MOLECULAR PHARMACOLOGY, 9, 74-80

Thymidylate Synthetase in Mouse Erythrocytes Infected
with Plasmodium berghei

VincenT E. REID! AND MoRRIs FRIEDKIN?

Department of Pharmacology, Tufts University School of Medicine, Boston, Massachusetts 02111
(Received October 10, 1972)

SUMMARY

REID, VINCENT E., AND FRIEDKIN, MORRIs: Thymidylate synthetase in mouse erythro-

cytes infected with Plasmodium berghei. Mol. Pharmacol. 9, 74-80 (1973).
Thymidylate synthetase in mouse erythrocytes infected with Plasmodium berghei increases
markedly during cellular parasitization. The malaria enzyme has been compared with
enzymes from normal mouse reticulocytes and Escherichia cols by kinetic and physical
means. When folic acid analogues were used as cofactors, distinct kinetic differences were
apparent when thymidylate synthetases from P. berghes and E. coli were compared. How-
ever, no significant kinetic dissimilarities were revealed in a comparison of enzymes from
P. berghei and the host mouse reticulocytes. Upon gel filtration the P. berghe: thymidylate
synthetase exhibits an apparent molecular weight in excess of 100,000 whereas the normal
mouse reticulocyte enzyme shows an apparent molecular weight of 68,000, similar to the

enzyme from E. colz.

INTRODUCTION

The emergence of drug-resistant strains of
Plasmodium falciparum in South America,
Southeast Asia, and other tropical areasis an
unpleasant reminder that malaria is still a
worldwide problem. Increasing reports of
drug-refractory malaria have spurred efforts
to develop new antimalarials effective
against chloroquine-resistant parasites.

As part of a study aimed at elucidating
the role of folic acid in malaria (1), a folate-
requiring enzyme, thymidylate synthetase,
was investigated in mouse erythrocytes
parasitized with Plasmodium berghes.

This work was supported in part by Contract
DA-49-193-MD-2982 with the United States Army
Medical Research and Development Command
and by Grants CA-05997 and CA-11449 from the
National Cancer Institute.

1 Present address, Department of Physiology,
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Thymidylate synthetase catalyzes the fol-
lowing reaction:

Deoxyuridine 5’-phosphate
+ N5 ,NY%-methylenetetrahydro-

folate sz deoxythymidine
5'-phosphate + dihydrofolate

Our rationale has been that specific infor-
mation about this key enzyme in nucleic
acid metabolism could lead to the design
of more effective antimalarials. This paper
describes various kinetic and physical prop-
erties of thymidylate synthetase characteris-
tic of mouse malaria.

METHODS

1. Preparation of Extracts from Parasitized
Erythrocytes

The strain of P. bergher (NK658) used for
this study was kindly supplied by Drs. H.
Most and M. Yoeli of New York University,
Bellevue Medical Center, New York. The
strain was carried primarily in DBA/2J
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male mice obtained from Jackson Labora-
tories, Bar Harbor, Maine. During interim
periods when infected blood was not re-
quired, P. berghei was carried in male Syrian
hamsters also supplied by Jackson Labora-
tories. DBA/2J mice received an injection of
blood containing 2 X 107 infected red blood
cells. In approximately 5-7 days the mice
were bled by cardiac puncture. At term,
25-45 % of the red cells were infected. Ether
anesthesia was used to facilitate intracardial
sampling of blood.

After collection of blood, the erythrocytes
were centrifuged, washed twice by resus-
pension in 0.15 M KCI for removal of plasma,
and then lysed in buffer C. The lysate was
poured into a French pressure cell, and
10,000-13,000 psi were applied, after which
it was centrifuged for 10 min to remove red
cell ghosts. The supernatant fluid was used
as the source of crude enzyme. All steps were
carried out at 0—4°.

