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INTRODUCTION

As shown in Fig. 1, methotrexate (MIX) and aminopterin, 2,4-
diaminofolate antagonists, are widely used for chemotherapies of
cancers such as acute lymphocytic leukaemia, acute myelogenous leu-

kaemia, choriocarcinoma, carcinoma of the head, neck, lung and

1-3)

breast, and of generalised psoriasis. The therapeutic action

is based on a potent or stoichiometric inhibition of dihydrofolate

1,4,5)

reductase (DFR, EC 1.5.1.3) in carcinoma cells. DFR which

catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydro-
folate in the presence of NADPH has a key role in the synthesis of
tetrahydrofolate and therefore in purine and thymidylate synthesis

1)

for providing DNA precursors. Especially, thymidylate is syn-

thesized de novo in the thymidylate synthetase (EC 2.1.1.45) reac—
tion. Thymidylate synthetase catalyzes a novel reaction in which
a methylene group is both transferred from 5,lO—methylenetetféhydro—

folate to C-5 of deoxyuridylate and reduced accommodatingly by oxi-

CCI:ISSH R =CH3 Methotrexate

o CHz (MTX)

I = - .
N CHZ‘N CNéH H Aminopterin
COOH

H,N° N

COOH
CH,

Oy CH2 Dihydrofolate
HN CH2 H@d N-CH
COOH

Fig. 1. Structures of MTX, Aminopterin and Dihydrofolate.



MTX
Aminopterin

NADF;< Q/ Dihydrofolate \ / dTMP#d TTP =& DNA

Dihydrofolate Thymidylate
reductase synthetase
NADP Tetrahydrofolate =g 510-Methylene- dUMP

tetrahydrofolate

Fig. 2. Interrelation ship of Dihydrofolate Reductase and
Thymidylate Synthetase

dation of the tetrahydrofolate to dihydrofolate6_8) (Fig. 2). The
dihydrofolate is reduced to tetrahydrofolate by the DFR reaction com-

prised the thymidylate-synthesis cycle6’8’9)

and reconverted to 5,
10-methylenetetrahydrofolate by the addition of the appropriate one-
carbon unit. MTX and aminopterin as the effective inhibitors of
the DFR reaction regulate the thymidylate-synthesis cycle and decline
the DNA synthesis. Therefore, MTX and aminopterin are used not
only for the chemotherapy of cancer, but also for elucidation of
these reactions in various
organisms.

The trypanosomid flagel-
late, Crithidia fasciculata,
is a parasite of Culex and
Anopheles mosquitoes, and its
body is usually elongated and

fusiform or pear-shaped with

Fig. 3. Scanning Electron Micro- a length of 4 - 10 um and a
graph of Crithidia fasciculata.
A Hitachi Scanning Electron Micro- width of about 3 um (Fig. 3).

scopy S-450 was used.



This protozoan requires a small amount (0.4 - 21 nM) of a 6-alkyl-

pterin such as L-erythro-biopterin and 6—hydroxymethylpterin.10_12)

It is noted for its usefulness as a biological system for assay of

13)

pteridine compounds (Table I). This protozoan also requires

unusually high amounts of folate (230 - 2,300 nM) for its growth.lo—

12,14) However, the folate concentration required for growth is

reduced to 1 - 11 nM, when a small amount of L-erythro-biopterin

is present.lO—lz) The author, preliminarily, found that MTX and

aminopterin promoted the growth of (. fasciculata ATCC 12857 at the

Table I. Chemically Defined Medium of same concentrations

Crithidia fasciaulatal 3

as did folate, with-

Compound mg/l.  Compound mg/L .
& & out showing any
Casamino acids 10,000 Yeast Adenylic acid 50
L-Glutamic acid 3,000  Adenosine 1 lnhlbltory effect.
L-Tryptophan 80 Guanine-HC1 1 I hi h R
this thesi

DL-Alanine 200 Adenine—sulfate'ZHZO 1 n S»
DL-Methionine 100 Thymine 25 . .

Y in order to eluci-
L-Tyrosine 100 Thymidine 1
L~Ph lalani 100 Bioti .01 :

eny atanine oHmn 0 date the metabolism
MgCO3 1,000 Nicotinic acid 10
CaCO3 20 Nicotinamide 0.5 of MTX and folate
KBPOA 50 Riboflavin 0.8
FeS0, (NH,) ,S0, *6H,0 70  Thiamine-HC1 2 in C. fagm:cuzatg,
MnSOA‘HZO 31 Pyridoxine-HCL 1
ZnS0, " 7H,0 22 Pyridoxamine-2HC1 1 the author first
(NH4)6M07024'4H20 7.2 Pyridoxal-HC1 1 )
CuS0,, " 5H,0 4  Ca-Pantothenate 4 describes the
H,BO 0.57
3773 ti £f
C0S0,, - 7H,0 2.4 EDTA 300 promoting ertect
NaV03'4H20 0.46 B
Sucrose 15,000 Hemin 25 of MIX and amino-
K3—Citrate'H20 2,000 Triethanolamine 5,000 R
pterin on the

Naz—Succinate'6H20 1,000 Tween 80 3,000
Na-Acetate 365 Biopterin(Pteridine etc.)

growth of this

Adjust pH to 7.8 - 8.0.
protozoan.



Secondly, the effect of MIX on the DFR activity of C. fasciculata

in vivo, and purifications and properties of the two DFRs [DFR and
pteridine reductase:dihydrofolate reductase (PtR:DFR)] activity in
this protozoan are described. Thirdly, the uptake and metabolism
of MTX by (. fasciculata and isolation of the metabolites of MIX

are described. Fourthly, the author developes the radioassay for
the activity of the new enzyme which catalyzes the hydrolysis of
folate to pteroate and glutamate and is named tentatively as folate-—
hydrolyzing enzyme (FH-enzyme), and describes distribution of the
enzyme in biological cells and tissues. Finally, the purification
and properties of the FH-enzyme in (. fasciculata are described and
a possible mechanism for metabolism of MTX and folate in (. fasciculata

is also proposed.
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Chapter I
Promoting Effect of Methotrexate and Aminopterin

)

on the Growth of Crithidia fasciculata®

It is generally known that MTX and aminopterin inhibit the
growth of many bacterial and mammalian cells on the basis of a po-

1)

tent and irreversible inhibition of DFR. Preliminarily, the
author found that the growth of Crithidia fasciculata ATCC 12857
was not inhibited, but rather promoted, by MIX and aminopterin at

concentration of 0.1 mM. This chapter describes the promoting

effect of MTX and aminopterin on the growth of C. fasciculata.

MATERTALS AND METHODS

Materials. Adenosine-3'-monophosphate (from yeast), amino-
pterin and hemin were obtained from Sigma Chemical Co. MTX was
from Lederle Ltd. Vitamin-free acid hydrolyzed casein (Casamino
acid) was from Nissui Pharmaceutical Co. Millipore filters (0.45
Um in diameter) were from Millipore Co. Guanine-HCl and adenine
sulfate were from Kohjin Co., Ltd. Thymine, thymidine, adenosine,
biotin, nicotinic acid, nicotinamide, riboflavin, thiamine-HCI,
pyridoxal-HCl, pyridoxamine-2HC1l, pyridoxine-HCl, calcium pantothe-
nate, L-glutamic acid, L-tryptophan, DL-alanine, DL-methionine, L-
tyrosine, L-phenylalanine and other chemicals were obtained from
Nakarai Chemicals Ltd., Kyoto.

Medium and growth conditions for C. fasciculata. C. fascic-



ulata ATCC 12857 was grown at 25°C in a Coleman colorimetric cuvette
(19 x 105 mm, round) containing the chemically defined medium (10 ml)
described by Guttmanz) (see Introduction). MTX (0.1 - 100 uM),
aminopterin (100 uM) or L-erythro-biopterin (0.04 - 1.7 nM) was a-
septically added to the medium by filtrating through a Millipore
filter. The cell growth was assayed turbidimetrically with a
Coleman Model 6-20 Spectrophotometer and was shown by transmittance
(T%) at 675 nm.

Preparation of cell-free extract of C. fasciculata. The cells
grown in the chemically defined medium (100 ml) containing. 1.5 nM
L-erythro-biopterin or 0.1 yM MIX were harvested at the log phase
(T=50%) by centrifugation at 3,000 x g for 5 min and washed thor-
oughly with 0.9% (w/v) saline. The cells were suspended in 5 ml
of 0.1 M potassium phosphate buffer, pH 7.0, containing 1 mM EDTA,
and disrupted for 5 min on ice with a Kaijo-Denki 20 kHz Ultrasonic
Oscillator. The supernatant solution obtained on centrifugation
at 12,000 x g for 30 min was used for testing the DFR activity.

Assay method for DFR activity. The DFR activity in the cell-
free extract of this protozoan was determined photometrically by
the method described at the following chapter II.S) The DFR
activity was defined as the amount of tetrahydrofolate produced per
min uﬁder the assay conditions.

Determination of protein. Protein was determined by the

method described by Lowry et aZ.4)



RESULTS AND DISCUSSION

Effect of MTX and aminopterin on the growth of C. fasciculata

The growth curve for C. fasciculata showed a lag as long as

over 40 hr, even in the medium including 2 nM L-erythro-biopterin
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Fic. 1. Effect of Methotrexate, Aminopterin and L-

Erythro-biopterin on the Growth of C. fasciculata.

C. fasciculata was grown at 25°C in the chemically defined
medium containing one of the following compounds:
methotrexate [0.1um (O——0Q); 1um (O---Q);
10~100 um (Q------ O)], aminopterin [100 M (A——A)],
or L-erythro-biopterin [0.21nM (@----—- ®); 0.85nM
(@ —-@); .70 (@—~-@)].
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Fic. 2. Stimulating Effects of Methotrexate and
Aminopterin on C. fasciculata Grown in the Biopterin-
medium.

After 84-hr incubation () in the medium containing
0.11nM L-erythro-biopterin, 0.1mM of methotrexate
(O——CQ) or aminopterin (O---0©) was added.
(@-—-—-- @), control growth with 0.11 nm biopterin.

which was 20-fold higher than
the concentration required for
half-maximum growth.s) As
shown in Fig. 1, MIX (0.1 - 100
UM) and aminopterin (100 uM)
promoted the growth-rate as
well as L-erythro-biopterin (
0.21, 0.85 and 1.7 nM). The
growth curve obtained with the
medium including 0.1 UM MIX
coincided with that with the
medium including 0.85 nM bio-
pterin. As shown in Fig. 2,
the addition of 100 UM MIX or
aminopterin to the medium in-—
cluding 0.11 nM biopterin at
84 hr of cultivation caused
the growth-rate promotion.

The DFR activity in C. fas-
Some mammalian

cteulata

and bacterial cells showing



TaBLe I. DIHYDROFOLATE REDUCTASE ACTIVITY
N CELLS GROWN IN METHOTREXATE-
AND BIOPTERIN-MEDIA

C. fasciculata was grown in the chemically defined
medium (100ml) containing 0.1 um methotrexate or
1.5nM L-erythro-biopterin at 25°C and harvested at the
log phase (T=50%). Dihydrofolate reductase activity
was assayed by the photometric method described pre-
viously.!® The reaction mixture contained 50mm po-
tassium phosphate, pH 7.0, 30 mM 2-mercaptoethanol,
80 um dihydrofolate, 80 um NADPH and the cell-free
extract in a total volume of 2.5ml. The reaction mixture
without NADPH and dihydrofolate was preincubated
for 3 min at 30°C, and then the reaction was initiated by
adding NADPH and dihydrofolate. The decrease in
absorbance at 340 nm for one min was measured with a
Hitachi 124 Spectrophotometer.

Dihydrofolate reductase

Medium
with added Total activity* Specific activity*
(nmol/min) (nmol/min/mg protein)
Methotrexate 76 5.1
Biopterin 81 5.2

* The enzyme activity was defined as the amount of
tetrahydrofolate produced per min under the stan-
dard assay conditions.

than 1 nM,3)

resistance toward MTX show an
elevated activity of DFR.6_9)
As shown in Table I, the DFR
activity in the cells grown in
the medium including 0.1 uM MTX
was the same as that in the me-
dium including 1.5 nM biopterin.
As described in the following
chapters (II and III), this
protozoan has two types of DFR:
A major DFR which reduces only
dihydrofolate and is inhibited
irreversibly by MTX and amino-

pterin at concentrations lower

and PtR:DFR which reduces dihydrofolate and unconju-

gated pteridines such as L-threo-neopterin and 6-hydroxymethylpterin

and is inhibited competitively by MIX (0.1 - 1 UM).

10) Small a-

mounts of the PtR:DFR activity also existed in both lots of cells,

when assayed with L-threo-neopterin as the substrate.

This indi-

cates that the types and amounts of DFR of C. fasciculata grown in

MTX-medium were the same as those in the case of biopterin-medium.

Kidder et aZ.ll)

have reported that C. faseiculata metabolizes

folate to 6-hydroxymethylpterin and biopterin which are more effec-

tive growth factors.

for growth were the same as that of folate (230 - 2,300 nM) .

The amounts of MIX and aminopterin required

12-15)



The present results indicate that this protozoan may metabolize MTX
and aminopterin as well as folate to compounds that may be used

effectively to promote growth.
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Chapter II
Purification and Properties of Dihydrofolate

Reductase from Crithidia fasciculata b)

As shown in Scheme I, an enzyme which catalyzes the reduction
of 7,8-dihydrofolate to 5,6,7,8~tetrahydrofolate in the presence of
NADPH (or NADH) has isolated from many sources.l_6) This enzyme,
generally referred to as dihydrofolate reductase (DFR), bears the
systematic name 5,6,7,8-tetrahydrofolate:NAD(P) oxidoreductase (EC
1.5.1.3). The enzyme also catalyzes the reduction of folate to
tetrahydrofolate, but at a much slower rate than the reduction of

dihydrofolate, particularly at physiological pH.l’B)

COOH
CH,

CH2
u+N{£:>t .
COOH + NADPH +H

Dihydrofolic acid
COOH
CH2

'Aj['jch<C:>d COOH + NADP’

Tetrahydrofolic acid

Dihydrofolate Reductase (EC 1.5.1.3)

Scheme 1
The occurrence of the DFR activity has been reported in high-

speed centrifugal supernatant fractions of (. fasciculata ATCC 11745

- 12 -



and Crithidia oncopelti.7) However, the detailed properties were

not reported. This chapter deals with the purification and char-

acteristic properties of DFR from C. fasciculata ATCC 12857.

MATERTALS AND METHODS

Materials. NADP, NADPH, NAD, NADH, bovine pancreas ¢-chymo-
trypsinogen 4, hog stomach-mucosa pepsin, bovine liver glutamate de-
hydrogenase, ovalbumin, bovine serum albumin and aminopterin were
purchased from Sigma Chemical Co. Pteroic acid and MIX were from
Lederle Lab. Yeast extract was from Oriental Yeast Co. Polypepton
was from Daigo-~Eiyo Co. Hemin was from Tokyo-Kasei Kogyo Co.
Liver fraction L was from Nutritional Biochemicals Co. Y~Globulins
was from Mann Research Lab. Sephadex G-150, DEAE-Sephadex A-50,
CM-Sephadex C-50 and Sepharose 4B were from Pharmacia Fine Chemicals.
Other chemicals were purchased from Nakarai Chemicals Ltd., Kyoto.

Dihydrofolate and dihydrohomofolate were prepared by the method of

Futtermang) and Kaufman,9) respectively. Other pteridine compounds
were reduced by the method of Shiota et aZ.lO)

Methods.

Growth of Crithidia fasciculata. C. fasciculata ATCC 12857

was grown by agitating at 25°C for 3 days in the culture medium de-
scribed by Guttmanll) containing 0.5% (w/v) yeast extract, 0.5% (w/v)
polypepton, 1.5% (w/v) sucrose, 0.0025% (w/v) hemin and 0.017% (w/v)
liver fraction L. The cells were harvested by continuous centri-

fugation at 10,000 x g with a High Speed Centrifuge CM-60RN, Tomy

- 13 -



Seiki Co. Ltd., and then washed with saline. The moist cell paste
was stored at ~-20°C until use to make extract.

Standard assay conditions for DFR. The DFR activity was as-
sayed by the spectrophotometric method described by Mathews and

12)

Huennekens| which is based on the decrease of absorbance at 340 nm
due to conversions of NADPH to NADP and dihydrofolate to tetrahydro-
folate. The molar extinction coefficient for reduction (12,300
mol_lcm._l at 340 nm) was used to calculate the amount of dihydro-

13)

folate reduction. The standard reaction mixture (2.5 ml) con-
tained 50 mM potassium phosphate, pH 7.0, 30 mM 2-ME, 80 UM NADPH,
80 M dihydrofolate and enzyme in a cuvette. The reaction mix-
ture excepting NADPH and dihydrofolate was preincubated for 3 min
at 30°C, and then the reaction was initiated by adding dihydrofolate
and NADPH in this order at short intervals of 10 - 20 sec. A de-
crease in absorbance at 340 nm for one min was measured with a Hi-
tachi 124 Spectrophotometer comnected to a Hitachi QPE 34 recorder.
The reaction proceeded linearly for 5 min. One unit of the en-
zyme activity is defined as the amount of enzyme which catalyzes
the reduction of 1 umol of dihydrofolate per min under the standard
assay conditions.

Preparation of modified folate-Sepharose 4B. Folate-Sepha-
rose 4B was prepared by modifying the method described by Whiteley

4)

et aZ.l Sepharose 4B was activated by CNBr according to a re-

14)

ported procedure. The Sepharose was washed repeatedly with

cold 0.1 M NaHCO3 (pH 9) and then treated with 5 ml of hexamethyl-

- 14 -



enediamine (0.16 g) in the same buffer. After the mixture were
stirred at 4°C for 24 hr, the product was collected by centrifuga-
tion and washed thoroughly with the buffer and water. An aqueous
solution (5 ml) containing folic acid (56 mg/ml), adjusted to pH 6.5,
and l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (0.15
g) was added to the above preparation of hexamethylenediamine-Sepha-
rose resuspended in water (25 ml). After readjusting pH to 6.5, the
mixture was stirred for 3 days at room temperature. The reacted
gel was washed sequentially with water, 0.1 N NaOH and water. A
small portion of the product gel (15 mg dry wt) was hydrolyzed with
6 N HCL (2 ml) at 110°C for 48 hr. From the amino acid analysis
of glutamic acid in the supernatant solution of the hydrolyzed gel
using a Hitachi KLA-5 analyzer, the amount of folate bound to Sepha-
rose 4B was calculated to be 12 umol of folate/g of dry gel.
Aerylamide gel electrophoresis.  Acrylamide gel electrophoresis

15) SDS~

was performed at 2 mA per gel at pH 8.3 according to Davis.
polyacrylamide gel electrophoresis was conducted in 0.1% SDS-0.1 M
phosphate buffer, pH 7.2 at 8 mA per gel according to Weber and Os-
16)

born. To determine the position of protein, the gel was stained
by incubating with 0.2% Coomassi brilliant blue G-250 for 5 hr.

