TK ~ by dThd-5'-P before and 
after polyactTlamide gel electrophoresis* 

Before electrophoresis After electrophoresis 
c ~ r 

Induced With With 
by Without  dThd-5 ' -P t  Without  dThd-5 ' -P t  n P 

PA 96"7-+ 7o'I:~ I55"5 + I14"8 52"9+33"I 50"8_+24"5 I1 < O'Ol 
Control  47"7_+ I6'3 8o.I _+ 33'4 

Len 84 '3+4o'1 I23'9_+58"7 38"9_+9"6 41"7_+ io.2 I1 < O'Ol 
Control  43"8 _+ 19'8 76"8 _+ 24'9 

D-316 lO6"7+_63"o 7 I ' I _ 3 7 ' 2  83"I+34"o 66"0_+29'7 7 - -  
Control  56"6_+ 19"4 48"o -t- 12"9 

* After  electrophoresis the gel was cut into 2 mill slices and each tested separate for enzymic activity, 
The activity listed is the sum of  the enzymic activity of  each gel slice, n gives the number  of  enzyme pre- 
parat ions tested. Statistical evaluation following the test for equality of  means of  two correlated var iants  
(Chakravarti,  Laha & Roy 1967) compared differences between activity without and with dThd-5 ' -P before 
and after electrophoresis. These differences are significant with a level of  significance smaller than I ~oo. 
In the control experiments a gel slice was added to the reaction mixture containing those enzyme extract~ 
which were used in the electrophoresis experiments. 

t 300/zM final concentration. 
~. #U,  average+ standard deviation. 

Table 5. Stimulation of TK I by dThd-5'-P after electrophoresis when 
gel slices were tested together 

Before electrophoresis After  electrophoresis 
Induced ~ ~ ~ ~ ~ 

by Without  With dThd-5"-P* Without  With dThd-5"-P* n 

P A  I72"I_+ Io5"3 27o'3 + 166"4~ lO1"3+83'5 lOO'8+8o'9 5 
Len lO4"3 + 50'8 157"4 + 79"2 57" 1 + 41-8 6I -o + 48"7 5 
D-316 248"I + lO9"O 15I'4 + 73'1 75"2 _+ 30"5 64'6+ 29"6 3 

* After  electrophoresis the gel was cut into 2 m m  slices, which were tested together in one reactior~ 
mixture with a volume o f  2'25 ml (see Methods).  Symbols are the same as on Table 4. Final concentration, 
300/ZM. 

t M e a n + s t a n d a r d  deviation. 

since TK I shows substrate inhibition. Tbe inhibition by substrate, however, does not follow 
a normal pattern since the inhibition is decreased at substrate concentrations of ~4I to 
566 #M (Fig. 2a). 

The occurrence of substrate inhibition suggests the existence of a second thymidine 
binding site on the enzyme which might act as a regulatory centre. This notion is supported 
by the biphasic effect of dThd-5'-P on TK ~ in the kinetic experiments of Fig. 2(a). The 
decrease of enzyme activity by dThd-5'-P at thymidine concentrations below 35 #M seems 
to be due to a competition of  dThd-5'-P and dThd for the active centre of TK I. The com- 
petitive inhibition by 1.23 mM-dThd-5'-P is superceded at higher concentrations of dThd 
by substrate inhibition, which, however, is less pronounced than when dThd-5'-P is absent. 
In the presence of 4"8 mM-dThd-5'-P, the suppression of substrate inhibition is complete, 
which is a strong argument that dThd and dThd-5'-P also compete for the regulatory centre. 

The stimulation of TK I by dThd-5'-P vanished after polyacrylamide gel electrophoresis 
of the enzyme (Table 4). This is not caused by an effect of the gel or its components. 
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Fig. 4. TK ~ consists of two subunits, a regulatory represented by an octagon and a catalytic one 
represented by a square, which can be separated by polyacrylamide gel electrophoresis. Step (0:  
the catalytic subunit of the free enzyme combines with the substrate dThd, thus forming the active 
enzyme-substrate complex, which in step (2) reacts to become free enzyme and products ADP and 
dThd-5'-P. Step (3) : a second substrate molecule combines with the regulatory subunit of thymidine 
kinase. Reaction (3) corresponds to the substrate inhibition observed at substrate concentrations of 
more than 35 #M (Fig. za). The decomposition of this substrate-enzyme-substrate complex in 
step (4) is delayed as compared to reaction (z) At concentrations of ~4I to 566/zM - dThd the delay 
is diminished by dThd-5"-P, which is formed during the enzymic reaction and which stimulates 
the process in the direction of pathway (5). Step (5) : the regulatory subunit can also be occupied by 
a product molecule dThd-5'-P, which causes a faster breakdown of the complex substrate- 
enzyme-product (reaction 6) as compared to the breakdown of the enzyme-substrate complex 
(reaction 2). This acceleration corresponds to the activation of the enzyme by dThd-5'-P at a con- 
centration of 4"8 mM (Fig. 2 a). Step (7): during gel electrophoresis, the regulatory functions of the 
enzyme disappear (Table 5), probably as a result of an irreversible dissociation into regulatory and 
catalytic subunits. The catalytic activity decreases during electrophoresis (Table 4), but does not 
disappear (reactions 8 and 9)- The reactions (4), (6) and (9) are given as irreversible reactions, 
because the activity of the enzyme was measured during the initial phase, in which the turnover of 
substrate amounted to Io ~. 

