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1. Introduction

Macroplasmodia of the myxomycete Physarum
polycephalum exhibit natural synchrony of nuclear
division [1] and therefore serve as a model system for
studies of mitotic cycle-dependent events. Two specific
enzymes, thymidylate synthetase (EC 2.1.1.45) and
thymidine kinase (EC 2.7.1.21) are responsible for
the formation of dTMP, a precursor of DNA synthesis.
Thymidine kinase has been extensively studied in
Physarum in connection with the cell cycle-dependent
enzyme activity pattern [2,3], the interconversion of
enzyme variants [4,5] and the differentiation stages
in the life cycle [6].

Attempts to detect thymidylate synthetase in
Physarum polycephalum have thus far been unsuccess-
ful, although data on thymidylate synthetase are
clearly needed for studying dTMP synthesis [7].
Thymidine kinase-deficient mutants of Physarum
(which do not show differences in growth under labo-
ratory culture conditions as compared to wild-type)
and FdUrd-experiments have made it necessary to
determine the thymidylate synthetase activity in this
organism [7,8)]. FdUrd is intracellulary phosphorylated
by thymidine kinase and FAUMP leads to a strong
inhibition of thymidylate synthetase by formation of
an enzyme - FAUMP . 5,10-CH,-H,folate - complex
[9-13].

Here, we correlate the effect of FdUrd on the
mitotic cycle with thymidylate synthetase activity,
since we established an assay to measure this enzyme
in Physarum. Mitosis is strongly delayed after applica-
tion of FdUrd in Physarum wild-type M;b but not in
the thymidine kinase-deficient mutant TU63. This
fact is reflected in thymidylate synthetase activity,
which is strongly reduced in wild-type M3b but not in
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the thymidine kinase-deficient mutant TU63. The
delay of mitosis as well as the inhibition of thymidylate
synthetase in FdUrd-treated plasmodia of wild-type is
cancelled after application of exogenous dThd.

2. Methods

2.1. Preparation of plasmodial extracts

Plasmodial strains used were the Tromsé University
mutant TU63 and the wild-type M3b (Wis 1 isolate).
Microplasmodia of both strains were maintained in
submersed culture in semi-defined nutrient medium
[14], supplemented with 0.013% hemoglobin instead
of hematin. Macroplasmodia were prepared by fusion
of microplasmodia [16]. The naturally synchronous
nuclear divisions, which occur every 8—10h in untreated
macroplasmodia, were determined in ethanol-fixed
smears under phase contrast. For investigations of
FdUrd-effects in vivo and subsequent enzyme anal-
ysis FdUrd, Urd or dThd were added to the growth
medium,

For determination of enzyme activities macroplas-
modia were harvested 2 or 7 h after mitosis, frozen in
dry ice together with 1 ml1 0.1 M PGM-buffer (0.1 M
sodium phosphate, pH 7.0 at 25°C, 10% (w/v) glycerol,
5 mM 2-mercaptoethanol)and stored at —28°C. Frozen
samples were thawed, disrupted by sonication (MSE
Ltd., Crawly, Sussex;low power, amplitude 1; 3 times
each for 3 s at 0°C) and centrifuged for 30 min at
50 000 X g at 0°C. Thymidylate synthetase and
thymidine kinase activities were determined in the
supernatant. Protein analysis was done as in [15].

2.2. Thymidine kinase assay
This was as in [4] in extracts diluted 1:4 with
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50 mM TGM-buffer (50 mM Tris—HCl, pH 7.5 at
25°C, 25% (w/v) glycerol, 5 mM 2-mercaptoethanol).