The gel was then destained in 107 methanol/10% acetic acid solution.
The DFR activity on the gel was determined by the method according

to Dunlap et aZ.l7)

: The gel was incubated with 0.1 M Tris-HCl buffer
(pH 7.0) containing 1 mM NADPH, 40 UM dihydrofolate and MIT (1 mg/ml)

at room temperature for 30 min. The formation of purple band of

- 15 -



MIT-formazan was dependent upon tetrahydrofolate produced.

Gel-filtration for the determination of the molecular weight.

The molecular weight of DFR was estimated on a Sephadex G-150
column (1.5 x 84 cm) equilibrated with 0.1 M potassium phosphate, pH
6.5, containing 5 mM 2-ME and 1 mM EDTA. The column was calibrated
with tryptophanase of Proteus rettgeri (220,000), bovine y-globulin
(160,000), bovine serum albumin (63,000), ovalbumin (43,000), pepsin
(35,000) and a-chymotrypsinogen A (25,000) as markers of known mo-
lecular weight.

Determination of protein.  Protein was determined by the meth-
od of Lowry et aZ.lS) using bovine serum albumin as the standard or
by UV absorbance at 280 nm.

Preparation of purified DFR.

1) Preparation of homogenate.  All operations were carried out
at 0 - 4°C. Frozed cells (2 kg) of C.fasciculata were suspended
in 6 volumes of 0.1 M potassium phosphate, pH 7.0, containing 1 mM
EDTA. The cell suspension was disrupted by sonicating with a
Kaijo-Denki 20 kHz Ultrasonic Oscillator and centrifuged at 12,000
x g for 20 min.

2) Ammonium sulfate fraction. Solid ammonium sulfate was
added to the turbid supernatant to 35% of saturation. After stir-
ring for 30 min, the precipitate was removed by centrifugation and
discarded. The resulting supernatant was brought to 557 of satu-
ration with additional ammonium sulfate.

3) DEAE-Sephadex A-50 columm chromatography.  The precipitate
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was dialyzed against 40 liters of 25 mM potassium phosphate, pH 7.4,
containing 1 mM EDTA. After removing insoluble materials by cen-
trifugation, the supernatant (1,370 ml) was applied to a DEAE-Sepha-
dex colum (10 x 15 cm), equilibrated in advance with the same buffer.
The column was developed with 1,500 ml of 25 mM potassium phosphate,
pH 7.4, containing 1 mM EDTA and 0.3 M potassium chloride. The
active fractions were pooled and brought to 55% of saturation with
additional ammonium sulfate. The precipitate was dialyzed against
15 liters of 25 mM potassium phosphate, pH 7.4. The dialyzed so-
lution (376 ml) was applied to the second DEAE-Sephadex column (2.5
x 38 cm). The column was developed by a linear gradient of potas-
sium chloride from 0 to 0.3 M in 25 mM potassium phosphate, and
fractions of 20 ml each were collected. The active fractions were
pooled and precipitated by adding solid ammonium sulfate to 55% sat-
uration. The precipitate was dialyzed against 50 mM potassium phos-
phate, pH 7.4.

4) Sephadex G-150 colwm chromatography. The dialyzed solu-
tion was subjected to gel filtration on a Sephadex G-150 column (6
x 72 cm), equilibrated in advance with 50 mM potassium phosphate,
pH 7.4. Fractions of 20 ml each were collected. The fractions
between #38 and #48 (fraction I), #49 and #60 (fraction II) were
pooled. The major fraction II containing high enzyme activity was
precipitated by adding solid ammonium sulfate to 55% of saturation.
The precipitate was dialyzed against 10 liters of 50 mM potassium

phosphate, pH 6.5, containing 1 mM EDTA and 5 mM 2-ME.
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5) CM-Sephadex C-60 column chromatography. The dialyzed so-
lution of fraction II was applied to a CM-Sephadex column (2.5 x 37
cm), equilibrated in advance with the same buffer as described above.
After being washed with the same buffer, the column was developed
with a linear gradient of 300 ml of 50 mM potassium phosphate, pH 6.5,
containing 1 mM EDTA and 5 mM 2-ME in the mixing chamber and 300 ml
of 50 mM potassium phosphate, pH 7.5, containing 1 mM EDTA, 5 mM 2-ME
and 0.5 M potassium chloride in the reservoir. Fractions of 10 ml
each were collected. Each fraction between #6 and #13 (fraction
IIb), #47 and #55 (fraction IIa), and #59 and #65 (minor fraction)
was pooled. After being concentrated with a collodion bag, frac-
tion Ila was dialyzed against 5 liters of 50 mM potassium phosphate,
pH 6.5, containing 1 mM EDTA and 8 mM 2-ME.

6) 2nd Sephadex G-150 column chromatography. The dialyzed
/,solution was applied to a Sephadex G-150 column (1.5 x 90 cm), equi-
librated in advance with the same buffer. Fractions of 2 ml each
were collected.

7) Affinity chromatography on folate-Sepharose 4B. The active
fraction was applied to a folate-Sepharose 4B column (0.9 x 5.5 cm),
equilibrated in advance with 50 mM potassium phosphate, pH 6.5, con-
taining 1 mM EDTA and 8 mM 2-ME. The column was eluted by 30 ml
of the above buffer containing 0.5 M potassium chloride, and then
by 20 ml of the buffer containing 0.5 M potassium chloride and 1 mM
dihydrofolate. The active fractions eluted by the latter buffer

were collected and dialyzed against the above buffer containing 0.5 M
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potassium chloride. About 80% of the DFR activity was recovered

by this column procedure.

RESULTS
Purification of DFR The elution profiles for Sephadex G-150
and CM-Sephadex chromatographies are presented in Fig. 1. Table I
summarizes the purification procedure for DFR IIa from 2 kg of

Crithidia cells. The enzyme was purified 2744-fold with a yield

of 5.37. The final preparétion had a specific activity of 6860
and was homogeneous as shown by disc gel electrophoresis (Fig. 2).

Only one protein band (gel A) was obtained and its pdsition was cor-
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Fic. 1A. Chromatography on Sephadex G-150 of
Dihydrofolate Reductase of Crithidia fasciculata.

The reductase fraction obtained by a 2nd DEAE-
Sephadex eluate was applied to a column (6 x 72 cm) of
Sephadex G-150, equilibrated with 50 mm potassium
phosphate, pH 7.4. Each fraction of #38 to 48
(reductase fraction I), and #49 to 60 (reductase fraction
II) was pooled.
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Fig. 1B. Chromatography on CM-Sephadex of the
Reductase Fraction II.

The reductase fraction II obtained by a Sephadex G-150
eluate was applied to a column (2.5x 37 cm) of CM-
Sephadex C-50, equilibrated with the same buffer as seen
in Fig. 1A. The column was developed with a linear
gradient using 300 ml of 50 mm potassium phosphate at
pH 6.5/1 mM EDTA and 5mM 2-mercaptoethanol in the
mixing chamber and 300 ml of the same buffer at pH
7.5/0.5M KCl in the reservoir. Each fraction of #6 to 13
(reductase fraction IIb), and #47 to 55 (reductase
fraction 1la) was pooled.
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TaABLE I. SUMMARY OF THE PURIFICATION OF DIHYDROFOLATE REDUCTASE Ila
FROM Crithidia fasciculata

Pugification &5 Protein Total activity Specific activity Yield Purification
(mg) (units*) (units* x 10®/mg of protein) (%) (fold)
Homogenate 179,253 456 2.5 100.0 1
Ammonium sulfate
45 ~55% saturation 30,414 398 13.1 87.2 5
DEAE-Sephadex 15,072 336 22.3 73.7 9
2nd DEAE-Sephadex 5,845 217 37.1 47.6 15
Sephadex G-150 1,610 125 77.4 213 31
CM-Sephadex 61 54 893 11.9 357
2nd Sephadex G-150 24 30 1248 6.6 499
Folate-Sepharose 4B 3.5 24 6860 5.3 2744

*  One unit of the enzyme activity is defined as the amount of enzyme which catalyzes the reduction of 1 umol of
dihydrofolate per min under the standard assay conditions.

responded to a band containing
enzyme activity (gel B).

After being treated with 2-
ME, the fraction I was eluted
at a similar fraction to the
reductase IIa on a Sephadex G-
150 column. Fraction I could

not be obtained by chromatogra-

phy of the homogenate on a
FiG. 2. Electrophoresis on Polyacrylamide Gel of the

Purified Dihydrofolate Reductase Ila (A, B) and the Sephadex G-150 column. Thus,
SDS-treated Enzyme (C).

Gels A and C were stained with Coomassie brilliant blue fraction I was estimated to be
G-250 for protein. Gel B was incubated with a dye (see

text) to demonstrate enzyme activity. a polymer of tha vedistass Tla.

The physical properties of fraction IIb was similar to the re-
ductase IIa and had ability to reduce several unconjugated pterins
as well as dihydrofolate (see Chapters III and IV).

Stability of the enzyme The purified preparation was stabi-
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1ized by the presence of 4 mM 2-ME and 30% glycerol, although the
jnclusion of 2-ME in the purification steps, especially in the ammo-
pium sulfate fraction, lost totally the DFR activity.

Molecular weight and subunit structure As seen in Fig. 3 (
upper panel), a molecular weight of 110,000 daltons was estimated by

gel filtration on a Sephadex G-

30 A . .
~, ) 150 column. As seen in Fig.
QO
(ol |
g 2-C, SDS-treated reductase Ila
&
[¥1}
= revealed a single polypeptide
<
2 band. As seen in Fig. 3 (
w
g
. ! . . . . lower panel), the molecular
1.0 1.2 1.4 1.6 18 20 22
/v weight of the SDS-treated re-
ductase Ila was estimated to be
,9 10 | (B)
2 °F BSA ¢ 58,000 daltons. These results
5 - gDH~EH
g 47 ova~FEP indicate that DFR IIa consists
T Ll o=t
) of 2 subunits with the same
g’ 1 i 1 i i 1
o1 0z 03 04 05 08 molecular weight. Thus, a

RELATIVE MOBILITY

o ‘ molar activity of 755 mol of
Fig. 3. Estimation of Molecular Weight of Dihydro-

folate Reductase [la by Sephadex G-150 (Upper Panel)
and by Electrophoresis on SDS Polyacrylamide Gel
(Lower Panel).

tetrahydrofolate produced per

The Sephadex column was calibrated with: TRY, min per mol of the enzyme was
tryptophanase; GLO, y-globulins; BSA, bovine serum
albumin; OVA, ovalbumin; PEP. pepsin, and CHY, o- calculated from the amount of

chymotrypsinogen A. Elution volume versus void vol-

ume (Ve/Vo) was plotted against molecular weight. The dihydro folate reduced using a
marker proteins used for electrophoresis were BSA,
OVA, PEP, CHY, GDH (glutamic dehydrogenase), GH
(H-chain of y-globulins), and GL (L-chain of y-
globulins). Each mobility versus BPB mobility (relative
mobility) was plotted against molecular weight. S (upper for the DFR reaction (12,300
panel), dihydrofolate reductase ITa; S (lower panel),
SDS-treated reductase la. mol—lcm—l . 13)

molar extinction coefficient

)

- 21 -



pH optimum

a single pH optimum at 7.0.

Substrate and cofactor specificities

o

<o

XS
T

0.01

A A 340 nm /MINUTE
Lol

PH
Fic. 4. Effect of pH on the Activity of Dihydrofolate
Reductase Ila.

O—0, sodium citrate buffer; @ — @, potassium phos-
phate buffer; O---O, Tris-HCI buffer.
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FiG. 5. Effect of Dihydrofolate (A) and NADPH (B)

on the Activity of Dihydrofolate Reductase Ila.

The inset shows Lineweaver—Burk plots.

As seen in Fig. 4, the reductase IIa shows only

The purified DFR Ila
had the absoclute requirement for
dihydrofolate and NADPH. In
the presence of NADPH, dihydro-
homofolate (80 UM) was slightly
effective as substrate at 1%
dihydrofolate, but it was in-
effective as substrate in the
presence of NADH. The follow-
ing pteridine compounds were
ineffective as substrates at 80
UM in the presence of 80 UM of
NADPH or NADH at pH values from

4 to 9: Folate, 10-formyldihydro-
folate, pteroate, 7,8-dihydro-
pteroate, L-erythro-biopterin,
L-erythro-7,8-dihydrobiopterin,
L-threo-neopterin, L-threo-7,8-
dihydroneopterin.

The reaction product of di-

hydrofolate was identified as tetrahydrofolate by a reported spec-

trophotometric method using NADPH-regenerating system of glucose-

6~phosphate dehydrogenase.lg)

The reverse reaction was obtained
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at only one tenth of the forward reaction.

Kinetic parameters The apparent Km values were calculated
from a double reciprocal plots. As seen in Fig. 5, the Km values
for dihydrofolate and NADPH were 1.1 and 2.7 UM, respectively.

As shown in Table ITI, 10-formyltetrahydrofolate, 5-formyltetrahydro-
folate, folate, 5,10-methenyltetrahydrofolate, 5-methyltetrahydro-
folate, tetrahydrofolate and 5,10-methylenetetrahydrofolate inhibited
the reductase IIa activity in this order. The inhibition by each
folate compound was competitive toward dihydrofolate, and the X7
values for 10-formyltetrahydrofolate, 5-formyltetrahydrofolate,
folate and tetrahydrofolate (as estimated from Dixon plotszo)) were
0.64, 5.2, 16 and 130 uM, respectively. 10-Formyldihydrofolate
also inhibited competitively, and its K7 value was 1.4 M. Anti-
folates such as MIX, aminopterin, pyrimethamine and trimethoprim

inhibited the enzyme activity. The inhibition by the latter two

Table II. Effect of Tetrahydrofolates and Folate on Dihydrofclate Reductase Ila

The enzyme was preincubated with the folate compound for 3 min at 30°C, and then the
reaction was initiated by adding 80 uM of NADPH and 80 pM of dihydrofolate in this order.

The enzyme activity is expressed as relative activity (%) to the untreated enzyme.

Addition Concentration Relative activity
QY (%
None - 100.0
10-Formyltetrahydrofolate 8 36.3
S—Formyltetrahydrofolate 50 32.4
5,10-Methenyltetrahydrofolate 80 55.7
5,10-Methylenetetrahydrofolate 80 97.7
5-Methyltetrahydrofolate 74 87.5
Tetrahydrofolate 74 96.3
Folate 80 37.5

* The enzyme activity was assayed in 50 mM potassium maleate buffer, pH 7.0.
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Fig. 6. Titration of the Purified Dihydrofolate Reductase Ila by MTX.

(A): The purified DFR Ila (3.4 nM) was preincubated for 3 min at 30°C with varying
amounts of MTX in the presence of 80 1M NADPH, and the reaction was initiated
by adding 80 MM dihydrofolate.

(B): The varying amounts of the enzyme were preincubated with (e) or without (0)

3.7 nM MTX.

compounds was also competitive toward dihydrofolate, and the X7
values for pyrimethamine and trimethoprim were 0.3 and 1.5 uM, re-
spectively. On the contrary, MIX and aminopterin showed a stoi-

3 Figure 6 repre-

chiometric inhibition as reported on many DFRs.
sents the interaction of MIX with the purified DFR IIa either by ti-—
tration of a fixed amount of the enzyme with MTX (A) or titration

of a fixed amount of MIX with the enzyme (B). The intercept at
the abscissa indicates the concentration of MIX required to inhibit
quantitatively an amount of the enzyme. From (A) and (B) in Fig.

6, it was calculated that one mol of the enzyme was inhibited by

0.81 and 0.86 mol of MTX, respectively. The concentration of
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aminopterin required to cause complete inhibition of one mol of the
enzyme was also estimated to be 0.88 mol.

NADP inhibited the enzyme activity. The inhibition by NADP
was competitive toward NADPH, and its X7 value was 8 UM.