2. Assay of Thymidylate Synthetase

The method for determining thymidylate
synthetase activity was a modification of
procedures described by Smith-Lomax and
Greenberg (2) and Roberts (3). The assay
depends on the labilization of tritium at-
tached to carbon 5 of deoxyuridine 5’-phos-
phate.

The components of the thymidylate syn-
thetase assay system consisted of [*H]deoxy-
uridylate, 0.1 mum (4.2 X 10° dpm/umole);
dl-tetrahydrofolate, 1.6 mm; formaldehyde,
3.0 mm; MgCly, 7.8 mm; and Tris buffer,
pH 7.4, 0.25 M. The total volume, including
the enzyme, was 116 ul. After 30 min of
incubation at 37°, 0.5 ml of 0.8 ma dUMP
and 0.5 ml of charcoal suspension (200
mg/ml) in 8% trichloracetic acid were
added. The mixture was then centrifuged,
and to a 700-ul sample of the supernatant
fluid were added a further 0.4 umole of
dUMP and 0.5 ml of the charcoal suspen-
sion. The suspension was centrifuged, and 1
ml of supernatant fluid was taken for assay
of radioactivity by addition to 15 ml of
DAM 611 liquid scintillation fluid (4).

Purification of [5-*Hdeoxyuridine 5 -mono-
phosphate. Radiochemical destruction of 3H-
labeled dUMP leads to increasing blanks in
the assay. A simple procedure involving ap-
plication of *H-labeled dAUMP to a small

column of DEAE-cellulose, followed by
washing with 1 mmM NH,HCO;, elution of
the radioactive nucleotide with 250 mwm
NHHCO;, and removal of NH,HCO; by
evaporation under vacuum (water added

several times), yields material with low
blanks.?

3. Catalytic Hydrogenation of Folate Ana-

logues

Analogues of folic acid were reduced as
follows. Approximately 10 mg of platinum
oxide were suspended in 1.5 ml of potassium
phosphate buffer, pH 7.1, and hydrogenated.
This reduction took about 15-20 min. Then
approximately 2 mg of N-pteroyl-pL-a-
aminopimelic acid, N<-pteroyl-Ne-(tert-bu-
tyloxycarbonyl)-L(+)-lysine, or N*-pteroyl-
L(+)-lysine (5) were added to the reaction
flask through a serum cap after being dis-
solved in 0.3 ml of water with the addition
of 1 NaOH. Aliquots of the mixture were
removed periodically for spectrophotometric
assay in order to follow the progress of the
reduction. After reduction was complete,
enough mercaptoethanol was added to make
the final concentration 1 M.

4. Preparation of Extracts of Reticulocytes

A 2.5% phenylhydrazine hydrochloride
solution was prepared and neutralized with
sodium hydroxide. The solution was stored
at 15° in the presence of 1 mm reduced
glutathione (6). To produce reticulocytosis,
0.1 ml of the phenylhydrazine solution was
injected intraperitoneally into mice daily for
4 days. No injections were given on the fifth
day, to allow the phenylhydrazine to be
metabolized. The blood withdrawn from the
mice by cardiac puncture was washed twice
with 0.15 m KCl and stored frozen. An ex-
tract was prepared from these cells by sus-
pension in buffer C and passage through the
French pressure cell as described above.

5. Buffers

Buffer A was 50 mm Tris-Cl (pH 8.4)-10
mM mercaptoethanol-1 mm ethylenedia-
minetetraacetate; buffer B, same as buffer A
but adjusted to pH 7.4 instead of 8.4;
buffer C, same as buffer A except that the

3 L. VandeVenter and M. Friedkin, unpublished
method.
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concentration of Tris-Cl was 5 mMm instead
of 50 mm.

RESULTS

Infection of Mouse Erythrocytes by P. berghei
(NK658)

The differential infection of mouse eryth-
rocytes and not reticulocytes by the strain of
P. bergher (NK658) used in our study made
possible a comparison of thymidylate syn-
thetases from P. bergher and from mouse
reticulocytes.