We propose a hypothetical  mechanism as shown in Fig. 4. In  fact, some recent results 
suggest that  the T K  I enzyme molecule consists of different units. Using gel chromatography 

Ogino et al. (t 973) found  that  T K  I exists in a monomeric ,  a dimeric and in an aggregated form. 
On I4 ~ polyacrylamide gel conta ining sodium-dodecyl-sulphate,  Honess & Watson  

0974)  separated a componen t  f rom immunological ly  purified T K  I which might  carry the 
b inding  site for dThd-5'-P.  

Former ly  Iwatsuki & Okazaki (I967) had shown that the activation by 2'-deoxycytidine- 
5 ' -diphosphate and  the inhibi t ion by dThd-5 ' -PPP of Escherichia coli thymidine kinase is 
coupled with a change of the sedimentat ion rate, suggesting the existence of an active or 

inactive dimeric form. 2 '-deoxycytidine-5'- tr iphosphate and  its halogenated analogues 
activate thymidine kinase from E. coli in parallel with an increase of  the sedimentat ion rate 
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(Voytek, Chang & Prusoff (I97I). It  remains to be investigated whether the stimulating 
effect of dThd-5'-P is coupled with a change of the sedimentation rate of thymidine kinase. 

TK ~ is both stimulated and inhibited by dThd-5'-P depending on the concentration. 
Maximum stimulation is achieved at dThd concentrations of 48 # u  if dThd-5'-P exceeds 
ten times the concentration of dThd. In contradistinction to dThd-5'-P, dThd-5'-PPP acts 
only in an inhibitory fashion on TK I. This behaviour might be due either to a competition 
with thymidine for the active site or a negative heterotropic effect of dThd-5'-PPP via 
a regulatory site. As shown in Fig. I (a), the presence of dThd-5'-PPP lowers the activation 
of T K  by dThd-5'-P, but does not abolish it completely. This partial suppression can be 
interpreted in two different ways in analogy to the biphasic effect of dThd-5'-P: (I) competi- 
tion of thymidine and dThd-5'-PPP for the active centre resulting in a simple competitive 
inhibition or (2) competition of dThd-5'-P with dThd-5'-PPP for the regulatory site. 
A possible negative heterotropic effect of dThd-5'-PPP would decrease the reaction rate in 
the presence of both dThd-5'-PPP and dThd-5'-P by cancelling out the positive heterotropic 
effect of dThd-5'-P. Both effects could occur simultaneously. 

In contrast to the behaviour of TK ~, the thymidine kinases of TK 2 from strains D-316 
and ER do not show any effects which would suggest the existence of a regulatory site: 
neither substrate inhibition nor activation by dThd-5'-P does occur. As shown in Fig. 2 (b), 
the only effect of dThd-5'-P is a purely competitive inhibition, most likely due to a competi- 
tion between thymidine and dThd-5'-P for the active centre. This inhibition by dThd-5'-P 
remains also as a small effect after polyacrylamide gel electrophoresis (Tables 4 and 5). 

It is still unknown, however, whether the lack of any regulatory effects on TK 2 is due to 
the lack of regulatory sites or to the fact that regulatory effects cannot be transmitted any 
more from this site to the active site, e.g. as a result of decreased subunit interaction energy. 

The enzyme kinetic study by Klemperer et al. (~967) on thymidine kinase of HFEM- 
infected RK I3 and BHK cells does not show a substrate inhibition curve. This may be due 
to differences in the cells or techniques employed. 

Interference by mitochondria thymidine kinase which is genetically distinct from the 
cytoplasmic enzyme (Kit et al. I972; Berk & Clayton t973) can be excluded. In control 
experiments, we have been using extracts from infected cells, homogenized by freezing and 
thawing, from which the mitochondria had been removed by ultracentrifuging. These experi- 
ments yielded identical results. 

However, one fact should be borne in mind, when interpreting the results: our studies 
were performed using a crude enzyme preparation which could have contained unidentified 
analogue compounds of the substrate and effectors used. These compounds could have 
interfered with the binding of substrate and effectors by the enzyme. Although this would 
result in a certain decrease of the affinity between enzyme and substrate and/or effectors, 
this does not alter the basic situation. 

Our results of in vitro experiments concerning differences between TK  I and TK  2 corre- 
spond to findings obtained in vivo by Cohen, Factor & Ponce de Leon 0974). The authors 
describe an inhibition of replication of HSV type 2[in KB cells by 2 m~-dThd, whereas 
HSV type I replicates under these conditions. 

We thank Professor Harris, Sir William Dunn School of Pathology, University of Oxford, 
for sending us BHK T K -  cells, Miss K. Meyersen and Mrs H. Wahlscheid for technical 
assistance, Dr S. Wellek for advising on statistical evaluation and Dr H. Hahn for revising 
the English. 
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