Effect of sulfhydryl reagents, chaotropic agents, urea and

metal ions As shown in Table III, the enzyme activity was
inhibited strongly by 1.2 uM of pCMB and 0.2 mM of NEM. The inhi-
bition was recovered by adding 8 mM of 2-ME. Urea and chaotropic

agents such as guanidine-HCl and

TaBLE III.  EFFECT OF SULFHYDRYL REAGENTS,
CHAOTROPIC AGENTS, AND
UREA ON DIHYDROFOLATE

REDUCTASE [la enzyme activity. The enzyme

formamide also inhibited the

After the enzyme was preincubated with the reagent for
S min at 30°C, the enzyme activity was measured under denatured with 4 M of urea, and
standard assay conditions. The enzyme activity is

. N
expressed as relative activity () to the untreated enzyme. could not be renatured by re—

Relative . . .
Addition activity moving urea by dialysis.
(% +
Less than 0.1 M of K had no
None 100.0
CMB* 1.2 um 53.1 L.
P 1.2 ZM+2-ME** (8 mm) 78.5 effect on the act1v1ty. More
NEM*** 0.2 mMm 20.0 +
0.2 mM+2-ME** 8 mm)  91.4 than 0.2 M of K, however,
Guanidine-HC1 0.08M 96.0
0.2m 70.0 inhibited the activit
Formamide  0.8Mm 86.2 1 V-
1.6Mm 66.7 +
Urea 2.0M 56.5 Other monovalent cations (Na ,
4.0m 7.0 + + +
] NH, , Li and Cs ) or divalent
*  p-Chloromercuribenzoate. 4
**  2-Mercaptoethanol. ) 24 24+ 24
##%  N.Ethylmaleimide. cations (Mg~ , Ba~ and Ca )
had no effect.
DISCUSSION

Three different fractions (I, IIa and IIb) having the activity
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of DFR were obtained from the cell-free extract of (. fasciculata
ATCC 12857. A major fraction Ila was homogeneously isolated and
its properties were characterized. A molecular weight of DFR iso-

lated from the most organisms has been estimated to be 15,000 to

1-3)

30,000 daltons. But, the molecular weight of the purified DFR

ITa (110,000 daltons) was similar to those of DFRs from Trypanosoma

21) 21) 22,23)

Sp., Crithidia oncopelti, Plasmodium sp. and soybean seed-

lings?) which molecular weights have been reported to be 100,000 to
200,000 daltons. The Km values for dihydrofolate (1.1 M) and

NADPH (2.7 M) for the DFR Ila were similar to those of the four
22)

DFRs described above. Like the Plasmodium sp., C. fasciculata

ATCC 11745,7) C. 0ncopelti,7) and soybeanS) DFRs, the DFR Ila was
unable to use folate as a substrate. In the genus Crithidia, NADH

did not replace NADPH as a hydrogen donor. Several DFRs have been

24-27) 26,27) urea,23’25—30) and

activated by pCMB, guanidine~HC1,

22,23,26,27,29-31)

monovalent or divalent catiomns, whereas the DFR Ila

activity was inhibited by these compounds. This property of the
enzyme is characteristic in C. fasciculata ATCC 12857, and could not
be observed in all other DFRs isolated thus far. The pH optimum

of the DFR IIa was 7.0, similar to the ranges found for C. fascicu-

lata ATCC 11745,7) C. oncopelti,7) soybeanS) and Plasmodium sp.22)

Naturally occurring folates such as folate,27’32)

27,30,33) 34)

10-formyl—-

pteroylmono-— or penta-glutamates and tetrahydrofolate
derivativeszg) including 5,10-methylene, 5,10-methenyl, 10-formyl

and 5-formyltetrahydrofolates are relatively strong inhibitors of
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DFR. The DFR IIa activity was strongly inhibited by folate and
tetrahydrofolates (Table II). The DFR IIa was 38 and 23 times
more sensitive to inhibition by 1l0-formyltetrahydrofolate and 5~-

29)

formyltetrahydrofolate than the bovine liver DFR, respectively.

NADP, one of the reaction products of DFR, has also been shown to

3 The DFR I1a was 16 times more

cause inhibition of many DFRs.
sensitive to NADP than tetrahydrofolate, based on comparison with
the K7 values. These evidences suggest that the Crithidia DFR
may be regulated by levels of tetrahydrofolates and NADP <n vivo.
MIX and aminopterin were stoichiometric inhibitors of the DFR

1-3) The data of

ITIa as in the case of a number of other DFRs.
the MTX titration indicate that one molecule of the DFR Ila consist-—
ing of two subunits with the same molecular weight (58,000) may have
a single binding site for MIX (or aminopterin).

Gutteridge et aZ.7) have classified DFRs to three groups of

mammalian, trypanosomal and bacterial DFRs by measuring the concent-

ration of trimethoprim required to effect a 507% decrease in the

enzyme activity. A 507 inhibitory concentration of trimethoprim
for the DFR IIa was 27 UM. Thus, the DFR Ila in (. fasciculata

ATCC 12857 was only one tenth as sensitive to the inhibition as was

)

the enzyme in C. fasciculata ATCC 11745.7 The relative insensi-

tivity of the DFR IIa to trimethoprim was rather similar to that of

C. oncopelti and man DFRS.7)

Multiple forms of DFR have isolated from bacteria such as

1,35) 36,37)

Lactobacillus caset, Streptococcus faecium var durans,
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38,39) 40)

Esherichia coli B (RT 500) and Diplococcus pneumoniae,

protozoa such as Trypanosoma sp.Zl) and C. oncopelti,Zl) and mamma-
lian sources such as chicken liver,l) bovine liver,4l’42) hamster

kidney cells43) and L1210 lymphoma cells.44) The present data

indicate that there may be at least four DFR fractions (I, IIa, IIb

and minor) in C. fasciculata ATCC 12857. Like the bovine liver,
41,42) hamster kidney,43) E. coli B38’39) and D. pneum@niae40) DFRs,
fraction I was a polymeric form of the DFR Ila. Minor fraction

appeared to be the DFR IIa bound with NADPH as seen in the chicken
1,45,46) 44) 1,35)

liver, 11210 cells and L. casetl DFRs. Fraction IIb
has similar physical properties to the purified DFR IIa. However,

fraction IIb was able to reduce dihydropteroate and several oxidized
unconjugated pteridines at a similar level with dihydrofolate, while

the DFR IIa reduced specifically dihydrofolate (see Chapters III

and IV).

C. fasciculata has a nutritional requirement for folate as well
as biopterin.47) But, any evidence of folate reduction was unable
to detected by the present study either with four DFR fractions or
the crude extract of C. fasciculata in the presence of NADPH (or
NADH) . A small part of folate has been reported to be converted

48)

to 6-hydroxymethylpterin and biopterin in C. fasciculata. The

auther has found that MIX and aminopterin promotes the growth of (.

fasciculata at the same level as folate.49)

These evidences sug-
gest that (. fasciculata may have the metabolic pathways for folate

and anti-folates such as MIX and aminopterin.
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Chapter III

The Occurrence and Properties of Pteridine Reductase:

)

Dihydrofolate Reductase in Crithidia fasciculatac

In Chapter II, the author has isolated from (. fasciculata
three fractions (I, IIa and IIb) having DFR activity, and fraction

IIa, a major DFR, has been isolated homogeneously.l) DFR has been

) 2-4) .
isolated from various sources, ) including protozoa such as Plas-

5:8) Cpithidiatr ™)
-4)

and TTypanosoma.7) Some DFRs also
0-12)

modium,

reduce folate2 and some dihydropteridine compounds, as well

as dihydrofolate. Fraction IIa, as well as DFRs from protozoa
1,5,6,8) specifically reduced dihydrofolate. This suggests that
fractions I and IIb may have some different substrate specificities
from fraction Ila. In the present chapter, fraction IIb was fur-—
ther purified, and some of its properties were characterized.

The data showed that fraction IIb reduced various oxidized forms of
pteridine compounds, as well as dihydrofolate and dihydropteroate.
This property renders this enzyme quite different from any other
DFR isolated so far. Fraction IIb still had a dihydrofolate-re-

ducing activity, so the auther named it pteridine reductase:dihydro-

folate reductase (PtR:DFR).
MATERIALS AND METHODS
Materials. Pterin and MIT were obtained from Sigma Chemi-

cal Co. Glucose—-6-phosphate was from Calbiochem. Yeast glu-
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cose-6-phosphate dehydrogenase (140 units/mg of protein) was from
Boehringer Mannheim GmbH. Other materials and chemicals were as
described in Chapter II. The dihydro- or tetrahydro-forms of the
pteridine compounds were reduced according to the procedure described
by Kaufman.lz)

Methods.

Purification of fraction IIb (pteridine reductase:dihydrofolate

reductase). All operations were carried out at 0 - 4°C.
Fractions between #6 and #13 collected from a CM-Sephadex column, as
described in Chapter IT, were pooled, identified as fraction IIb and
used as the starting material for purifying pteridine reductase:di-
hydrofolate reductase (PtR:DFR).

a) Ammonium sulfate precipitation. The protein in fraction
IIb (80 ml) was precipitated by adding solid ammonium sulfate to
give 55% saturatiomn. After stirring for 30 min, the precipitate
was collected by centrifugation at 10,000 x g for 10 min and dialyzed
against 10 liters of 50 mM potassium phosphate, pH 7.4, containing
1 mM EDTA and 8 mM 2-ME.

b) DEAE-Sephadex A-50 column chromatography. The dialyzed
solution (15 ml) was applied to a DEAE-Sephadex column (2.5 x 20 cm),
equilibrated in advance with the same buffer. The column was
eluted by a linear salt gradient with 200 ml of 50 mM potassium phos-
phate, pH 7.4, in the mixing chamber and 200 ml of the same buffer
supplemented with 0.25 M potassium chloride in the reservoir.

Five milliliter fractions were collected. The active fractions
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were pooled and concentrated to 2ml by a collodion bag.

¢) Sephadex G-150 column chromatography. The concentrated
solution was applied to a Sephadex G-150 column (1.5 x 85 cm), equi-
1ibrated in advance with 50 mM potassium phosphate, pH 7.4, contain~-
ing 1 mM EDTA and 8 mM 2-ME. Two milliliter fractions were col-
lected, and the active fractions were pooled and concentrated to 2
ml (150 mg protein). This final solution was used as the enzyme
source.

Standard assay conditions for pteridine reductase:dihydrofolate

reductase. Pteridine reductase activity was measured by a
photometric method, based on a decreased in absorbance at 340 nm due
to contributions from the oxidation of NADPH to NADP and the reduc-
tion of the pteridine compound to a tetrahydropteridine compound.
Since it was determined that two mol of NADPH consumed during the
enzymic reduction of one mol of L-threo-neopterin (Fig. 3), this
reaction was formulated as follows:

L-threo-Neopterin -+ 2NADPH + 2H+ —_—

L-threo-Tetrahydroneopterin + 2NADP+

In this reaction the difference in molar extinction coefficients
(Ae) at 340 nm was equal to the sum of 2 x 6,150 mol_lcm“l (twice
the Ac for the NADPH change at pH 6.0) plus 5,000 mol_lcm—l (the Ae
for L-threo-neopterin reduction), or 17,300 mol—lcm—l. The molar
extinction differences (Ag's) for the enzymic reduction of 6-methyl-
pterin and 6-hydroxymethylpterin were also calculated as 18,000 and

17,600 mol_lcmfl, respectively.
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The standard reaction mixture, in a total volume of 2.5 ml,
contained 50 mM sodium citrate, pH 6.0, 30 mM 2-ME, 60 - 80 uM pteri-
dine compound, 80 UM NADPH and enzyme solution (90 ug of protein).

The reaction mixture, without NADPH, was preincubated for 3 min at
30°C, then the reaction was initiated by the addition of NADPH.

The decrease in absorbance at 340 nm for one min was measured with a
Hitachi 124 Spectrophotometer. (The reaction with each pteridine
compound proceeded linearly for 5 min.) The activity, with the
pteridine compounds as substrates, is defined as absorbancy decrease
at 340 nm for one min.

However, the enzyme activity, using xanthopterin as a substrate,
was measured at 390 nm under the standard assay conditions in the
absence of 30 mM 2-ME, since the xanthopterin (Amax 275 and 387 nm)
reacted rapidly with 30 mM 2-ME in 50 mM sodium citrate at pH 6.0
and changed to an unknown compound [Amax 286 and 310 nm (inflection)].

DFR activity was measured by the method described in Chapter
II.l)

Assay conditions for sepiapterin reductase. Sepiapterin re-
ductase activity was determined by the method described by Matsu-
bara et aZ.lB)

UV spectrum of reaction product. That the PtR:DFR-catalyzing
reaction with pteridine compounds can be followed spectrophotomet-
rically with the aid of a NADPH-regenerating system has been demon-

14)

strated by Osborn and Huennekens. The reaction mixture, in a

total volume of 2.5 ml, contained 50 mM potassium phosphate, pH 7.0,
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30 mM 2-ME, 20 - 60 uM pteridine compound, 20 uM NADPH, 10 mM glu-
cose—-b-phosphate, glucose-6-phosphate dehydrogenase (2.8 units) and
enzyme solution (360 ug of protein). The reaction mixture without
the pteridine compound was preincubated at 30°C for 30 min, and the
reaction was initiated by the addition of the pteridine compound.
The spectral changes occurring between 400 and 240 nm were measured
at 6 min intervals by a Shimazu Multipurpose Recording Spectrophoto-
meter MPS-5000 with a recording speed of 400 nm per min.
Polyacrylamide gel electrophoresis. Electrophoresis on poly-

acrylamide gel was performed under the same conditions as described

1)

in Chapter II. The activity for PtR:DFR on the gel was also
determined by the method already described.l)
Determination of protein concentration. Protein concentra-

5)

tion was determined by the method of Lowry et aZ.l using bovine

serum albumin as the standard.

RESULTS

Purification of pteridine reductase:dihydrofolate reductase

The final preparation of fraction IIb had both PtR and DFR
activities. The DFR activity was purified 60-fold with a yield
of 57 from the crude homogenate,l) while this same procedure yield-
ed a 600-fold of the PtR activity when L-threo-neopterin was used
as the substrate. This enzyme contaminated one minor protein
band obtained on disc polyacrylamide gel electrophoresis (Fig. 1,C).

When the gel was incubated further in the presence of 6-hydroxy-
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methylpterin (Fig. 1,A) or
dihydrofolate (Fig. 1,B),

two active bands appeared at
the same position on the gels.
This indicates that the main
protein band had both PtR

and DFR activities. The
enzyme had a specific activ-
ity of 154 nmol dihydrofolate

(4*) reduction per min per mg of

; s protein at pH 6.8. However,
FiGg. 1. Electrophoresis on Polyacrylamide Gel of Pter-

idine Reductase : Dihydrofolate Reductase. . 3
, ) ) considering the results ob-
Gels A and B were stained with MTT for 30 min at room

temperature in the presence of 40 um of 6-hydroxymethyl-
pterin and dihydrofolate, respectively. Gel C was stained
for protein with Coomassie brilliant blue G-250.

tained from the NADPH-con-
sumption studies described
later in this chapter, the enzyme reduced 65, 62 and 75 nmol of
6-hydroxymethylpterin, 6-methylpterin and L-threo-neopterin, respec-
tively, at pH 6.0.

Stability of the enzyme The enzyme was stabilized in the
presence of ammonium sulfate. The precipitate obtained from 55%
saturation retained both PtR and DFR activities at 0°C for a mini-
mum of one year.

Molecular weight of the enzyme The molecular weight of the
enzyme was estimated to be 110,000 daltons by Sephadex G-150 gel
1)

filtration using the same procedure described in Chapter II.

Substrate specificity and pH optimum As shown in Table I,
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TABLE 1. SUBSTRATE SPECIFICITY OF PTERIDINE
REDUCTASE ;: DIHYDROFOLATE REDUCTASE FOR
CONJUGATED AND UNCONJUGATED
PTERIDINE COMPOUNDS

Enzyme activity®

Compound (A4 40 /min)
Dihydrofolate 0.068 (6.8) B
Folate 0 (4.5~9.0) |
Dihydropteroate 0.055 (7.0)
Pteroate 0.001 (7.0)
L-threo-7,8-Dihydroneopterin 0.015 (6.0) i
L-threo-Neopterin 0.047 (6.0) E q
L-erythro-Neopterin 0.020 (6.0) 2 3
D-threo-Neopterin 0.019 (6.0) s Y
p-erythro-Neopterin 0.013 (6.0) T e AU
L-erythro-1,8-Dihydrobiopterin 0.003 (6.0) s b
L-erythro-Biopterin 0 (4.5~8.0) s
Sepiapterin 0 (45~8.0) - I
6-Methylpterin 0.040 (6.0) bl
6-Hydroxymethylpterin 0.041 (6.0) E i
6-Carboxypterin 0.002 (6.0) Q
6-Formylpterin - 0.001 (6.0) r
Pterin 0.010 (6.0)
Xanthopterin 0.017 (7.0 e
Isoxanthopterin 0 (4.5~8.0) 4 5 6 7 8 9
Leucopterin 0 (4.5~8.0) pH

“ Enzyme activity is defined as the change in absor-  Fic. 2. Effect of pH on the Enzymic Reaction using

bance at 340 nm observed for one min. Dihydrofolate (A), Dihydropteroate (B), L-threo-Neo-
® The number in parentheses indicates the pH of the  pterin (C) and 6-Hydroxymethylpterin (D) as Substrates.
assay.

O—Q. sodium citrate buffer; @ —@, potassium phos-

¢ Enzyme activity was determined by measuring the ;
phate buffer; O---O, Tris-HCI buffer.

decrease in absorbance at 390 nm under standard
assay conditions in the absence of 30mm 2-
mercaptoethanol.

the enzyme had a broad specificity for pteridine compounds, as well

as for dihydrofolate. Dihydropteroate, four neopterin isomers (
L-threo-, L-erythro-, D-threo- and D-erythro-), 6-hydroxymethylpterin,
6-methylpterin and pterin worked as effective substrates. However,
pteroate, 6-carboxypterin and 6-formylpterin were poor substrates.
Xanthopterin in aqueous solution shows a spontaneous decrease in
absorbance at 390 nm because of formation of 7,8-dihydro-7-hydroxy~

16,17)

xanthopterin. However, the rapid decrease in absorbance at
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390 nm was caused by addition of NADPH to the complete reaction mix-
ture at pH 7.0. Folate, sepiapterin, L-erythro-biopterin, iso-
xanthopterin and leucopterin were not reduced at any pH range between
8.0 and 4.5. The reduction of L-erythro-7,8-dihydrobiopterin was
20% of that of L-threo-7,8-dihydroneopterin.

Each of the reactions having a pteridine compound as the sub-
strate required NADPH as the cofactor, and'NADH could not replace
the NADPH.

The pH-activity profiles for dihydrofolate, dihydropteroate,
6-hydroxymethylpterin and L-threo-neopterin are illustrated in Fig.
2, For the former two compounds, the pH optima were 6.8 and 7.0,
respectively. A broad optimum between pH 6.5 and 4.5 was shown
for 6-hydroxymethylpterin, while L-threo-neopterin had a double op-
timum at pH 6.0 and 4.5.

Kinetic parameters The apparent Km values for dihydrofolate,
dihydropteroate, 6-hydroxymethylpterin and L-threo-neopterin and for

NADPH are given in Table II.