Infected and noninfected mature erythro-
cytes as well as infected and noninfected
reticulocytes could be distinguished easily
by use of the following staining procedure.

A small amount of infected blood was
mixed with an equal volume of new methyl-
ene blue and allowed to react for 3 min
(usually in a micropipette to reduce evapo-
ration). Then a thin blood smear was made.
Wright’s stain was applied for 2.5 min,
followed by rinsing with water and counter-
staining with Giemsa. After 25 min the
slide was rinsed with water and air-dried.
With this technique reticulocytes, infected
reticulocytes, and infected mature erythro-
cytes could be distinguished. Erythrocytes
were stained a buff color and reticulocytes
exhibited blue-stained granules superim-
posed on the buff background. Infected re-
ticulocytes were easily distinguishable by
the presence of the stained plasmodium in a
reticulocyte. P. berghet is characterized by a
blue cytoplasm with red nuclei. The cyto-
plasm of the parasite was uniformly dense.
An infected mature erythrocyte was dis-
tinguishable by exhibiting the stained plas-
modium on a buff background without
granules.

Nine DBA/2J male mice received an
injection of the P. bergher (NK658) strain,
and a similar group of animals were treated
a strain of P. berghei known to infect reticu-
locytes (kindly provided by Dr. King, ITT
Research Institute, Chicago). Blood smears
from both groups of infected animals were
prepared as described above during the
first 7 days of infection.

Examination of the slides indicated that
P. berghei strain NK658 was a mature

II']'[I]'II['I
12
10
£
=
o 08| —_
S 7
w 06 |- g
Q a
-4
g e
ax 04| — 1000
o
wn
@ 4N
< o2} Iy - 500
/ \h
L ,?.l,?.l.l.l

1
2 4 6 8101214
FRACTION NUMBER

Fie. 1. Separation of thymidylate synthetase from
hemoglobin on DEAE-cellulose columns

See the text for details of the procedure. The
solid line represents elution of protein, measured
by absorbance at 280 nm. The dashed line indicates
thymidylate synthetase activity.

erythrocyte infection as carried in DBA/2J
male mice. No reticulocytosis was produced
during the course of the infection. In con-
trast, the strain of P. berghes obtained from
Dr. King was shown to infect reticulocytes.
During the course of infection by the King
strain no infected erythrocytes could be
detected.

Separation of Thymidylate Synthetase from
Hemoglobin by DEAE-cellulose Chroma-
tography
DEAE-cellulose columns were prepared in

two sizes, 1.0 X 10 cm for 100 mg of protein
and 3.0 X 10 cm for 500 mg of protein. Each
column was equilibrated with buffer A, and
then an enzyme extract of parasitized eryth-
rocytes (see METHODS) was applied, followed
by washing with buffer B. At this point
hemoglobin was eluted from the column and
the enzyme remained bound to the DEAE-
cellulose. Thymidylate synthetase was eluted
with 0.4 m (NH,);S0, in buffer B. A typical
elution pattern is shown in Fig. 1. With the
removal of hemoglobin there was a 50-fold
purification of thymidylate synthetase.



P. BERGHEI THYMIDYLATE SYNTHETASE

Increase of Thymidylate Synthetase Activity
during P. berghei Infection of Erythrocytes

Preparations of whole blood from infected
and noninfected DBA/2J mice were diluted
so that all samples contained 2.6 X 10°
erythrocytes. Cells were lysed with buffer C.
After centrifugation the supernatant fluid,
containing 60 mg of protein, was subjected
to chromatography on a DEAE-cellulose
column (1 X 10 cm) for removal of hemo-
globin (see previous section); 1.1-ml frac-
tions were collected and samples were taken
for determination of thymidylate synthetase
activity.