2.3. Thymidylate synthetase assay

Thymidylate synthetase was measured by a modi-
fication of the method in [17]. The assay is based on
the release of *H as 3H, 0, from dUMP 3*H-labelled in
position 5 of the pyrimidine ring system, when dTMP
is formed; the remaining substrate is absorbed onto
charcoal and the supernatant fluid measured by liquid
scintillation counting. After we had determined the
K, for dUMP (7 X 107° M) and 5,10-CHy-H,folate
(2 X 107 M) as substrates and the pH-optimum (7.0)
we established the following standard assay:

Solution (A):  The stock solution of 4 mM Hyfolate,
90 mM 2-mercaptoethanol, 40 mM formaldehyde,

20 mg bovine serum albumin/ml and 0.2 M sodium
phosphate buffer (pH 7.0) was stored frozen and pre-
pared freshly every 2 weeks.

Solution (B):  Prepared fresh just prior to use, con-
taining 0.208 mM d[5-*H]UMP (385 mCi/mmol,
80 uCi/ml) and 8 mM NADPH.

Procedure:  Aliquots (50 ul) of extracts were incu-
bated at 25°C with 25 ul solution (A) and 25 wl solu-
tion (B), aliquots (25 ul) were pipetted into 50 ul
12.5% (w/v) trichloroacetic acid after 0,30 and 60 min
incubation to terminate the reaction. Charcoal sus-
pension (175 ul, 100 mg/ml) was added and the
vigorously mixed samples were left at 25°C for 15 min.
Clear supernatants were obtained by centrifugation
for 10 min at 10 000 X g and 100 pl were counted in
10 ml Instagel (Packard Instrument Co., Downers
Grove IL)in a Packard Tricarb 2425 liquid scintillation
spectrophotometer. Counts in blanks from which
enzyme was omitted or 0 min-values ranged from
6001000 cpm. Samples were assayed with sufficient
amounts of extract to record 5000—50 000 cpm.
Duplicate samples agreed within + 5%.

3. Results and discussion

Now that it has become possible to measure
thymidylate synthetase activity in Physarum, we have
studied the effect of FAUrd + Urd (Urd is added to
prevent incorporation of FUrd into RNA [18]) on the
nuclear division cycle and on the dTMP synthesizing
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enzymes. The mechanism of FdUrd-induced inhibi-
tion has been described in E. coli: (1) FdUrd is phos-
phorylated by thymidine kinase; (2) FAUMP inactivates
thymidylate synthetase [9].

In wild-type M3b FdUrd + Urd induced a 400%
delay of mitosis as compared to untreated control
plasmodia (table 1). In the thymidine kinase-deficient
mutant TU63, which has wild-type thymidylate syn-
thetase activity, FdUrd can not be phosphorylated
and therefore it could only slightly influence the length
of the intermitotic time (130% as compared to the
control cycle). These observed effects are in line with
earlier findings [7].

The effects of FdUrd + Urd on the mitotic cycle
are in strong correlation with the measured thymidylate
synthetase activity (table 1). After the addition of
FdUrd + Urd to wild-type M3b plasmodia in vivo 1 h
before mitosis 2, we found only 10% of the control
thymidylate synthetase activity in plasmodial extracts
harvested 2 h after mitosis 2. Nearly all activity was
restored when the plasmodial extract was dialysed to
remove FAUMP. However, after the addition of
FdUrd in vitro to the thymidylate synthetase assay
mixture of an untreated control extract, the measured
thymidylate synthetase activity decreased to ~20%
of the untreated extract; obviously this inhibition is
caused by the phosphorylation of FdUrd by thymidine
kinase (with ATP as phosphate donor). In the thymi-
dine kinase-deficient mutant FdUrd could influence
the thymidylate synthetase activity neither in vivo
nor in vitro.

FAUMP forms a stable covalent thymidylate syn-
thetase - FAUMP - CH,-H,folate - complex [9—-13].
However, in Ehrlich Ascites tumor cells thymidylate
synthetase, pre-exposed to FAUUMP and CH,-H,folate,
regained full activity after dialysis [19], which is in
line with our results. In [10], dissociation of the com-
plex of L. casei thymidylate synthetase was shown to
be a first order process; the complex is only stable
when the enzyme has been denatured, which supports
the assumption that the bonds involved are not
intrinsically labile, but the native enzyme itself seems
to catalyze the breakdown of the complex to regen-
erate free thymidylate synthetase [10,12].