TaBLE 1I.  Km VALUES FOR DIHYDROFOLATE.
DIHYDROPTEROATE, 6-HYDROXYMETHYLPTERIN, The Xm values of the enzyme
L-threo-NEOPTERIN. AND NADPH
Enzyme activity was assayed under standard assay for dihydrofolate and NADPH

conditions. The apparent Km values were calculated from

Lineweaver-Burk plots. .
were higher than those of

pH of Km for Km for

Compound assay compound NADPH* fraction IIa (1.1 and 2.7 uM,
(um) (um) 1)
Dihydrofolate 6.8 48 5.9 respectively). The Xm
Dihydropteroate 7.0 0.9 2.1
6-Hydroxymethylpterin 6.0 3.4 5.9 values for the two unconju-
L-threo-Neopterin 6.0 3.5 I

gated pteridines were similar

u

These Km values were calculated from data collected

in the presence of both the compound and NADPH. .
, to that for dihydrofolate.
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TaBLE III.  Ki VALUES FOR INHIBITION OF THE PTERIDINE REDUCTASE : DIHYDROFOLATE
REDUCTASE ACTIVITY BY BIOPTERIN. FOLATE, METHOTREXATE,
PYRIMETHAMINE, TRIMETHOPRIM AND NADP

Each substrate was added after preincubation of the enzyme with the inhibitor for 3 min at 30 C. The
reaction was initiated by the addition of NADPH. Both dihydrofolate reductase and pteridine reductase
activities were measured under standard assay conditions. The K/ values were calculated from Dixon plots.!”!

Ki (M)
Inhibitor Substrate
Dihydrofolate L-threo-Neopterin 6-Hydroxymethylpterin

(6.8)° (6.0 (6.0)*
L-erythro-Biopterin 0.34 0.040 0.061
Folate 36 27 40
Methotrexate 1.1 0.096 0.33
Pyrimethamine 0.72 0.24 0.48
Trimethoprim 6.4 2.6 4.0
NADP 21 10 11

¢ pH of the assay.

but, the Km value for NADPH in the presence of L-threo-neopterin was
"higher than those of the other three substrates.

As shown in Table IIT, both PtR and DFR activities were inhib-
ited by folate, L-erythro-biopterin, NADP and anti-folates, such as
MTX, pyrimethamine and trimethoprim. The magnitude of inhibition
by both biopterin and MTX depended upon the pteridine compound used
as the substrate and not on the dihydrofolate. Thus, the PtR
activity was inhibited to a greater extent by biopterin and MTX than
was the DFR activity. Both activities were also inhibited by
folate, NADP, pyrimethamine and trimethoprim at similar concentra-
tions. The.presence of folate, biopterin, MIX, pyrimethamine or
trimethoprim produced competitive inhibition with the pteridine
compounds and dihydrofolate (as estimated from Dixon plotsls)).
The inhibition by NADP was also competitive with NADPH.

Reaction product Changes in the absorption spectrum of the
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ABSORBANCE

0 1 1 ! ! L 100—1—

260 280 300 320 340 360
WAVELENGTH (nm)

FiG. 3. Changes in the Absorption Spectrum of 6-
Hydroxymethylpterin during Its Reduction by Pteridine
Reductase : Dihydrofolate Reductase.

The reaction mixture contained the following: 50 mm
potassium phosphate, pH 7.0; 30 mm 2-mercaptoethanol;
50 um 6-hydroxymethylpterin; 20 um NADPH; 10mm
glucose-6-phosphate; glucose-6-phosphate dehydrogenase
(2.8 units); pteridine reductase : dihydrofolate reductase
(360 pg protein). Final volume was 2.5ml. The spectrum
changes were recorded at 6 min intervals for a period of
100 min.

pteridine compound during the
enzymic reaction were measured
by coupling the reaction to
the NADPH-regenerating system
of glucose-6-phosphate dehydro-
genase. As illustrated in
Fig. 3, the spectrum of 6-hy-
droxymethylpterin(Amax 273 and
346 nm at pH 7.0) changed to
one having a Amax at 300 nm.
The isosbestic points of the
spectrum during this reaction
were 321 and 281 nm, and the
spectrum of the final product
was identical to that of 6-
hydroxymethyltetrahydropterin.

When other pteridine compounds

were used as substrates, similar spectral changes were observed.

The spectral changes of the conversion of dihydrofolate to tetra-

hydrofolate were in good agreement with the data reported by Osborn

and Huennekens.lé)

NADPH-consumption during the enzymic reaction The amount

of NADPH consumed during the enzymic reduction of L-threo-neopterin

was determined by measuring the decrease in absorbance at 340 nm,

as shown in Fig. 4. There was a rapid decrease for the first 12
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FiG. 4. NADPH-Consumption during the Enzymic
Reduction of L-threo-Neopterin.

The reaction mixture contained 3.6 uM L-threo-neopterin,
30mM 2-mercaptoethanol and pteridine reductase : dihy-
drofolate reductase (190 ug protein) in 50 mm sodium cit-
rate buffer at pH 6.0. The reaction was initiated by ad-
ding 76 um NADPH to a mixture without enzyme (A),
or to that containing enzyme (B).

min, and then the absorbance
continued to decrease a slower,
but linear, fashion. Since
this linear decrease was also
observed in a mixture contain-
ing neither the enzyme nor
neopterin, the auther conclud-~
ed, along with Hillcoat et al.,
19) that this decrease was due
to decomposition of the NADPH
at pH 6.0. Thus, the absorb-

ancy changes between line (A)

and an extrapolated line (B)

were consequences of the conversion of both NADPH to NADP and L-

threo-neopterin to L-threo-tetrahydroneopterin. The amount of

oxidized NADPH was calculated to be 6.9 uM, based on the molar ex-

tinction coefficient for reduction of 3.6 UM of L-threo-neopterin.

Therefore, it was estimated that two mol of NADPH were used for the

reduction of one mol of L-threo-neopterin. When dihydrofolate

was used as a substrate, 1.1 mol of NADPH were used for reduction

of one mol of dihydrofolate.

Effect of sulfhydryl reagents and chaotropes As shown in

Table IV, the DFR activity was inhibited by sulfhydryl reagents,

such as pCMB and NEM, and by chaotropes, such as guanidine-HCI,

formamide and urea. The relative inhibition of DFR activity pro-
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duced by each reagent was
TaBLE IV. EFFECT OF SULFHYDRYL REAGENTS y 8

AND CHAOTROPES ON DIHYDROFOLATE
REDUCTASE ACTIVITY similar to that obtained from

After the enzyme was preincubated with the reagent . 1)
for 5 min at 30°C, the dihydrofolate reductase activity fraction Ila.
was measured under standard assay conditions as de-
scribed previously.? The activity of the treated enzyme is ]‘_I)
expressed relative to that of the untreated enzyme.

(see Chapter

Relative
Reagent activity
(%)
None 100
pCMB* 1.2 um 42.3
1.2 um+8 mm 2-ME? 62.4
NEM* 0.2mm 33.8
0.2mM+ 8 mm 2-ME? 56.2
Guanidine-HCl ~ 0.08 M 97.2
0.2m 66.5
Formamide 0.8m 91.4
1.6M 72.3
Urea 2.0M 46.7
4.0M 6.7
p-Chloromercuribenzoate.
b 2-Mercaptoethanol.
¢ N-Ethylmaleimide.
DISCUSSION

In this Chapter, the fraction IIb from (. fasciculata, having
both DFR and PtR activities, was further purified and its properties
were characterized. The purified fraction IIb resembled fraction
IIa, Z.e., dihydrofolate and NADPH-dependent DFR,l> in its pH-activ-—
ity curve using dihydrofolate as a substrate (Fig. 2,A), its molec-
ular weight (110,000) and its sensitivities to trimethoprim, pyri-
methamine, pCMB, NEM, guanidine-HCl, formamide and urea (Table III
and 1IV). However, the purified fraction IIb differed from the
fraction ITIa in the following physical properties:

(1) The IIb protein was not adsorbed on CM-Sephadex in the
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presence of 2-ME, and was stable in the presence of ammonium sulfate
and 2-ME.

(2) Fraction IIb exhibited both DFR and PtR activities. That
is, it catalyzed the reduction of many pteridine compounds, such as
6-hydroxymethylpterin, 6-methylpterin, four neopterin isomers, pterin
and xanthopterin, to their tetrahydro forms, as well as the reduction
of dihydrofolate and dihydropteroate in the presence of NADPH (Table
I and Fig. 3).

(3) MIX is a potent inhibitor of many DFRs,l’3’4)

including
fraction IIa (see Chapter II). Both the DFR and PtR activities
of the ITb protein were inhibited competitively by MTX (Table III).
However, the concentration required for 507 inhibition of the DFR
activity was 5,500 times higher than that required to inhibit the
fraction Ila protein (7.7 UM versus 1.4 nM for IIa).

(4) Both the DFR and the PtR activities of fraction IIb were
also strongly inhibited by L-erythro-biopterin (Table III), and the
K7 value for the IIb DFR activity was 382 times lower than that for
fraction IIa (0.34 uM versus 130 uM for IIa). L-erythro-Biopterin
has not yet been reported as an inhibitor of any DFR.

Some DFRs reduce folate,z-a) pteroate,ll’zo—zz) dihydroptero-

. 10,11,20,21,23,24) 12,25)
>

at dihydrobiopterin and 6-methyldihydro-

11,23,25)

pterin. The enzyme from chicken liver reduces biopterin
y

at a very low rate,lz) while folate reductase from chicken liver
reduces the aldehyde of 6—formylpterin.22) Up to this time, a

DFR or other reductase which can effectively reduce oxidized pteri-
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dine compounds to tetrahydroforms has been unknown. However, the
data obtained in these experiments suggest that the enzyme from
fraction IIb is quite a different type from any DFR isolated thus
far. Therefore, it was named pteridine reductase:dihydrofolate
reductase. Additionally, it was concluded that the enzyme activ-
ity depends on the structure of the pteridine side chain at the 6-
position, as well as its stereo configuration, since the enzyme is
unable to use folate, L-erythro-biopterin, sepiapterin, isoxantho-
pterin and leucopterin as substrates.

6)

Recently, Hirayama et<1Z? have isolated dihydropteridine re-
ductase from C. fasciculata ATCC 11745, which reduces quinonoid-6-

methyldihydropterin to 6-methyltetrahydropterin in the presence of

NADH as a cofactor. However, this enzyme differs from PtR:DFR

in such properties as substrate specificity and molecular weight

(55,000 daltons).
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Chapter IV
Effect of Configuration of Neopterin Isomers on the
Activity of Pteridine Reductase:Dihydrofolate Reduc-

d)

tase from Crithidia fasciculata

b PtR:DFR from C. fasciculata re-

As described in Chapter III,
duces one mol each of oxidized pteridine compounds such as four
neopterin isomers (Z.e., L-threo, L-erythro, D-threo and D-erythro-
neopterins), 6-hydroxymethylpterin, 6-methylpterin and pterin to
their tetrahydro forms using 2 mol of NADPH. The reductase activ-
ity for neopterin isomers at pH 6.0, however, varies with their
structures.l) The enzyme is unable to reduce L-erythro-biopterin

1)

and sepiapterin at any pH range tested. This suggests that the

CH.,OH-group at C-3' of the propyl side chain of pteridine is an

2
essential structure for the substrate of PtR:DFR and also the con-
figuration of the trihydroxypropyl side chain of neopterin affects
the activity of PtR:DFR.

The present chapter describes the PtR:DFR activity in relation
to the structure of four stereoisomers of neopterin in order to
clarify the reduction mechanism of PtR:DFR. The data show that
the activity of PtR:DFR depended much on the configuration of OH

at C-1' of the trihydroxypropyl side chain of neopterin as a sub-

strate.
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MATERIALS AND METHODS
Materials. NADPH was obtained from Sigma Chemical Co.  L-
threo-Neopterin was a kind gift from Dr. M. Viscontini, ZlUrich Uni-
versity, Switzerland. The other three isomers of neopterin were

2)

synthesized by the method described by Viscontini and Provenzale.

Standard assay conditions for PtR:DFR.  The PtR:DFR activity
1)

was measured by the method described in Chapter III. The enzyme
activity was defined as the decrease in absorbance at 340 nm for one

1)

min under the standard assay conditioms.

RESULTS AND DISCUSSION
Optimum pH and kinetic parameters The pH-activity profiles
for the four stereoisomers of neopterin, Z.e., L-threo, L-erythro,
D-threo and D-erythro-neopterin, are shown in Fig. 1. The Michaelis

constants (Xm value) for NADPH
TaBLe 1. Km VaLugs FOR NADPH AND

STEREOISOMERS OF NEOPTERIN FOR
PTERIDINE REDUCTASE : DIHYDRO-
FOLATE REDUCTASE ACTIVITY

and neopterin isomers at the

The enzyme activity was assayed at 340 nm under the optimum pHs are summarized in

standard conditions as described in the previous paper.” ‘
The enzyme (90 ug of protein) was preincubated at 30°C Table I. L-threo~-Neopterin
for 3 min. The reaction was initiated by adding

~ i DPH in th: der. .
60 ~ 80 uM neopterin and 80 um NADPH in that order showed two pH optima at pH 6.0

Km for Km for

Neopterin Optimum o oterin NADPH* and 4.5, as described in the
P (um) () 1
. preceding Chapter III.

L-threo-Neopterin 6.0 3.5 11

4.5 6.7 4.7
L-erpthro-Neopterin 6.0 6.4 21 The Km value for L-threo—neo-
D-threo-Neopterin 4.8 37 13
D-erythro-Neopterin 4.5 1 23 pterin at pH 4.5 was 1.9 times

*  Km values in the presence of each neopterin.

higher than that at pH 6.0.

The enzyme activity at pH 4.5 was inhibited by over 20 uM L-threo-
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Fic. 1. Effect of pH on the Activity of Pteridine Reductase: Dihydrofolate Reductase with Four

Stereoisomers of Neopterin.

(O—0), L-threo-neopterin; (@---@), L-erythro-neopterin; (O---Q), D-threo-neopterin; (@—@), D-erythro-

neopterin.
neopterin. The constant (Xs' value) for the substrate inhibition
was 95 uM. However, the Km value for NADPH in the presence of L-
threo-neopterin at pH 4.5 was 2.3 times lower than that at pH 6.0.
A broad optimum pH between 7.0 and 4.5 was shown for L-erythro-
neopterin (Fig. 1). This pH-activity profile was similar to that
of 6—hydroxymethylpterin,l) although its maximum activity was half
that of 6~hydroxymethylpterin. The Km value for L-erythro-neo-
pterin at pH 6.0 was 1.8 times higher than that of L-threo-neopterin

at the same pH, and the Km value for NADPH in the presence of the

L-erythro-isomer was 1.9 times higher than that of NADPH in the
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presence of the L-threo-isomer. On the contrary, a single pH op-
timum was shown at 4.5 and 4.8 for D-erythro and D-threo-neopterins,
respectively (Fig. 1). The maximum activity for D-erythro-neo-
pterin was almost two times higher than that for D-threo-neopterin.
The Km value for D-erythro-neopterin was 3.4 times lower than that
for D-threo-neopterin.

As shown in Fig. 1, the configuration of the hydroxy group-at
C-1' of L-threo-neopterin was the same as that of D-erythro-neopterin,
and the configuration of L-erythro-isomer was the same as that of D-
threo-isomer. As shown in Table I, PtR:DFR reduced more favorably
L-threo and D-erythro-neopterins than L-erythro and D-threo-neo-
pterins. As shown in Chapter III, PtR:DFR reduces L-erythro-7,8-

)

dihydrobiopterin, but not L-erythro-biopterin. This suggests
that the activity of PtR:DFR is controlled by the configuration at
C-1' during the reduction at C-7 and N-8 of the pteridine ring.
Charlton et aZ.B) have reported that the hydrogen at the 4-pro-R
position of NADPH is transferred to the si-face at C-7 of folate
during folate reduction by DFR. When the hydrogen transfer from
NADPH takes place in a similar manner to the enzymic reduction of
folate during the reduction of neopterins, the hydroxy group at C-
1' of L-erythro and D-threo-neopterins may exist on the si-face at
C-7 of the pteridine ring and cause steric hindrance of the reduc-
tion at C-7. Therefore, the hydroxy group of L-threo and D-

erythro-neopterins may exist on the re-face at C-7, this configura-

tion facilitating the hydrogen transfer from NADPH to neopterins.
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This indicates that L-threo and D-erythro-neopterins are more favor-

able substrates for PtR:DFR than D-threo and L-erythro-isomers,

which corresponds well with the data shown in Table I.

The estimation of the absolute configuration at C-6 of 5,6,7,8-

tetrahydroneopterins may also be important for clarifying the reac-

tion mechanism. The configuration at C-6 of tetrahydrofolate pro-

duced from 7,8-dihydrofolate

4,5) 3)

or folate™ by DFR 1s estimated to

be the S-form. The configuration at C-6 of 6-methyltetrahydro-

pterin ’

6,8-10)

4,6,7) is the S-form, and that of L-erythro~tetrahydrobiopterin

is the FA-form. This suggests that the absolute configura-

tion at C-6 of tetrahydroneopterins produced by PtR:DFR is the R-

form.

1)
2)

3)

4)

5)

6)

7)

8)
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Chapter V

Uptake and Metabolism of Methotrexate by
)

Crithidia fasciculata®

Crithidia fasciculata has an energy-dependent active transport

1)

system for folate. In Chapter I, MTX and aminopterin promote

the growth rate of (. fasciculata at the same concentrations as does

2)

folate.
3,4)

In Chapters II and III, MIX inhibits the DFR activity,
but there is no difference in the types and amounts of this
enzyme between cells grown in media containing either MIX or bio-
pterin.z) This suggests that C. fasciculata may metabolize MIX to

compounds which canbe used effectively for its own growth and have no

inhibitory effect on the DFR activity.
-7)

Transport of MTX in L1210 lymphoma cells5 and Lactobacillus

7)

case’t is an active, energy-dependent, carrier-mediated process.

The incorporated MIX is metabolized mainly to 7-hydroxy MTX8—14)

its poly-Y-glutamyl compoundsl4_22)

22-26)

by mammals, and to AMPte by
bacteria. This chapter deals with the uptake of MIX and
the isolation of a major metabolite of MIX in (. fasciculata. The

significance of the occurrence of an enzyme activity converting MIX

to AMPte in this protozoan is discussed.

MATERTIALS AND METHODS
Materials. [3';5',9(n)—3H]MTX sodium salt (6 Ci/mmol) and

[2—14C]folic acid potassium salt (54.3 mCi/mmol) were purchased from
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the Radiochemical Centre (Amersham). MTX was purchased from
Lederle Ltd. POPOP and PPO were from Wako Pure Chemicals Indus-
tries Ltd. Avicel SF cellulose plates (20 x 20 cm) were from
Funakoshi Pharmaceuticals Co. Ltd. Membrane filters (0.45 um in
pore diameter) were from Millipore-Co. DEAE-cellulose and Sepha-
dex G-10 were from Pharmacia Fine Chemicals. All other chemicals
were obtained from Nakarai Chemicals Ltd., Kyoto.