After removal of hemoglobin by chroma-
tography on DEAE-cellulose the thymi-
dylate synthetase activity in extracts of
erythrocytes was proportional to the time
of incubation and the amount of extract
used (Fig. 2). This validation of the assay
procedure allowed us to estimate changes of
thymidylate synthetase activity during the
course of parasitemia. As shown in Fig. 2,
the enzyme activity in erythrocytes in-
creased approximately 7-fold during the
infection with P. berghei.

The source of thymidylate synthetase in
blood samples from noninfected mice was
then investigated. Red cells were separated
from white cells by the following procedure.
Red and white cells were counted in samples
of whole blood from normal uninfected mice.
Rouleaux formation was induced by the
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addition of 1 volume of fibrinogen, 2.7 % in
0.15 M KCI, to 2 volumes of whole blood.
The erythrocytes were allowed to settle
and the supernatant fluid was removed.
The erythrocytes were diluted to the original
volume, and a fraction of blood equivalent
to 2 X 10% erythrocytes was taken. Fibrino-
gen in KCl was added to induce rouleaux
formation, and the procedure was repeated
three times. After the final sedimentation of
red cells, the blood was centrifuged and the
buffy coat was removed.

Despite the fact that over 73% of the
white blood cells were removed by this
method of differential centrifugation, the
amount of thymidylate synthetase per red
cell remained constant. We conclude that
the basal level of thymidylate activity in
mouse blood samples is due to the intrinsic
activity of normal mouse erythrocytes. Al-
though very low, this activity was a constant
finding in all preparations of noninfected
mouse blood samples tested.

Mscellaneous Findings

The labilization of tritium from [*H]dUMP
was completely dependent on the presence
of tetrahydrofolate and active enzyme. The
pH optimum was found to be quite broad,
pH 7.0-8.8, in Tris-Cl buffer. The enzyme
activity in whole blood extracts was rapidly
inactivated by heating at 55° for 2 min.

w
(2]
B
":_ = 240 LI B S B 7 SN BN B B T T T T
xz a - o = -
> o
» _ 160 - - -

>
w - - - o - -
S eof - - 7
4 = _J
> o -
o« 1
5 0 R N S B [ S T PR T T S |
; 10 30 50 10 30 50 10 30 50—
= TIME of AMOUNT of PERCENT

~ INCUBATION, min EXTRACT, ul  PARASITEMIA

Fia. 2. Thymidylate synthetase activity as a function of time of incubation, amount of exiract, and per-

centage of parasitemia
See METHODS for experimental details of assays.
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Fluorodeoxyuridylate at a concentration of
0.1 um produced 50 % inhibition.

Localization of Thymidylate Synthetase

All extracts of parasitized erythrocytes
were prepared from lysed cells followed by
passage through the French pressure cell
(see METHODS), a procedure which disrupted
the parasites. However, the pressure treat-
ment was not necessary for release of thy-
midylate synthetase; gentle lysis of para-
sitized erythrocytes in buffer C sufficed to
release 85 % of the enzyme in a soluble form.

When parasites were first separated from
lysates by centrifugation and then disrupted
in the French pressure cell, less than 10%
of the thymidylate synthetase activity of the
original lysates was present. The enzymatic
activity in the supernatant fluid from cen-
trifuged parasites was not diminished by the
pressure cell treatment, indicating that this
procedure did not denature the enzyme. We
are forced to the conclusion that the plas-
modium thymidylate synthetase is probably
released from the parasite during lysis of
the erythrocytes. A much less likely, but
not excluded, possibility is that the enzyme
can diffuse through the plasmodium cell
membrane during infection of the erythro-
cyte.