To further examine the stability of the thymidylate
synthetase - FAUMP - cofactor - complex, we performed
the following in vivo experiments in wild-type M;b:
After addition of FdUrd + Urd to macroplasmodia
1 h before mitosis 2 we have found residual enzyme
activities of ~10% 2 h after mitosis 2 and of 20% 7 h
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Table 1
Effect of FdUrd + Urd on measured thymidylate synthetase (TS) and thymidine kinase (TK) activities and on the length of the
intermitotic period (M2—M3) of wild-type M,b and TK-deficient mutant TU63

Strain Treatment Enzyme spec. act. (uunits/mg protein) Intermitotic
period
TS TK M2-M3)
(h)
M2+2h M2+ 7h M2+2h M2+7h
M;b In vivo
Control? 371 28.7 82.7 56.2 8.5
FdUrd + Urdb 3.8 6.1 95.4 76.1 43.6
FdUrd + Urd until M2 + 2 h, dThd
was added at M2 + 2 h® 38 229 95.4 71.9 12.9
FdUrd + Urd + dThdd 18.1 18.3 78.7 54.5 10.5
In vitro
Control, FdUrd + Mg?* + ATP
were added to the TS-assay® 6.7 - - - -
FdUrd + Urd, TS-assay after
dialysis 23.5 - 76.3 - -
TU63 In vivo
Control? 32.7 25.6 0.8 0.7 9.2
FdUrd + UrdP 30.6 22.7 0.8 0.7 119
In vitro
Control, FdUrd + Mg?* + ATP
were added to the TS-assay® 29.3 - — - _
FdUrd + Urd, TS-assay after
dialysisf 24.7 - 0.6 _ _

2 Untreated control
b Addition of FdUrd (20 uM) + Urd (300 uM) 1 h before M2

¢ Addition of FdUrd + Urd 1 h before M2 asin P;at M2 + 2 h plasmodia were transferred to fresh nutrient medium + dThd

(200 uM)

d Addition of FdUrd (20 uM) + Urd (300 uM) + dThd (200 uM) 1 h before M2
€ FdUrd (100 uM), MgCL, (1 mM) and ATP (10 mM) were added to the TS-assay of control extracts of ? (harvested at M2 + 2 h)

0.5 h before TS was measured

f Extracts of © were dialysed for 5 h against 250 m1 0.1 M PGM-buffer at 4°C before TS-activity was determined

Whole macroplasmodia were harvested 2 h or 7 h after mitosis 2 (M2) and processed as in section 2

after mitosis 2 as compared to untreated control plas-
modia (table 1). When the same plasmodium was
transferred to fresh nutrient medium, to which dThd
has been added to dilute intracellular FdUrd, 2 h after
mitosis 2, nearly all enzyme activity as compared to
the control plasmodium was restored 5 h later. This
correlated well with the observed intermitotic periods
of 500% and 150%, respectively, in relation to the
control cycle.

When dThd was added together with FdUrd +
Urd before mitosis, we observed only a partial inhibi-
tion of thymidylate synthetase activity, as we
expected, since thymidine kinase can phosphorylate
only a small portion of the applied FdUrd; in this case
mitosis was only slightly retarded as shown in table 1.

The differences between thymidylate synthetase
as well as thymidine kinase activity measured 2 h after
mitosis 2 and 7 h after mitosis 2 in control plasmodia
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is due to the periodic fluctuation of specific enzyme
activities with a maximum of activity 2 h after mitosis
[20].

We think that this direct interaction between
inhibitor and thymidylate synthetase explains the
effect of FAUrd on the nuclear division cycle of
Physarum.
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