Media and growth conditions for C. fasciculata. C. fascicu-
lata was grown at 25°C in the chemically defined assay medium de-

27)

scribed by Guttman. MIX (0.1 uM) or L-erythro-biopterin (0.21
nM) was aseptically added to the sterilized medium (10 ml) by filter-
ing through a Millipore filter. The cell growth was measured tur-
bidimetrically with a Coleman Model 6-20 Spectrophotometer and shown
by transmittance (T%) at 675 nm. The cell number was determined
microscopically using a haematometer (depth 0.1 mm).

Uptake of MTX and folate. The uptake studies of MIX and fo-
late were conducted using cells grown in the chemically defined
medium (10 ml) containing 0.21 nM L-erythro-biopterin. After a
defined interval of growth, 5.64 nM [3H]MTX (333 nCi) or 115 nM [
14C]folate (61.8 nCi) was added to the culture medium and incubated
at 25°C for 1 to 20 min. The cells in 2 ml of the medium were
collected with a Millipore filter and washed thoroughly with an ice-
cold solution containing 0.5% (w/v) sodium chloride, 0.5% (w/v)

potassium chloride and 0.1 mgZ (w/v) MIX or folate. The filter

was put in a counting vial containing 10 ml of scintillation fluid
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consisting of 0.1 g of POPOP and 5.5 g of PPO dissolved in one liter
of a mixture of toluene and Triton-X 100 (2:1, v/v). The radio-
activity was measured by a Packard 2425 Tri-Carb Liquid Scintilla-
tion Spectrometer.

In order to quantify the MTX taken up by the cells, cells grown
in the chemically defined medium containing 0.1 UM [3H]MTX (516 nCi)
were collected at a defined interval of growth from 2 ml of the me-
dium, and the radioactivity recovered in the cells was measured as
described above.

Isolation of metabolites of MTX from the cells and the medium.

The cells were cultivated in 100 ml of the chemically defined
medium containing 0.1 M [BH]MTX (130 nCi) until their concentration
reached T=40 - 50%, and harvested by centrifugation at 3,000 x g for
10 min. The resulting cells (0.2 g) were washed 3 times with the
ice-cold solution as described above (see Uptake of MIX and folate)
and suspended in 3 ml of 10 mM Tris-HCl buffer, pH 7.0, containing
100 mM 2-ME. The cells were disrupted for 2 min on ice with a
Kaijo-Denki 20 kHz Ultrasonic Oscillator, and the suspension was
centrifuged at 12,000 x g for 30 min. The resulting supernatant
solution was put on a DEAE-cellulose column (1.4 x 7 cm) which had
been equilibrated with the Tris-HC1l buffer. Also, the culture
supernatant (10 ml) was diluted to 20 ml with 200 mM 2-ME, the pH
was adjusted to 7.0 with 1 M NaOH, and the solution was put on an-
other DEAE-cellulose column as described above. The columns were

eluted by a linear Tris gradient with 60 ml of 10 mM Tris-HC1l buffer,
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pH 7.0, containing 100 mM 2-ME in the mixing chamber and 60 ml of 1
M Tris-HC1 buffer, pH 7.0, containing 100 mM 2-ME in the reservoir.

Two milliliter fractions were collected, and an aliquot (0.2 ml) of

the fraction was used for radioassay. About 957 of the total ra-
diocactivity was recovered from the column. Each radioactive frac-
tion (I - V) was pooled and lyophilized. After being dissolved in

a small amount of water, the radioactive solution was desalted by
chromatography on a Sephadex G-10 column (1.5 x 85 cm) using water.
The radioactive fractions were collected and lyophilized. All
procedures used in the present experiments were carried out at0-4°C.
Preparation of the cell-free extract. The cells were culti-

27)

vated in 2 liters of the culture medium described by Guttman until
their concentration reached T=60%, harvested by centrifugation, and
washed thofoughly with 0.9% (w/v) saline. The resulting cells (2
g) were suspended in 5 ml of 0.1 M Tris-HCl buffer, pH 7.1, and dis-
rupted on ice by sonicating for 5 min. The suspension was centri-
fuged at 12,000 x g for 30 min. The supernatant solution was used
for the following experiments.

Isolation of the emaymatic reaction product of MIX. The reac-
tion mixture containing 0.1 M Tris-HC1 buffer, pH 7.1, 16.7 M [3H}
MTX (375 nCi) and the cell-free extract (4.4 mg of protein) in a
total volume of 0.18 ml, was incubated at 30°C for 1 hr. The reac-
tion was terminated by adding 0.18 ml of ethanmol to the mixture.

An aliquot of the supernatant obtained by centrifugation at 10,000 x

g for 10 min was spotted on an Avicel SF cellulose plate. The
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plate was developed with 3% (w/v) ammonium chloride solution at room
temperature. The plate was scraped off in l-cm segments and each
segment was put in a counting vial containing 10 ml of a scintilla-
tion fluid consisting of 0.1 g of POPOP and 4 g of PPO dissolved in
one liter of toluene.

To isolate a non-radioactive reaction product, MTX (0.1 mM) was
incubated at 37°C for 2 hr in a mixture (1 ml) of 0.1 M Tris-HCL
buffer, pH 7.1, and the cell-free extract (29 mg of protein). The
reaction was terminated by the addition of ethanol. The insoluble
materials were removed by centrifugation. The resulting superna-
tant solution was concentrated to a small volume and all the solu-
tions were spotted on an Avicel SF cellulose plate. The plate
was developed with 0.1 M potassium phosphate, pH 7.0, at room tem-
perature. The purple zone (Rf=0.29 - 0.32) located under a Super-
Light Model LS-D1, Nikko Sekiei Works (Wavelehgth, 365 nm) was
scraped off and eluted with 10 ml of water. After concentrating
the eluate in an evaporator im vacuo, the yellow solution was de-
salted with a Sephadex G-10 column (1.5 x 85 cm) using water. The
yellow fractions showing an absorbance at 280 nm were collected and

lyophilized.

RESULTS
Cellular uptake of MIX and folate The uptake of MIX and
folate by C. fasciculata is shown in Table TI. It was found that

the cellular capacity of MTX uptake (expressed per unit of cell
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TabLE 1. UPTAKE oF PH]METHOTREXATE AND [*CJFOLATE BY Crithidia fasciculata
CELLS OBTAINED FROM VARIOUS CULTIVATION TIMES

C. fasciculata was grown at 25°C in a chemically defined medium (10ml) containing 0.21 nm L-erythro-
biopterin. After growth intervals of 95, 105, 115, 120, 123, 125, 130 and 135hr, [*H]methotrexate (5.67 nM,
333nCi) or ['*Clfolate (115nm, 61.8 nCi) was added to the culture medium, and the mixture was incubated at
25°C for 1 min. At the end of this incubation, the cells in a 2 ml-aliquot of the medium were collected with a
Millipore filter, and the radioactivity bound to the cells was measured.

Cuitivation G Count of The amount taken up (fmol/10°® cells)

. rowth \

time (T% at 675nm) cells/10 ml

(hr) ° (x 10%) Methotrexate Folate
95 89 0.60 22 31
105 83 0.93 37 39
115 71 1.77 23 247
120 63 2.50 21 230
123 56 3.45 20 225
125 49 4.50 23 167
130 38 6.15 21 131
135 25 8.00 19 70

number) did not depend on the MTX concentration nor on cultivation
time. The cells completed the MTX uptake within 1 min after the
start of incubation with MTX, and no further uptake occurred through-
out the following incubation period of 20 min. The amount of MIX
taken up in 1 min was at a low level such as 19 to 37 fmol/lO8 cells.
On the contrary, the cells obtained at each growth stage exhibited

a linear fashion of folate uptake lasting at least for 20 min.

The amounts of folate taken up by the cells varied from 31 to 247
fmol/lO8 cells during growth. The uptake rate of folate depended
on the folate concentration in the medium. The apparent Km value
(uptake constant) for folate was calculated to be 44 nM from the
reciprocal plots of uptake rate versus folate concentration. The
folate uptake was inhibited 28, 88 and 92% by 0.066, 6.6 and 120 UM
of MTX, respectively, and also 92% by 120 uM of aminopterin.

Amounts of MTX taken up by the cells during growth When the
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crithidia cells were cultivated in a medium containing MTX, the ra-

dioactivity derived from MTX which was taken up by the cells increas-
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FiG. 1. Amount of Methotrexate Taken Up by Crithidia
fasciculata Cells during Growth.

C. fasciculata was grown in a chemically defined medium
(10 ml) containing 0.1 uM [*H]methotrexate (516 nCi).
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Fic. 2. DEAE-Cellulose Chromatography of
[PH]Methotrexate-metabolites Found in the Cells of C.
fasciculata (A) and the Culture Supernatant (B).

C. fasciculata was grown in a chemically defined medium
(100 ml) containing 0.1 um [*H]methotrexate (130 nCi).
After 4 days of growth, the cells were separated from the
medium as described in the text. The columns (1.4 x 7cm)
were eluted by a linear gradient of 0.01~1M Tris-HCI
buffer, pH 7.0. The gradients were started at the positions
indicated by the arrows in the chromatograms. The sym-
bols a and b in the chromatograms represent the eluting
positions of -authentic AMPte and methotrexate,
respectively.

ed during growth (Fig. 1).
The amounts (as MTX) taken up
by the cells at mid-log phase
(T=507) was calculated to be
330 fmol/lO8 cells from the
radioactivity.

Metabolites of MTX

The elution profiles from a
DEAE-cellulose column of the
MIX metabolites found in the
cell extract and the culture
supernatant are shown in Figs.
2A and 2B, respectively.
Five [3H] radioactive fractions
[I, II, ITII, IV and V(Fig. 2A)]
and three fractions[I, IV and
V(Fig. 2B)] were obtained from
the cell extract and the culture
supernatant, respectively.
The eluting positions of the
fractions IV and V correspond-
ed to those of authentic AMPte

and MTX, respectively. The
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TaBLE 1. COCHROMATOGRAPHY OF FRACTION IV COMPOUND WITH AUTHENTIC AMPte

The fraction IV compounds (400 cpm and 510 cpm, respectively, see Figs. 2A and 2B) obtained by DEAE-
cellulose chromatography of the cell extract and of the culture supernatant were cochromatographed with
authentic AMPte on an Avicel SF cellulose plate. The zone corresponding to AMPte was scraped off and
radioactivity was measured.

Fraction IV compound from

Cell extract Culture supernatant
Solvent system*
; i saldb ; fi faldb
Rf Radioactivity Yloeld Rf Radioactivity Ylj:ld
(cpm) (%) (cpm) (%)
a 0.31 363 91 0.29 465 91
— — — 0.25 494 97
c 0.32 380 95 0.31 493 97

@ g, 0.1 M potassium phosphate buffer, pH 7.0; b, n-propanol-ethyl acetate~water, 7:1:2 (v/v/v); ¢, n-propanol—
1%, ammonium hydroxide, 2:1 (v/v).
b Recovery against radioactivity applied for the cellulose plate chromatography.

radioactive fraction IV was cochromatographed with authentic AMPte,
and the major fadioactivity was observed at the AMPte zone as shown
in Table II. The radioactive fraction V also cochromatographed
with MTX, and the radioactivity was observed at the MIX zone (data
not shown) . From these results, fraction IV and V were identified
as AMPte and MTX, respectively. The radioactivities recovered as
AMPte and MTX in the cell extract were found to be approximately 30
and 397% of the total activity, respectively. The fraction I
which passed through the DEAE~cellulose column, and the minor frac-
tions (II and III) were not identified.

Enzymatic conversion of MTX to AMPte by the cell-free extract

When [3H]MTX was incubated with the cell-free extract, a new
radioactive compound (Rf value of 0.27) was observed on thin-layer
chromatography (Fig. 3). The infrared and UV spectra of this

compound are shown in Figs. 4 and 5, respectively. The spectra
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FiG. 3. Thin-layer Chromatograms of [PH]Methotrexate
before and after Incubated with the Cell-free Extract of C.
fasciculata.

[PH]Methotrexate (16.7 um, 375 nCi) was incubated with
the cell-free extract of C. fasciculata at 30°C for 1hr.
Twenty ul of the supernatant of the reaction mixture was
spotted on an Avicel SF cellulose plate. See the text in
details.

_——, radioactivity profile on the chromatogram before
the reaction; ——, that after the reaction.

(Fig. 6).

served in the culture supernatant.

ABSORBANCE

240 280 320 360 400
WAVELENGTH (nm)

FiG. 5. Ultraviolet Absorption Spectra of the New Com-
pound (see Fig. 3) Derived from Methotrexate in 0.1M
NaOH (—-—-- ), 0.1M HCY (------ } and 0.1 M Potassium

Phosphate Buffer, pH 7.0 (——).
The spectra were taken by a Hitachi 124 Spectro-
photometer.

The converting activity

WAVELENGTH (p)
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FiG. 4. Infrared Absorption Spectrum of the New Com-

pound (see Fig. 3) Derived from Methotrexate.

The spectrum was taken in a KBr pellet by a Hitachi 285
Grating Infrared Spectrophotometer.

were in good agreement with
those of 4-amino-4-deoxy-10-
methylpteroic acid (AMPte) as

23)
reported by Levy and Goldman

of MTX to AMPte was not ob-

CH;

NH, N I 0
Nig CHzN C-OH
I S,
2

Fig. 6. Structure of 4-Amino-4~Deoxy-

10-Methylpteroic Acid
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DISCUSSION
The present study showed that the uptake of folate by Crithidia
fasciculata depended on the degree of aging of the cells used (Table
I) and on folate concentrations in the medium. However, the mode
of the uptake of MIX differed from that of folate. Rembold and

1

Vaubel ’ show that C. fasciculata has two different carrier sites

for transporting biopterin and folate, based on their different re-
sponses to the addition of aminopterin. In the present study,
MTX and aminopterin significantly inhibited the folate uptake, as
observed by Rembold and Vaubel.l) These results suggest that the
uptake of MTX and aminopterin may share the carrier site for folate.
As shown in Fig. 2A, MIX taken up by (. fasciculata was metabo-
lized to at least four compounds including AMPte. The intracellu-
lar amounts of the metabolized and unmetabolized MIX were calculated
to be 200 and 130 fmol/lO8 cells, respectively, based on the results
of Figs. 1 and 2A. C. fasciculata has two types of DFR, Z.e.,

3)

DFR and PtR:DFR4)(see Chapters II and III). The concentration

of the major DFR has been estimated to be 2.4 pmol per 108 cells at

2,3)

the same age. Thus, the respective levels of the metabolites

and MTX were 12- and 18-fold lower than that of the DFR. This

estimation, about 5% of the DFR activity may be inhibited by the

incorporated MIX, assumed that the dissociation of the enzyme-inhib-

itor complex is negligible. This is compatible with the results
2)

described in Chapter I. The major metabolite, AMPte, has been

shown as a weaker inhibitor for the DFR from L. casei,l4) mouse
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28) 29)

11210 leukemia cells and P1534 leukemia cells than MTX.

Therefore, this evidence is interpreted to indicate that DFR of (.
fasciculata may be little affected Zn vivo by concentrations of the
MTX and AMPte.

The hydrolyzing reaction of MTX to AMPte has been reported in

soil bacteria such as Pseudomonas Sp.23’24)

25,26)

and Flavobacterium sp.
The cell-free extract of C. fasciculata converted MIX to
AMPte (Fig. 3) and folate to pteroic acid (data not shown). These
results indicate that this protozoan may have an enzyme or enzymes
catalyzing these hydrolytic conversions, as shown in soil bacteria.

23-26) Kidder et aZ.3O)

has demonstrated that folate is metabo-
lized Zn vivo to 6-hydroxymethylpterin and biopterin, which have a
greater stimulatory effect on growth of C. fasciculata. But,
much is not yet known about these metabolic pathway. A study is
now in progress to elucidate which metabolites from MTX, including
AMPte, have a growth-promoting activity in this protozoan. As

the activity converting MTX to AMPte was only cell-bound, this con-

version may play a role in the detoxication of MIX in this protozoan.
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Chapter VI
Radioassay of the Folate-hydrolyzing Enzyme Activity
and the Distribution of the Enzyme in Biological

Cells and Tissuesf)

As shown in Scheme I, an enzyme which catalyzes the hydrolysis
of MIX to AMPte and L-glutamic acid or of folic acid to pteroic acid

and L-glutamic acid has been first isolated from a soil bacteria,

1 . 2
Pseudomonas sp. ) and has been named as carboxypeptidase (CPase) G. )
COOH COOH
CH CHy
NHy G5 OH CH NH; CH3 ,n O CHy
N i % 12 +HO N [ % T
N)I jCHz-N C-N-¢H H N}I ;CHEN C-OH + H,N-CH
HZN&N N COOH  mumipe HszN N COOH
Methotrexate(MTX) 4-Amino-4-deoxy10-methy | L-Glutamic acid
pteroic acid(AMPte)
COOH
CH
T2
2 H 7\ H cH O N B \Q
W Al L
HyN"NTNT COOH HyN“NTN
Folic acid Pteroic acid
Scheme I

Various names of the enzyme which catalyzes the similar reaction have

3)

been proposed as follows: CPase G, from Pseudomonas stutzeri™ and

1
4) 5)

folate amidase ' or CPase™’ from Flavobacterium sp. The activities

of these enzymes have been conveniently measured by a photometric

5)

methodl_ based on a change in absorbance of folic acid and MTX at
310 nm and 320 nm, respectively. In Chapter V, the auther has

found that AMPte is accumulated in the cells of (. fasciculata grown
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in the medium supplemented with MTX, and also has found that the
cell-free extract of this protozoa has the hydrolyzing activity of

6)

MIX and folate to AMPte and pteroic acid, respectively. However,
these activities could not be detected by the photometric method.

So, the auther developed a more sensitive radioassay method for ana-
lyzing the enzyme activity using [2—14C]folic acid as a substrate,
and analyzed the activity in microorganisms and mammalian tissues.

In this chapter, the author named the hydrolyzing enzyme as the fo-

late-hydrolyzing enzyme (FH-enzyme).