Comparison of Thymidylate Synthetases from
Parasitized Erythrocytes and Normal Mouse
Reticulocytes

Kinetic studies with analogues of tetrahy-
drofolic acid. Thymidylate synthetases from
P. berghei-infected erythrocytes and from
host reticulocytes were examined for possi-
ble differences in kinetic properties by using
a variety of tetrahydrofolate analogues as
cofactors. This method is a very useful and
well-known means of revealing species dif-
ferences. For example, the pattern of ac-
tivities with various cofactor analogues is
strikingly dissimilar when thymidylate syn-
thetases from Escherichia coli and mouse
reticulocytes are compared (Table 1).
Thymidylate synthetases from parasitized
erythrocytes and from reticulocytes yielded
a more similar pattern; however, some dif-
ferences were apparent when tetrahydro-
homofolate and tetrahydropteroyl(tert-bu-
tyloxycarbonyl)lysine were used as cofactors.

TaBLE 1

Thymidylate synthetase activities with various
tetrahydrofolate analogues

Tetrahydrofolate analogues were prepared as
described under METHODS, section 3, and in each
case were used in place of tetrahydropteroyl-
glutamate in the incubation mixture (METHODS,
section 3). P. berghet and reticulocyte enzymes
were fractions obtained by DEAE-cellulose chro-
matography of lysed cells by the method described
in Fig. 1. The thymidylate synthetase of E. coli
was prepared by a modification of previously de-
scribed procedures (7).

Relative rates
E. coli

Cofactor

Retic-  Parasi-
ulocytes tized

Cytes

% % %
H,-pteroyl-L(+)-gluta-

mate 100 100 100
H,-pteroyl-pL-a-amino-

pimelate 63 26 21
H,-pteroyl-Ne-L(+)-ly-

sine 40 11 11
H,-pteroyl-N ¢-(tert-bu-

tyloxycarbonyl)-Ne-

L(+)-lysine 50 124 91
H.-homopteroyl-L(+)-

glutamate 0 13 3

It is interesting in regard to the low but
significant activity of tetrahydrohomofolate
with reticulocyte enzyme that this analogue
can act as a cofactor of thymidylate syn-
thetase in Streptococcus faectum and Lacto-
bacillus caser (8) but is a powerful inhibitor
of the enzyme from E. colz (5).

Gel filiration of thymidylate synthetases
from parasitized erythrocytes and uninfected
reticulocytes. Thymidylate synthetase from
lysed erythrocytes parasitized by P. berghes
appeared at the void volume upon filtration
through Sephadex G-100, whereas the en-
zyme in uninfected reticulocytes was de-
tected just before the elution of hemoglobin
(Fig. 3). The reticulocyte enzyme showed
the same elution pattern as bovine serum
albumin and E. col: thymidylate synthetase,
with an apparent molecular weight of 68,000
™).

In order to rule out the possibility that
the P. berghet enzyme formed a high molecu-
lar weight complex with other proteins, the
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F1a. 3. Gel filtration of thymidylale synthelases
Jrom P. berghei-infected erythrocyles and from
reticulocytes

Lysates (see METHODs, sections 1 and 4) of in-
fected erythrocytes (200 mg of protein) and/or of
noninfected reticulocytes (138 mg of protein) were
layered onto a column of Sephadex G-100 (2.2 X
64.5 cm) that had been equilibrated with buffer A,
and then eluted with buffer A. Fractions 1-15 con-
tained 4.5 ml, and each succeeding fraction, 2 ml.
Top, extract of ensyme from infected cells; center,
extract of reticulocytes; bottom combined ex-
tracts from infected cells and from reticulocytes.

thymidylate synthetases from infected eryth-
rocytes and normal reticulocytes were mixed
and then subjected to gel filtration. As shown
in the bottom panel of Fig. 3, two distinct
peaks of enzyme activity were seen, one
appearing at the void volume and the other
at the ascending foot of the hemoglobin
peak.

These findings support the view that
thymidylate synthetase in parasitized eryth-
rocytes is distinctly different from normal
host enzyme obtained from reticulocytes.
Although the exact molecular weight of the
plasmodium enzyme was not determined in
this study, it must be 100,000 or greater in
view of its exclusion from Sephadex G-100.