MATERIALS AND METHODS
Materials. The following chemicals were obtained from the

14C]folic acid potassium salt (58.2 mCi/

specified manufacturers: [2-
mmol) from The Radiochemical Centre (Amersham); PPO and POPOP from
Packard Instrument Co.; pteroic acid from Lederle Ltd.; Avicel SF
cellulose and its plates (20 x 20 cm) from Funakoshi Pharmaceutical
Co.; Sephadex G-10 from Pharmacia Fine Chemicals; yeast extract from
Oriental Yeast Co.; polypepton from Daigo-Eiyo Co.; beef extract from
Mikuni Kagakusangyo Ltd.; thioglycollate medium from Nissui Pharma-
ceutical Co. Other chemicals were purchased from Nakarai Chemicals
Ltd., Kyoto.

Flammulina velutipes (enokitake) and Lentinus edodes (shiitake)
were obtained from a local market.

Methods.

Standard assay conditions for folate-hydrolyzing enzyme .
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The FH-enzyme activity was measured under the following condi-
tions. The reaction mixture consists of 0.1 M Tris-HC1l buffer, pH
7.1, 1 oM [Z—lac]folate (75 nCi) and the enzyme solution in a final
volume of 0.1 ml. The mixture was put into a small brown test tube
(0.7 x 4.5 cm) with a plug and incubated at 37°C for 1 hr. The
reaction was terminated by adding 0.1 ml of ethanol. The mixture
was centrifuged at 10,000 x g for 10 min. The resulting superna-
tant (20 ul) was spotted on an Avicel SF cellulose plate (20 x 20
cm) . The plate was developed with 0.1 M potassium phosphate buffer,
pH 7.0, for 100 min at room temperature. After the plate was dried
well in a drying oven at 80°C, a l-cm region from the origin, on
which [2—14C]pteroic acid localized, was scraped off and put into a
counting vial containing 10 ml of a scintillation fluid consisting
of 0.1 g of POPOP and 4 g of PPO dissolved in one liter of toluene.
The radioactivity was measured with a Packard 2425 Tri-Carb Liquid
Scintillation Spectrometer. The FH-enzyme activity was shown as
the amount of pteroic acid formed per hr under the standard assay
conditions.

Another reaction product from folate, Z.e., glutamic acid, was

7 The

determined by a colorimetric method described by Moore.
reaction mixture was diluted to 0.5 ml with water and mixed with 0.5
ml of 2% ninhydrin solution, pH 5.2, containing 0.0625% hydrindantin
dissolved in dimethylsulfoxide and 4M lithium acetate (3:1, v/v).

The mixture was heated at 100°C for 20 min. The resulting blue-

colored solution was diluted with 2.5 ml of 50% ethanol and the ab-
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sorbance at 570 nm was measured with a Hitachi 124 Spectrophotometer.
The activity of the enzyme which catalyzed the hydrolysis of MTX was
also measured by the colorimetric determination of the glutamic acid
released.

Preparation of the partially purified FH-enzyme from C. fasci-

culata. The cells (10g) of (. fasciculata were suspended in
50 ml of 0.1 M Tris-HC1l buffer, pH 7.1, and disrupted for 5 min on
ice with a Kaijo-Denki 20 kHz Ultrasonic Oscillator. The crude ex-
tract was centrifuged at 12,000 x g for 30 min, and the resulting
supernatant was heated at 60°C for 5 min. After the insoluble ma-
terials were removed by centrifugation at 12,000 x g for 10 min, the
resulting supernatant was made to 55% saturation with solid ammonium
sulfate. The precipitate was collected by centrifugation at 10,000
x g for 10 min and dialyzed overnight against a liter of 0.1 M Tris-
HC1 buffer, pH 7.1. The specific activity of the final solution
was 8-fold higher than that of the crude extract.

Isolation of the reaction products. The crude extract of (.
fasciculata (29 mg of protein) was incubated with 1 mM folate in 0.1
M Tris-HCl buffer, pH 7.1, at 37°C for 2 hr. The reaction was
terminated by adding ethanol. After the mixture was centrifuged
at 10,000 x g for 10 min, the reaction products, Z.e., pteroic acid
and glutamic acid, were isolated from the resulting supernatant as
follows: Pteroic acid was isolated by a thin-layer chromatography
on an Avicel SF¥ cellulose plate and purified by desalting with a

6)

Sephadex G-10 column as described in Chapter V. The fractions
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showing an absorbance at 280 nm were collected and lyophilized.

For isolating glutamic acid, a half of the resulting supernatant de-
gcribed above was concentrated with an evaporator 7Zm vacuo and was
applied to an Avicel SF cellulose column (1.1 x 39 cm) which was pre-
viously equilibrated with 0.1 M potassium phosphate buffer, pH 7.0.
Two milliliter fractions were collected. Fractions from #14 to #
17 were pooled and concentrated under vacuum. The residue was
suspended in a small amount of 0.2 M sodium citrate-HCl buffer, pH
2.2. After filtrating the solution through a Millipore filter (
0.45 uym in pore diameter), glutamic acid was analyzed with a Hitachi
KLA~-5 automatic amino acid analyzer.

Growth conditions for microorganisms.  Lactobacillus casel ATCC
7469, L. arabinosus ATCC 8014,. L. fermenti ATCC 9338, Streptococcus
faecalis R ATCC 8043, Pediococcus cerevisiae ATCC 8081 and Pseudo-
monas riboflavina IFO 3140 were grown at 37°C in the medium described

)

by Iwai et aZ.8 Bactillus cereus IFO 3131, Serratia indica IFO 3759,

Servatia marcescens 1FO 3048 and Escherichia coli B were grown at 30°
C by vigorously shaking in the medium described by Iwai e? aZ.g)
Saccharomyces cerevisiae FKU 1451, Candida utilis IFO 0396 and Hanse-
nula jadinii IFO 0987 were grown at 30°C in the medium, pH 6.5, con-
taining 1% yeast extract, 2% polypepton and 2% glucose. Aspergil-
lus niger M-62, Penicillum chrysogenum IFO 4879 and Neurospora

erassa IFO 6979 were grown at 3G°C in the medium, pH 6.0, containing

0.5% glucose, 0.5% polypepton, 0.5% yeast extract and 0.5% sodium

chloride. C. fasciculata was grown at 25°C in the medium described
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by Guttman.lo)

Preparation of the crude extracts.  Microbial cells were col-
lected by centrifugation and washed twice with a cold 0.9Z saline.
The cells (1 g, wet weight) were suspended in 5 ml of 0.1 M Tris-HC1
buffer, pH 7.1, and disrupted by sonicating for 5 min. Fungi were
disrupted by homogenizing in a glass Potter-Elvehjem homogenizer.
Yeast cells (1 g) were disrupted by grinding with 1 g of aluminum
oxide in a pestle and mortar. The crude extract was centrifuged
at 12,000 x g for 30 min. The resulting supernatant was used as
the enzyme source.

A male Wister rat (350 g) and a male albino rabbit (2.5 kg) were
killed by decapitation. Each 1 g of tissues was homogenized with
10 ml of 0.1 M Tris-HCl buffer, pH 7.1, in a glass Potter—~Elvehjem
homogenizer. After the homogenate was centrifuged at 12,000 x g
for 30 min, the resulting supernatant was used for assaying the FH-
enzyme activity.

Determination of protein.  Protein was determined by the meth-

od of Lowry et aZ.ll)

RESULTS AND DISCUSSION
Reaction products of FH-enzayme UV spectra of the reaction
product were in good agreement with those of an authentic pteroic
acid as shown in Fig. 1. The ninhydrin-positive product was iden-
tified as glutamic acid by a thin-layer chromatography as shown in

Table I. The product was also confirmed as glutamic acid by its
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Fig. 1. Ultraviolet Absorption Spectra of the Reaction

Product from Folic acid in 0.1 M NaOH, 0.1M HCl and 0.1 M
Potassium Phosphate Buffer, pH 7.0.

Table I. Rf Values on Thin-Layer Chromatography of
the Amino Acid Product.

Folic acid (1 mM) was incubated at 37°C for 2 hr with the
crude extract of (. fasciculata (29 mg of protein) in 0.1 M
Tris—-HCl buffer, pH 7.1. The amino acid product was isolated
by chromatography on an Avicel cellulose column. The product
and authentic L-glutamic acid were spotted on an Avicel SF

cellulose plate and developed by various solvent system.

Solvent system* Product A7 Yalve L—Glutamic acid
a 0.02 0.05
b 0.40 0.40
e 0.22 0.24
d 0.28 0.28
e 0.31 0.30
£ 0.22 0.22
g 0.12 0.11
h 0.95 0.94

* a, ethanol-28% ammonium hydroxide-water, 18:1:1 (by volume);
b, methanol-pyridine-water, 20:1:5 ; c, n-butanol-pyridine-
water, 1:1:1 ; d, n-butanol-acetic acid-water, 12:3:5 ; e,
phenol solution (160 g in 40 ml of water) ; f, phenol solu-
tion~28% ammonium hydroxide, 200:1 ; g, phenol solution-eth-
anol-28% ammonium hydroxide-water, 150:40:1:10 ; h, 0.1 M

potassium phosphate buffer, pH 7.0.

elution time on amino
acid analyzer (data
not shown).

Stotchiometry of the
FH-enzyme reaction

The stoichiometry
for FH-enzyme reaction
was shown in Table II.
The amount of [2—14C]
pteroic acid determined
by the radioassay was
similar to that of glu-
tamic acid determined
by the amino acid ana-
lyzer, although slight-
ly higher amount of
glutamic acid was esti-
mated by the colori-
metric assay. These
results indicate that
FH-enzyme hydrolyzes
one mol of folate to
each one mol of pter-
oic acid and glutamic

acid. The amount



Table II,
The

and the crude extract of C. fasciculata was incubated at 37°C for 1 hr.

used in experiment I and II were 450 and 900 pg, respectively.

reaction mixture (0.3 ml) containing 0.1 M Tris-HCl buffer, pH 7.1, 1 mM [2—

Stoichiometry for the Reaction of Folate~hydrolyzing Enzyme.

C]folate
The amounts of protein

An aliquot (0.1 ml) of the reac-

tion mixture was used for the radicassay of folic acid and pteroic acid, and another aliquot for

the colorimetric analysis and the amino acid analysis of glutamic acid.

Radioassay Colorimetric analysis
Experiment Folic acid Pteroic acid Glutamic acid
consumed* (nmol) formed* (nmol) formed* (nmol)
1 30.5 31.4 36.0
I 51.2 52.3 55.7
(51.6) **

* The amount per 0.1 ml of the reaction mixture.

#% Parenthesis indicates the value determined by an amino acid analyzer.

(nmol/0.1 ml)
w = Ut

S S S

T T T

o

N
(e
T

10

0 1 1 1 1
0 1 2 3 4
INCUBATION TIME (hr)

Formation of Pteroic Acid as a Function of Incuba-

PTEROATE FORMED

Fig. 2.
tion Time.
The reaction mixture (0.1 ml) containing 1 mM [2—14C]folate
(75 nCi), 0.1 M Tris-HCl buffer, pH 7.1, and the partially
purified enzyme (30 ug of protein) from C. fasciculata was
incubated at 37°C for 4 hr. After a defined interval of
[2_14
measured by the method described in Methods.

incubation, Clpteroic acid formed was separated and

_5)

of the conventional photometric methodl

enzyme activity.

14C]pteroic acid

of [
increased linearly for

a period of 3 hr-incu-
bation (Fig. 2), and

the amount formed per

hr was proportional to
the concentration of

the enzyme (Fig. 3).
Above 0.2 nmol of pter-
oic acid could be detected
by this radioassay.

The sensitivity of this
method was several

times higher than that

for assaying the FH-



The FH-enzyme activity

A 50 in microorganisms and
s =
=
L mushrooms As shown
o 40 . .
o in Table III, higher
0
g
£ 3f activities of FH-enzyme
a8 were found in C. fascic-
S 2ot
2 ulata and N. crassa.
2 10+ . e
« The partially purified
o)
[
= 0 ! ! L . FH-enzyme fromC. fascic-
* o 30 60 90 120

PROTEIN  (ng) ulata catalyzed the hy-
Fig. 3. Formation of Pteroic Acid as a Function of Protein
Concentration. drolysis of MIX to AMPte.
Components of the reaction mixture were the same as those in
Fig. 2, except the amount of the enzyme. The mixture was This indicates that FH-

incubated at 37°C for 1 hr. The pteroic acid formed was sep—-

arated and measured by the method described in Methods. enzyme in C. fasc%culata

may catalyze both hydrolyzing reactions of folate and MIX as shown

by bacterial enzymes.l—s) N. crassa has several intracellular

peptidases such as carboxypeptidase and aminopeptidase.lz—l4) But,

there is no report whether these peptidases catalyze the hydrolysis

of folate. L. casei had the highest FH-enzyme activity in Lacto-
bacteriaceae tested. But, the enzyme activity was slight in L.
arabinosus ATCC 8014 or P.cerevisiae ATCC 8081. L. caseil metabo-

15) 16)

lizes MIX to AMPte in vivO), The

but P. cerevisiae does not.
evidence indicates that FH-enzyme of L. casei may take part in the
metabolism of MTX as well as that of C. fbsciculaﬁa.6)

The FH-enzyme activities were slight in E. coli B and 4. chroo-

coccum IFO 12393. Mushrooms had the FH-enzyme activity. The
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Table TII. Distribution of Folate-Hydrolyzing Enzyme Activity

in Microorganisms and Mushrooms

Specific activity* Total activity#*

Strain (nmol/hr/mg of protein) (nmol/hr/g of wet
cells or tissue)

Crithidia faseiculata ATCC 12857 72.8 4870
Aspergillus niger M-62 1.7 28
Penieillium chrysogenum IFO 4879 1.4 19
Neurospora crassa IFO 6979 24.2 1020
Serratia indica IFO 3759 1.0 24
Serratia marcescens IFO 3048 0.4 6
Pseudomonas riboflavina IFO 3140 0.8 9
Lactobacillus casei ATCC 7469 1.0 25
Lactobactllus fermenti ATCC 9338 1.1 9
Streptococeus faecalis R ATCC 8043 0.5

Baeillus cereus IFO 3131 0.4 13
Lentinus edodes (Shiitake) 1.6 18
Flammulina velutipes (Enokitake) 0.4 4

* The enzyme activity was defined as the amount of pteroic acid formed under the

standard assay conditions.

Table IV. Distribution of Folate-Hydrolyzing Enzyme Activity
in Mammalian Tissues

Tissue Specific activity#* Total activity*
(nmol/hr/mg of protein) (nmol/hr/g of wet tissue)
Hog Liver 0.2 27
Kidney 0.3 21
Rabbit Brain 0.2 6
Liver, Kidney, Spleen trace <1
Rat Brain 0.3 9
Liver 2.7 388
Kidney trace ' <1l
Spleen 0.2 17

* The enzyme activity was defined as the amount of pteroic acid formed under the

standard assay conditions.

FH-enzyme activity were not detected in yeasts such as S. cerevisiae
FKU 1451, C. utilis IFO 0396 and H. jadinii IFO 0987. A proteo-

. . . . 17
lytic enzyme from S. cerevisiae, 1.e., carboxypeptidase Y, ) could



pot hydrolyze folate and MTX at any pH range between 4 and 9. The
Fi-enzyme activity was not detected in Fuglena gracilis.

The FH-enzyme in mammalian tissues As shown in Table IV, the
highest FH-enzyme activity was found in the crude homogenate of rat
liver. The homogenate also had the hydrolyzing activity of MIX to
AMPte (data not shown). AMPte, excreted in rat urine and feces as
a metabolite of MIX, is supposed to be formed by bacterial enzymes

18,19)

in rat intestine. However, the present result suggests the
possibility that rat liver may produce AMPte from MTX. The FH-
enzyme activity was also found in hog liver, but it was slight in
rabbit 1liver.

By using the sensitive radioassay, the auther has found that

the FH-enzyme activity is widely distributed in biological cells

and tissues.
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Chapter VII
Purification and Some Properties of Folate-

hydrolyzing Enzyme from Crithidia fasciculata

As described in Chapter VI, the author has developed a sensitive
method for analyzing the folate-hydrolyzing enzyme (FH-enzyme) which

catalyzed the hydrolysis of folic acid to pteroic acid and glutamic

1)

acid. The author has also found the enzyme activity in the cell-

free extracts of (. fasciculata ATCC 12857 and other biological cells

1,2) The similar enzyme activity has been found induc-

3)

and tissues.

tively in soil bacteria such as Alcaligenes faecalis,”’ Pseudomonas

sp.4’5) and Flavobacterium sp.6’7) which can grow on folate compounds
as a sole source of carbon and nitrogen. But, Crithidia had con-
stitutively the FH-enzyme activity. In the present chapter, the

auther purified the FH-enzyme from (. fasciculata and compared the
properties of the enzyme with those of the inductive bacterial

enzymes.

MATERIALS AND METHODS
Materials. The following chemicals were obtained from the

14C]Folic acid potassium salts (58.2 m

specified manufacturers: [2-
Ci/mmol) from the Radiochemical Centre (Amersham); bovine pancreas
o-chymotrypsinogen 4, pepsin, ovalbumin, bovine serum albumin,

aminopterin and DFP from Sigma Chemical Co.; methotrexate from

Lederle Ltd.; bovine serum Y-globulins from Mann Research Lab.;
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human serum Y-globulin from Nutritional Biochemical Co.; 5-methyl,
5-formyl, and 10-formyltetrahydrofolates from Eisai Chemicals Co.;
8-hydroxyquinoline, PB-mercaptopropionic acid and o,a'-dipyridyl from
Wako Pure Chemical Industries Ltd.; Sephadex G-200 from Pharmacia
Fine Chemicals; Avicel SF cellulose plates (20 x 20 cm) from Funa-
koshi Pharmaceutical Co. Bathophenanthroline disulfonic acid di-
sodium salt, bathocuproine disulfonic acid disodium salt, o-phenan-
throline, a,a',a"-tripyridyl, pABG and other chemicals were obtained
from Nakarai Chemical Ltd., Kyoto.

Growth conditions for C. fasciculata. C. fasciculata ATCC
12857 was statically cultivated at 25°C in 200 ml-Erlenmeyer flask
containing 50 ml of the culture medium described by Guttman.8)
The cell growth was measured by an increase of turbidity at 675 nm
using a Coleman Model 6-~20 Spectrophotometer. The cells were
harvested at a defined interval of growth by centrifugation at 3,000
x g for 10 min and washed twice with a cold 0.9% (w/v) saline solu-
tion. The cells were suspended in 2 to 5 ml of 0.1 M Tris~HC1
buffer, pH 7.1, and disrupted for 2 min on ice ﬁith a Kaijo-Denki
20 kHz Ultrasonic Oscillator. The suspension was centrifuged at
12,000 x g for 30 min. The resulting supernatant solution was
used for assaying the FH-enzyme activity.