DISCUSSION

Pyrimidine synthesis in parasites has been
an obvious target for chemotherapeutic
attack, generating a large number of bio-
chemical studies. The central role of folic
acid in nucleic acid metabolism and the
known action of the sulfonamides and anti-
folates, such as pyrimethamine and chloro-
guanide (9), have prompted investigations of
folic metabolism in plasmodia by Trager in
1961 (10), by Ferone and Hitchings in 1966
(11), and by Platzer in a very recent work
(12).

Of special interest to us has been the
enzymatic synthesis of thymidylate de novo
from deoxyuridylate via a tetrahydrofolate-
dependent 1-carbon transfer reaction. Thy-
midylate synthetase has been detected in a
number of protozoa—in the avian malaria
parasite Plasmodium lophurae (13), in Plas-
modium chabaudi, Trypanosoma gambiense,
and Trypanosoma lewis: (14), and now, as
reported in this paper, in Plasmodium
berghe:.

In the present study we have shown that
upon infection of mouse erythrocytes by
P. berghei a marked increase of thymidylate
synthetase occurs in the red cell, a result
very similar to what happens when nucleated
avian erythrocytes become infected with
P. lophurae (13). In view of the fact that the
salvage pathway for utilization of thymidine
is apparently inoperative in P. berghet (15),
we concur with Walsh and Sherman (13)
that the synthesis of thymidylate is probably
the point in the pathway of nucleic acid
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synthesis most sensitive to the action of
folate analogues. There is strong evidence
that folate-dependent purine synthesis de
novo is not required by the parasite, since
endogenous host purines can be utilized
(13, 15).

Our interest in comparing the plasmodial
and host thymidylate synthetases was
aroused by the strikingly selective action of
pyrimethamine on plasmodial and erythro-
cyte dihydrofolate reductases. As shown by
Ferone, Burchall, and Hitchings (16), pyri-
methamine is 50 % inhibitory at 0.5 nm with
the plasmodial enzyme, compared to the
much higher value of 1 uM required to affect
the host dihydrofolate reductase.

Although our kinetic data with tetra-
hydrofolate analogues did not reveal sharp
differences between the plasmodial and host
thymidylate synthetases (Table 1), the
finding of a much higher molecular weight for
the P. berghei enzyme, 100,000 or greater,
compared to a molecular weight of approxi-
mately 68,000 for the host enzyme (Fig. 3),
convinced us that the two enzymes are in-
deed dissimilar.

During the early stages of our investiga-
tion the similarity of activities with the
tetrahydrofolate analogues suggested that
the plasmodial infection might result in the
production of more host thymidylate syn-
thetase. Another possibility was that para-
sitized erythrocyte preparations also con-
tained reticulocytes, known to be a source of
thymidylate synthetase. We believe this to
be highly unlikely, since during the period
of infection in which blood was sampled
there was no increase in reticulocytes.

The exclusion of plasmodial enzyme on
Sephadex G-100, in contrast to the retarda-
tion of the reticulocyte enzyme (Fig. 3),
strongly suggests that P. berghei thymidylate
synthetase is indeed a protein with different
properties from those of the host enzyme.
It is a curious coincidence that P. berghe:
dihydrofolate reductase also has a very high
molecular weight, 190,000 (16), in contrast
to a host erythrocyte enzyme molecular
weight of 20,000. These unusually high

molecular weights of two plasmodial en-
zymes that are so closely linked in function,
dihydrofolate reductase and thymidylate
synthetase, may be a reflection of unknown
regulatory mechanisms unique for plas-
modia.

In any event, our finding of a major
physical difference between plasmodial and
host thymidylate synthetase holds out the
possibility that specific antimalarials can be
designed that will cut off plasmodial thy-
midylate synthesis without harm to the host.
Certainly the experience with dihydrofolate
reductases from different species (17) serves
as a promising model for screening com-
pounds that may act as specific inhibitors of
the protozoal thymidylate synthetase.
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