For a large-scale preparation of cells, (. fasciculata was
cultivated in the culture medium (120 liters) at 25°C for 60 hr by
stirring at 300 rpm and by aerating at a flow rate of one liter/min.

The cells were harvested by continuous centrifugation at 10,000 x
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g with a High Speed Centrifuge CM-60RN, Tomy Seiki Co. Ltd., and
washed with the séline solution. The cells were stored at -20°C
until use.

Standard assay conditions for the FH-enzyme activity. The FH-
enzyme activity was measured by radioassay described in Chapter VI.l)
The reaction mixture consists of 0.1 M Tris-HCl buffer, pH 7.1, 2 mM
[2—14C]folate (50 uCi) and the enzyme solution in a final volume of
0.1 ml. The mixture was incubated at 37°C for 1 hr. When non-
radioactive compounds and pABG were used as the substrate, the FH-
enzyme activity was measured by a colorimetric method using a nin-

1)

hydrin reagent described in Chapter VI. The enzyme activity was
defined as amounts of pteroate formed per hr or as changes in ab-
sorbance at 570 nm per hr under the standard assay conditions.

Purification of the FH-enzyme.

1) Preparation of crude extract.  All procedures were carried
out at 0 - 4°C. The Crithidia cells of 500 g (wet weight) were
suspended in 2.5 liters of 0.1 M Tris-HC1 buffer, pH 7.1, containing
0.1 mM CoCl2 and homogenized with glass beads (0.25 - 0.5 mm in di-
ameter) using a Dyno-Mill KDL, Shinmura Enterprise Co. The homo-
genate was centrifuged at 12,000 x g for 20 min.

2) Heat treatment. The resulting supernatant solution (2.3
liters) was heated at 60°C for 5 min and centrifuged at 12,000 x g
for 20 min. The resulting supernatant solution (2.25 liters) was

diluted twice with water. The recovery of the enzyme activity

was almost 1007%.
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3) DEAE-cellulose columm chromatography. The diluted solution
was put on a DEAE-cellulose column (5.7 x 32 cm) which had been pre-
viously equilibrated with 0.05 M Tris-HC1 buffer, pH 7.1, containing
0.1 mM CoCl2 (hereafter this buffer will be referred to as the Buff-
er). The enzyme was eluted by a linear Tris gradient with 1.8
liters of the Buffer in the mixing chamber and 1.8 liters of 0.6 M
Tris-HCl1 buffer, pH 7.1, containing 0.1 mM CoClz, in the reservoir.
Fractions of 17 ml were collected. Tubes from #100 to #130 were
pooled and the solution was dialyzed against 10 liters of the Buff-
er, The dialyzed solution (560 ml) was put on a DEAE-cellulose
column (2.5 x 26 cm) which had been equilibrated with the Buffer.
The column was eluted by a linear Tris gradient with 600 ml of the
Buffer in the mixing chamber and 600 ml of 0.5 M Tris-HCl buffer,
pH 7.1, containing 0.1 mM CoCl2 in the reservoir. Fractions of
7 ml were collected. Tubes from #70 to #90 were pooled, and the
solution was concentrated with a collodion bag (Ultrahlsen UH 100)
and dialyzed against 0.1 M Tris-HCl buffer, pH 7:1, containing 0.1
mM CoClz. The recovery of the enzyme activity was about 147%.

4) Sephadex G-200 column chromatography.  The dialyzed solu-
tion (ca. 2 ml) was subjected to a chromatography on Sephadex G-200
column (1.5 x 90 cm) which had been equilibrated with 0.1 M Tris-

HC1 buffer, pH 7.1, containing 0.1 mM CoCl Fractions of 1.8 ml

9
were collected. Tubes from #28 to #38 were pooled and the solu-

tion was concentrated to a small volume with a collodion bag.

The recovery of the enzyme activity were 95%.
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5) Preparative polyacrylamide gel electrophoresis. A aliquot
(0.2 ml) of the concentrated solution was put on a 7.5% polyacryl-
amide gel column (2 x 5 cm) which was prepared by the method of

9

wWilliams and Reisfeld. A preparative gel electrophoresis was
performed at a current of 8 mA at 4°C for 10 hr with a Fuji-Riken

Furicoverer II. Overrunning protein fractions were continuously

washed out from the gel into the running elution buffer of 10 mM

Tris-HCl, pH 7.1, at a flow rate of 0.4 ml/min. Fractions of 1.86
ml were collected. Tubes from #27 to #30 were pooled and the solu-
tion was concentrated with a collodion bag. The recovery of the

enzyme activity was 16%.

Polyacrylamide gel electrophoresis. Analytical polyacrylamide
gel electrophoresis was carried out at pH 8.9 in a 7.57% gel for 90
min with a current of 2 mA per tube by the method of Davis.lo)
Polyacrylamide gel electrophoresis in the presence of 0.1% (w/v) SDS
was carried out in a 10% gel for 5 hr with a current of 8 mA per
tube by the method of Weber and Osborn.ll) Protein was stained
with Coomassie brilliant blue G-250.

Estimation of the molecular weight.  The molecular weight of
the enzyme was estimated by a gel filtration on a Sephadex G-200
column (1.5 x 90 cm) which had been equilibrated with 0.1 M Tris-HCL

buffer, pH 7.1, containing 0.1 mM CoCl Tryptophanase from

9
Proteus rettgeri (220,000 daltons), bovine y-globulin (160,000 dal-

tons), human y-globulin (153,000 daltons), bovine serum albumin (

63,000 daltons) and ovalbumin (43,000 daltons) were used as molecu-
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lar markers.
Determination of protein. Protein was determined by the meth-

2)

od of Lowry et aZ.l using bovine serum albumin as a standard and

by an absorbance at 280 nm using a Hitachi 124 Spectrophotometer.

RESULTS

Time course of the FH-enzyme formation  The formation of the

F-enzyme activity during growth is shown in Fig. 1. The maximum
formation was observed at 80 hr after cultivation. After that
time, total enzyme activity was extremely decreased. The cells
cultivated until their con-
-0
1000 o " centration reached T=60 - 50
: % were used for purifying
o 800} ; o
£ : the enzyme.
~
v—oi — -
g ?Q Fig. 1. Time Course of the Folate-
<~ 600 o hydrolyzing Enzyme Formation and Growth
Ur\W of C. fasciculata.
E‘ O (. fasciculata was statically cultivated
E: 400 EE at 25°C in 200 ml-Erlenmeyer flask con-
Ej s¢ taining 50 ml of the culture medium.
5% Ei The enzyme activity in the cells obtain-
3 ed at a defined interval of growth was
<t 200 = .
E; E; assayed under standard assay conditions
e gz described in Methods. The activity was
O shown as amounts of pteroate formed per
0 cells at 37°C for 1 hr (0---0). The
0 40 80 120 160

growth was shown as transmittance (T%)

TIME (hr) at 675 nm (e—e).

Puritfication of FH-enzyme  The elution profile of the FH-
enzyme activity on polyacrylamide gel electrophoresis is shown in

Fig. 2. Table I summarizes the purification procedure for the FH-
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Fig. 2. Preparative Polyacrylamide Gel Electrophoresis of the Folate-hydrolyzing
Enzyme.

Enzyme fraction (0.2 ml) obtained from the chromatography on Sephadex G-200 column

was put on a 7.5% polyacrylamide gel column. The protein was eluted as described

in Methods. (e——ae), absorbance at 280 nm; (O----0), total activity per tube.

Table I. Summary of Purification of the Folate-hydrolyzing Enzyme from C. fasciculata.
Purification step Protein Activity*® Specific activity* Yield (%)

(mg) (nmol/hr) (nmol /hr/mg protein)

Crude extract 47,190 1,920,700 40.7 100.0
Heat treatment 7,750 1,919,900 247.7 100.0
1st DEAE-cellulose 2,966 870,070 293.3 45.3
2nd DEAE-cellulose 709 273,500 385.8 14.2
Sephadex G~200 270 260,540 965.0 13.6
Electrophoresis 21.3 42,281 1985 2.2

* The enzyme activity was estimated as amounts of pteroate formed under standard assay conditions.

enzyme. The enzyme was purified 49-fold from the crude extract
with a yield of 2.27%. The final preparation was electrophore-
tically homogeneous (Fig. 3). The specific activity was 1985 nmol

of pteroate formed per mg of protein per hr at 37°C.
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Fig. 3. Polyacrylamide Gel Electrophoresis
of the Purified Folate-hydrolyzing Enzyme.
Electrophoresis was performed using a 7.57% gel
as described in Methods. The protein was
stained with Coomassie brilliant blue G-250.

Molecular weight and subunit

structure The molecular
weight of the enzyme was estimated
to be 200,000 daltons by gel fil-
tration on a Sephadex G-200 column.
The SDS-treated enzyme showed a
single band which molecular weight
was 51,000 daltons. These re-
sults indicate that the enzyme
consists of 4 subunits with the
same molecular size.

Effect of pH on the enzyme

activity and stability

The pH-activity profile of the enzyme is shown in Fig. 4A. The

optimum pH was 7.0. At pH 6.8, the enzyme activity showed the low-

est in potassium phosphate buffer.

The enzyme was stable below pH

Fig. 4. Effect of pH on the Folate-
hydrolyzing Enzyme Activity (A) and
pH Stability of the Enzyme (B).

(A): The enzyme (14 ug of protein)
was incubated with each 0.1 M buffer
under standard assay conditions.

The buffers used were: @ , sodium
citrate; @ , Tris-maleate; @ ,
potassium phosphate; (O , Tris-HCI.
(B) : The enzyme was preincubated with
the buffer described at (A) at 37°C
for 2 hr, and the residual activity

11 1 was measured under standard assay
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8, but unstable over pH 8.5 (Fig. 4B).
Effect of temperature on the enzyme activity and stability

As shown in Fig. 5A, the optimum temperature for the reaction

was 50°C. The enzyme lost rapidly its activity by heat treatment
over 60°C. The enzyme was stable at pH 7.0 below 50°C as shown in
Fig. 5B. Unlike the crude enzyme, the purified enzyme lost 9 and

19% of the activity by heat treatment at 60°C for 5 and 10 min, re-
spectively.

Substrate specificity  As shown in Table II, the purified FH-
enzyme hydrolyzed various folate compounds. MTX and aminopterin
were more effectively used as substrate than folate. But, the

reduced forms of folate compounds such as dihydrofolate and 10-

(4) (B)
100
m =
§ ~ 80
: g
& > 60
ol
[
> = 40
B ]
= 2
B - 20
1 0
0 20 40 60 80 0 20 40 60 80
TEMPERATURE (°C) TEMPERATURE (°C)

Fig. 5. Effect of Temperature on the Folate-hydrolyzing Enzyme
Activity (A) and on Stability of the Enzyme (B).

(A): The enzyme (8 ug of protein) was incubated at the temperature
indicated, and the enzyme activity was measured under standard assay
conditions.

(B): After the enzyme was preincubated at a defined temperature for

10 min, the remaining activity was measured.
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Table II. Substrate Specificity of Folate-hydrolyzing formyl, 5-formyl, and 5-

Fnzyme from C. fasciculata.

) methyltetrahydrofolates
The enzyme (8.2 ug of protein) was incubated with each

dard ditions. The .
substrate (2 mM) under standard assay con n were less effectlvely
enzyme activity was assayed by the colorimetric method using
1
a ninhydrin reagent described in Chapter VI. )

used than folate. PABG

Substrate Enzyme activity* Relative .

(AA /hr) activity was used actively as fo-

570 nm
Folate 0.103 1.00 late. The enzyme did
Aminopterin 0.309 3.00 t h th .
no ave e conjugase

Methotrexate 0.287 2.79 jug
Dihydrofolate 0.047 0.46 .. )
Y activity which catalyzed
10-Formyltetrahydrofolate 0.057 0.55
- .035 0.34 .
5-Formyltetrahydrofolate 0 the hydroly51s of the Y-
S5-Methyltetrahydrofolate 0.023 0.22
Pteroyl-y,y-diglutamyl- linkage of pteroyl—y,y—
glutamic acid (teropterin) 0 -
p-Aminobenzoylglutamic acid 0.123 1.19 diglutamylglutamate (tero—

. . bsor .
* The enzyme activity was defined as a change in absorbance pterln) . Km values for

at 570 nm per hr.

folate, MIX, aminopterin
and pABG were calculated to be 0.13, 0.46, 0.40 and 0.43 mM, respec-
tively, from double~reciprocal plots of reaction rate versus sub-
strate concentration.

Reaction products The reaction products formed from folate
were identified as pteroate and L-glutamate by the same methods as
described in Chapter VI.l) The enzyme hydrolyzed stoichiometri-
cally folate to pteroate and L-glutamate. Thus, one mol of the
enzyme hydrolyzed 397 mol of folate to equal mols of pteroate and
L-glutamate under standard assay conditions. The reaction prod-
ucts from MTX or aminopterin were also identified as 4-amino-4-de-

oxy-10-methylptercate or 4-amino-4-deoxypteroate and L-glutamate,

respectively, from the similar results of their behaviors on thin-
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layer chromatography and their ultraviolet and infrared absorption

spectra as reported by Levy and Goldman[}) (data not shown).

2+

3

Effect of metal ions and salts As shown in Table III, Hg

2+ 2+ 2+ 2+
Cu” , Cd” ', Pb and Zn inhibited strongly the enzyme activity in

. +
this order. Cr3 and Yb3+ also inhibited. But, the following

salts did not affect the activity: MgCl,, CaCl,, SnCl,, BaCl,, MnCl

2° 2° 2° 2’ 2°
FeClz, FeCl3 and AlCl3 at the concentration of 0.1 mM, and LiCl, Na
Table III. Effect of Various Inorganic and Organic Salts Cl and KCl at the con-
on the Folate-hydrolyzing Enzyme Activity.

The enzyme (8 g of protein) was preincubated at 37°C for centration of 0.1 M.

10 min with each salt in 0.1 M Tris-HC1 buffer, pH 7.1, and

incubated with 2 mM [Z—lAC]folate (50 1Ci) under standard Inorganlc and organic

assay conditions. .
sodium salts such as

Addition Concentration Relative activity
(M) (%) pyrophosphate, borate,
None - 100.0
wic1, o1 92.8 orthophosphate and
cuCl, 0.1 10.4 {trat h
citrate -
nc1, o1 40,2 at the concen
srcl 0.1 92.7 .
2 tration of 20 mM also
PbCL, 0.1 30.2
cdcl, 0.1 24-0 inhibited the activity
HeCl, 0.1 0.4
CrCl, 0.1 70.1 (Table III).
YbCl, 0.1 88.7 -
NaNo,, 20 88.3 Effect of chemical
a,s0, 20 89.3
2,00, 20 95.4 reagents
N32B407 20 67.5 e s
Na PO, 20 73.5 The enzyme activity
Na,P,0 20 10.1
4277 i1 e
Na-Acetate 20 88.3 was inhibited by
Na,-Maleate 20 89.2
2 chelating reagents such
Naz—Malate 20 86.4
Na,-Tartarate 20 95.4 1 it . idvl
a -_—
NaZ—Glutamate 20 90.1 § o,a ,a-tripyridydl,
Na,—-Aspartate 20 88.8 . N
2 bathophenanthroline di-
Na3~Citrate 20 78.9

sulfonate, bathocuproine



disulfonate and o-phe-

Table IV. Effect of Chelating Reagents on the Folate-

nanthrolin Table IV).
hydrolyzing Enzyme Activity. 1 oline ( ble V)

The enzyme (8 ug of protein) was preincubated at 37°C for

EDTA, rubeanic acid, o,
10 min with 0.1 mM of each reagent in 0.1 M Tris-HCl buffer,

=

pH 7.1, and incubated under standard assay conditions.

a'-dipyridyl, 8-hydroxy-

Chelating reagent Relative activity (%)

quinoline and R-mercap-
None 100.0
a,a',a"~Tripyridyl 19.0 topropionic acid at the
o~Phenanthroline ’ 52.7
Bathophenanthroline disulfonate 45.8 concentration of 0.1 mM
Bathocuproine disulfonate 50.3

inhibited 15, 11, 7, 2

and 17 of the enzyme activity, respectively. When the enzyme was

preincubated with 0.8 mM bathophenanthroline disulfonate at 37°C for
30 min and dialyzed against 5 mM Tris-HC1l buffer, pH 7.0, for 6 hr,
the enzyme lost 81% of its activity. However, the enzyme activity

was recovered to 447 by the addition of 0.1 mM CoCl The addi-

9
tion of other metalions did not recover the enzyme activity.

pCMB at the concentration of 0.02 mM inhibited 50% of the enzyme

activity. 2-Mercaptoethanol at 10 mM also inhibited 45% of the
activity. However, 0.2 mM PMSF, 1 mM DFP or 15.2 UM pepstatin A

did not affect the enzyme activity.

DISCUSSION
The present study was undertaken to characterize the FH-enzyme
which was purified homogeneously from the crude extract of C. fas-
cteulata ATCC 12857, The enzyme hydrolyzes various folate com-—

pounds at a neutral pH (Table II and Fig. 4A) as do soil bacterial

5)

peptidases such as carboxypeptidase (CPase) G4) and Gl

of Pseudo-
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7)

monad, and folate amidase6) and CPase’’ of Flavobacteria. The
enzyme activity of (. fasciculata depends on the structure of the
pteridine moiety of folate compounds. The reduced forms were hy-
drolyzed only 0.2 to 0.5-fold of folate, and diaminopteridine deriv-
atives such as aminopterin and MIX were more effectively hydrolyzed
than folate. But, the Km values for folate and MTX of the Crithidia
enzyme showed 2 to 130 times higher than those of the three bacterial
4:3,7) Like the Pseudomonas CPase G 2

1
the Crithidia enzyme also hydrolyzed pABG, but did not

CPases. and the Flavobacte-

rium CPase,7)
hydrolyze the Yy-glutamyl linkage of pteroyl-y,y-diglutamylglutamate.
This indicates that the Crithidia enzyme may have a specificity for
spliting the G~glutamyl linkage of folate compounds and pABG.

. 2+ . P
The two Pseudomonas CPases require Zn for their activities. '’

13) The Crithidia enzyme activity was inhibited by various chelat-
ing reagents (Table IV), heavy metal ions, and organic and inorganic
anions (Table III). But, the activity of the bathophenanthroline-
treatment enzyme was partially recovered by adding CoClZ. These
evidences suggest that the Crithidia enzyme may be a kind of metallo-

) i 2+ ) o '
protein and require Co~ for its activity.

) the

Like the two Flavobacterium folate amidase6) and CPase,
Crithidia enzyme was inhibited by 2-ME. Although folate amidase
is only sensitive to phosphate buffer and bacterial CPase is also
to citrate buffer, the Crithidia enzyme activity was affected by in-

organic and organic salts including pyrophosphate, borate, phosphate

and citrate. There is no information about inhibition of bacterial
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enzymes by pCMB and peptidase inhibitors such as DFP, PMSF and pep-
statin A. The Crithidia enzyme was sensitive to pCMB.

Activities of proteinases and aminopeptidases have been found
in crude homogenates of protozoa, Trypanosomatidae, such as Crithidia,
14-17) ITypanosomal4’l7_21) and Leishmania.l4) However, there are

no reports whether these proteases of protozoa may hydrolyze folate

compounds.
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Chapter VIII
Properties of Folate-hydrolyzing Enzyme of

Crithidia fasciculata as a Carboxypeptidase

In Chapter VII, the auther described the purification and some

)

properties of the FH-enzyme from (. fasciculata ATCC 12857.l The

enzyme catalyzed the hydrolysis of the amide linkage of folate com—

pounds, as did CPase G2’3) and CPase G 455)

1
6) 7) . .
of Flavobacteria. But some physical prop-

of Pseudomonad, and CPase
and folate amidase
erties of the Crithidia enzyme differed from those of bacterial en-
zymes.l) The author found preliminarily that the Crithidia enzyme
hydrolyzed also Z-Gly and Z-Ala. This suggests that the Crithidia
enzyme may show a lack of specificity for the o~-carboxy terminal
amino acids. In the present chapter, the author describes the

substrate specificity of the FH-enzyme using some synthetic Z-dipep-

tides and Z-anino acids.

MATERIALS AND METHODS

Materials. Z-Tyr, Z-Phe-Tyr, Z-Tyr-Glu, Z-Gly-Phe-NH,, Boc-

22
D-Phe, Gly-Phe, Leu-enkephalin and angiotensin II (human) were ob-
tained from Protein Research Foundation, Osaka. CPase A (bovine
pancreas) was from Sigma Chemical Co. Z-D-Phe and Z-D-Glu were
synthesized from carbobenzoxy chloride and D-phe, and from carbo-
benzoxy chloride and D-Glu, respectively, in alkaline solution by the

8)

method described by Izumiya.
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Standard assay conditions for FH-enzyme. The FH-enzyme ac-
tivity was assayed by a colorimetric method using a ninhydrin rea-

9) 1)

gent described in Chapters VI and VII, and defined as changes

in absorbance at 570 nm per hr.

RESULTS AND DISCUSSION
Effect of Z-dipeptides, Z-amino acids and peptides on the FH-
engyme Table I shows that the FH-enzyme hydrolyzes various
Z-L-dipeptides and Z-L-amino acids, as well as folate and MTX.l)
Z-Gly-Tyr, Z-Phe-Tyr and Z-Phe-Ala were hydrolyzed 30 times more
effectively than folate. Carboxy-terminal glutamic acids such as
Z-Gly-Glu, Z-Phe-Glu, Z-Glu-Glu and Z-Tyr-Glu were 4 to 14 times
more effectively used as the substrate than folate. All of Z-L-amino
acids tested in the present study were hydrolyzed. Z~Phe and Z-
Tyr were 3 and 4 times more effective substrates than folate, respec-—
tively. The enzyme (3 Lg of protein) released 1.88 mmol of leu-
cine and 0.05 mmol of phenylalanine after incubating with 2 mmol of
Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu) at 37°C for 11 hr. However,
the following peptides were ineffective as the substrate: Z-Gly-Gly,

Z-Gly-Leu, Z-Ala-Gly, Z-Phe-Pro, Z-Gly-Phe-NH Bz-Gly-Arg, Gly-Asp,

2’
Gly-Glu, Gly-Tyr, Asn-Glu, Boc-D-Phe, Z-D-Phe, Z-D-Glu, angiotensin

II and carboxymethylated ribonuclease. The FH-enzyme activity in

the presence of each substrate was maximum at pH 7.0 as shown in the

1

presence of folate. The Km values for Z-Phe-Ala, Z-Gly-Tyr, Z-

Phe-Glu, Z-Glu-Glu, Z-Phe and Z-Tyr were 0.39, 1.43, 0.65, 0.11,
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Table I. Substrate Specificity of Folate-hydrolyzing Enzyme

from Crithidia fasciculata

The FH-enzyme (1.1 ug of protein) was incubated with each substrate (1 mM)

in 0.1 M Tris-HC1l buffer, pH 7.1, at 37°C for 1 hr. The enzyme activity was
measured By a colorimetric method using a ninhydrin reagent.g)
Substrate* Enzyme activity Relative activity
(®A520 nm/PT)
Folate 0.014 1.0
Z-Phe-Gly 0.120 ’ 8.6
Z-Phe-Ala 0.443 31.6
Z-Phe-Glu 0.140 10.0
Z-Phe-Phe 0.380 27.1
Z-Phe~Tyr 0.448 ’ 32.0
Z-Tyr-Gly 0.045 3.2
Z-Tyr-Glu 0.057 4.1
Z-Glu-Glu 0.073 5.2
Z-Glu-Phe 0.013 0.9
Z-Glu-Tyr 0.021 1.5
Z-Ala-Phe 0.158 11.3
Z-Gly-Glu 0.189 13.5
Z-Gly~Phe 0.302 21.6
Z-Gly~-Tyr 0.487 34.8
Z-Gly 0.007 0.5
Z-Ala 0.018 1.3
Z—-Asp 0.017 1.2
Z-Glu 0.018 1.3
Z-Glu-y-OEt 0.020 1.4
Z-Phe 0.047 3.4
Z2-Tyxy 0.059 4.2

* L~Amino acids were used.

%% The eunzyme activity was defined as a change in absorbance at 570 nm.

0.25 and 0.32 mM, respectively.

The two Pseudomonas enzymes hydrolyze some o-carboxy terminal
glutamate peptides including Z-Glu, Glu-Glu, Gly-Glu and Tyr-Glu,
as well as folate and MTX, but fail to hydrolyze another carboxy
terminal amino acid peptides.3’4) The present data showed that

Crithidia enzyme hydrolyzed various O-carboxy terminal amino acid

peptides and especially, Z-dipeptides containing aromatic amino
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acid. This property is much different from those of the soil bac-
terial enzymes.2—7) It is well-known that the pancreatic CPase A
hydrolyzes considerably more slowly Z-amino acids than the corre-

10)

sponding Z-Gly-amino acids. The substrate specificity of the

" FH-enzyme is similar to that of the bovine CPase A. However, this
CPase A did not hydrolyze folate and MIX at any pH range between 4
and 9 (data not shown). These results indicate that the FH-enzyme
of C. fasciculata is a new type of intracellular CPase, havinéi%olate

hydrolase activity.
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SUMMARY

Chapter I;

MTX and aminopterin promoted the growth-rate of C. fasciculata
ATCC 12857 as well as biopterin and folate. The growth curve ob-
taind by the 0.1 M MI'X-medium coincided with that by the 0.85 nM
biopterin-medium. The DFR activity in the cells grown in the MIX-

medium was the same as that in the biopterin-medium.

Chapter II;

Three different DFRs (I, IIa and IIb) were sepafated from the
cell-free extract of (. fasetculata ATCC 12857. The major DFR IIa
was purified 2744-fold by column chromatographies on DEAE-Sephadex,
CM-Sephadex, Sephadex G-~150 and folate-Sepharose 4B. The final
preparation was homogeneous in electrophoretic analysis. Its
molecular weight was estimated by gel filtration to be 110,000 dal-
tons and consisted of two subunits with the same molecular weight of
58,000 daltons. The optimum pH was 7.0. The enzyme activity
depended on dihydrofolate and NADPH. Other folate derivatives,
unconjugated pteridines and NADH were ineffective. Km values for
dihydrofolate and NADPH were 1.1 and 2.7 UM, respectively. One
mol of the enzyme reduced 755 mol of dihydrofolate per min at 30°C.
The enzyme activity was inhibited by pCMB, NEM and urea. It was
also inhibited by naturally occurring folates such as 10-formyl-

tetrahydrofolate, 5-formyltetrahydrofolate and folate, anti-folates
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such as MTX, aminopterin, pyrimethamine and trimethoprim, and by
NADP. One mol of the enzyme was stoichiometrically inhibited by

0.81 - 0.86 mol of MIX and by 0.88 mol of aminopterin.

Chapter III;

PtR:DFR (fraction IIb) obtained from (. fasciculata was purified
60-fold. The molecular weight was estimated to be 110,000 daltons
by Sephadex G-150 gel filtration. The enzyme reduced the neopterin
isomers (L-threo-, L-erythro-, D-threo- and D-erythro-), 6-hydroxy-
methylpterin, 6-methylpterin and xanthopterin as well as dihydro-
folate and dihydropteroate. The reaction with L-threo-neopterin
had a double pH optimum (6.0 and 4.5), while that with 6-hydroxy-
methylpterin occurred over a pH range between 6.5 and 4.5. The
optimum pH's using dihydrofolate and dihydropterocate as thersub—
strates were 6.8 and 7.0, respectively. Km values for L-threo-
neopterin, 6-hydroxymethylpterin, dihydrofolate and dihydropteroate
were 3.5, 3.4, 4.8 and 0.9 uM, respectively. The reaction was
dependent on NADPH, requiring two mol of NADPH for reduction of one
mol of L-threo-neopterin. Km values for the NADPH in assays with
L-threo-neopterin, 6-hydroxymethylpterin, dihydrofolate and dihydro-
pteroate were 11, 5.9, 5.9 and 2.1 uM, respectively. The reaction
product was the tetrahydro form of each pteridine compound. The
enzyme activity was inhibited by biopterin, folate, MIX, pyrimeth-
amine, trimethoprim and NADP, as well as by pCMB, NEM and urea.

These evidences suggest that this enzyme is a new type of DFR.
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Thus, the name, pteridine reductase:dihydrofolate reductase (PtR:DFR),

is suggested for this enzyme.

Chapter IV;

The activity of PtR:DFR relative to the structures of 4 stereo-
isomers (L-threo—, L-erythro-, D-threo-, and D-erythro-) of neopterin
is described. The data show that the activity of the enzyme de-
pended heavily on the configuration of OH at C-1' of the trihydroxy-

propyl side chain of neopterin as a substrate.

Chapter V;

The uptake and metabolism of MTX were examined in C. fascicu-
late ATCC 12857. When the cells grown in a medium containing bio-
pterin were incubated with MTX, the uptake of MTX by the cells was
completely within 1 min, and the amounts of MIX per 108 cells were
maintained between 19 and 37 fmol/min throughout the remaining
growth period. In contrast, the uptake of folate was linear for
at least 20 min, and the uptake rate of folate by the cells varied
from 31 to 247 fmol/min/lO8 cellsvduring the growth. The folate
uptake was inhibited by MIX and aminopterin. When C. fasciculata
was cultivated in a medium containing MIX, the MIX taken up by the
cells was metabolized to several compounds. One of the metabo-
lites was isolated from the cells and the culture supernatant, using
DEAE-cellulose and Sephadex G-10 column chromatographies, and iden-

tified as 4-amino-4-deoxy-10-methylpteroic acid (AMPte) on the basis
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of its behavior on thin-layer chromatography, and of its ultraviolet
and infrared absorption spectra. An enzyme activity converting

MIX to AMPte was found in the cell-free extract of (. fasciculata.

Chapter VI;

A sensitive radioassay method has been developed to quantitate
the activity of the folate-hydrolyzing enzyme (FH-enzyme) which cata-
lyzes the hydrolysis of folic acid to pteroic acid and glutamic acid.
The method is based on analyzing [2—14C]pteroic acid separated by a
thin-layer chromatography on an Avicel SF cellulose plate using 0.1
M potassium phosphate buffer, pH 7.0, as a solvent. This method
was found to be more sensitive than a conventional photometric method
to determine tha activity of the FH-enzyme. High activities of the
enzyme were found in Crithidia fasciculata ATCC 12857, Neurospora
crassa IFO 6979 and rat liver. Smaller activities of the enzyme
were widely distributed in other microbial cells and mammalian tis-

sues.

Chapter VII;

The folate-hydrolyzing enzyme (FH-enzyme) was purified 49-fold
from the crude extract of C. fasciculata ATCC 12857 by heat treat-
ment, column chromatographies on DEAE-cellulose and Sephadex G-200,
and preparative polyacrylamide gel electrophoresis. The final
preparation was electrophoretically homogeneous. The enzyme had

a molecular weight of 200,000 daltons and consisted of 4 identical
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subunits which molecular weight was about 51,000 daltons. The

enzyme hydrolyzed more effectively aminopterin, MTX and pABG than

folate. The enzyme hydrolyzed more weakly the reduced folates,
dihydrofolate and 10-formyltetrahydrofolate than folate. The
enzyme did not act on pteroyl-y,y-diglutamylglutamate. The opti-

mum pH for the reactions with each substrate described above was 7.0.

Km values for folate, MIX, aminopterin and pABG were 0.13, 0.46, 0.40

and 0.43 mM, respectively. The enzyme activity was inhibited by

2-ME, pCMB, chelating reagents such as a,a',a"-tripyridyl and batho-
2+ 2+ 2+ 2+

phenanthroline, divalent cations such as Hg , Cu” , Cd , Pb and

Zn2+, and by pyrophosphate and orthophosphate.

Chapter VIII;

The FH-enzyme of (. fasciculata hydrolyzed various synthetic
Z-dipeptides such as Z-Phe-Ala and Z-Gly-Tyr, and Z-L~amino acids
such as Z-Phe, Z~Tyr and Z-Glu, as well as folate and MTX. The
data shows that the enzyme is a lack of substrate specificity for
the o-carboxy terminal amino acids and is a new type of carboxypep-

tidase.

From the results described in Chapter I through VIII, it is
concluded that C. fasctculata ATCC 12857 metabolizes MTX and amino-
pterin as well as folate to compounds which may be used effectively
to promote its growth. Figure 1 summarizes the proposal of MTX

and folate metabolism in this protozoan. Brookerl) has reported
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Fig. 1. A Schema of MTX and Folate Metabolism of (. fasciculata.

that many microtubules are located under trilaminar cell membrane

of C. fasciculata. The microtubules are known to be involved in
the receptors and carrier systems. C. fasciculata has two differ-
ent carrier systems for transporting biopterin and folate,z) and the
biopterin carrier system is thought to be located in these pellicular

3)

microtubules, while it is still unknown about the folate system.

2) the

As described in Chapter V and reported by Rembold and Vaubel,
folate transport in this protozoan was an energy-dependent active
process, and the uptake of MIX and aminopterin inhibited signifi-
cantly the folate transport. These results indicate that MTX and
aminopterin uptake may share the carrier site for folate located in

the microtubules.

MIX inhibited stoichiometrically the DFR activity and compet-
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ively the PtR:DFR activity of C. fasciculata, in vitro, as did a
number of DFRs from various sources4) (see Chapters II and III).
On the contrary, MTX inhibited only slightly the DFR activity, in

vivo, and promoted the growth of this protozoan as well as 6-alkyl-

pterins, such as biopterin,5_8) neopterin8’9) and 6~hydroxymethyl-
pterin8) (see Chapter I). The growth promoting effect of MIX was
5,6)

observed at the same concentrations as did folate. In Chapter
V, C. fasciculata metabolized MTX to at least four compounds includ-
ing AMPte in vivo and excreted partially AMPte to the culture medium.
In Chapters V through VIII, the author also found from C. fasciculata
a new intracellular carboxypeptidase which catalyzed effectively the
hydrolysis of the amide linkage of folate and MTX and was tentatively

10) have reported that

named as the FH-enzyme. Rembold and Eder
aminobiopterin (2,4-diamino-6-[L-erythro-1,2-dihydroxypropyl]lpteridine)
has a growth activity of C. fasciculata similar to that of biopterin.
These evidences suggest strongly that (. fasciculata may metabolize
MTX to 6-alkylpterin compounds via the hydrolyzing reaction to AMPte
and the deaminating reaction of the amino group at C-4 of the pter-
idine ring.

Folate is thought to be metabolized with the same process as
MTX in this protozoan, based on the following results: 1) Unlike
mammalian and bacterial sources,4) any evidence of folate reduction
was unable to be detected in the crude or partially purified frac-
tions of C. fasciculata, including four reductases (see Chapter II).

1)

2) As bacteriall and mammalian cells}z) C. fasciculata had a GTP
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cyclohydrolase activity which catalyzed the initial reaction of the
de novo biosynthetic pathway of dihydrofolate. 3) Folate is me-—
tabolized in vivo to 6-hydroxymethylpterin and biopterin which have
a greater promoting effect on the growth of é. fasciculata.l3)
From the reasons described above, it is concluded that the FH-enzyme
catalyzes the initial reaction of the folate and MIX metabolic path-
way and also play a role in the detoxication of MTX in (. fascicu-
lata.

The new type of reductase, tentatively named as PtR:DFR, cata-
lyzed the reduction of various unconjugated pteridine compounds as
well as dihydrofolate and dihydropteroate (see Chapter III). As
in the mammalian nervous system, serotonin has been detected in (. fas-

14)

ctculata. Serotonin is synthesized de novo from tryptophan

by way of a tryptophan hydroxylase reaction requiring tetrahydro-

15,16)

pteridines as a cofactor. Serotonin and 5-hydroxytrypto-

phan are active in sparing the unconjugated pteridine requirement

17) The author found in the crude extract of

of C. fasciculata.
this protozoan a tyrosine hydroxylase activity requiring the tetra-
hydropteridine compound. From these evidences, PtR:DFR may play

a role of the reduction of 6-alkylpteridine compounds for requiring

the aromatic amino acid hydroxylatioms in (. fascticulata.
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