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SUMMARY

Folate reductase has been purified from an amethopterin-resistant subline of cultured
Sarcoma-180 .cells. The molecular weight of this enzyme was estimated to be 21,000. The
specific activity of the purified reductase was 3.1 X 10~ mole of the enzyme per milligram
of protein, and on this basis the preparation was calculated to be 65% pure. During free
boundary electrophoresis, however, the enzyme migrates as a single peak toward the
anode at pH 8.7. Both folate and dihydrofolate are substrates for this reductase, dihy-
drofolate being reduced much faster than folate at 30°. The Michaelis constant (K,,)
and the turnover number with dihydrofolate as substrate are independent, of pH between
pH 4.5 and 6.3. When folate is the substrate, both K,, and the turnover number decrease
with increasing pH. The enthalpy of activation is +4-14.7 keal for dihydrofolate and
+4-5.7 keal for folate. The properties of the reductase of Sarcoma-180 are compared with

those of other preparations of this enzyme from different sources.

INTRODUCTION

The reduction of folic acid is essential for
the utilization of this vitamin in many
metabolic reactions involving the partici-
pation of the tetrahydrofolate cofactors
(1). Folate reductase (also known as dihy-
drofolate reductase and tetrahydrofolate
dehydrogenase, EC 1.5.1.3) is inhibited by
several chemotherapeutic drugs, such as the
antileukemic agent amethopterin (Metho-
trexate) and the antimalarial agent pyri-
methamine (Daraprim) (2). Although the
basis for the selective action of these drugs
is incompletely understood, their activity
reflects the indirect inhibition of nucleic
acid and protein biosynthesis ensuing from
their interference with folate reductase.
Thus, considerable attention has been
directed in recent years to the isolation of
this enzyme from different sources and to
the study of its biochemical properties and
physical characteristics. Only recently have

others succeeded in preparing highly puri-
fied solutions of folate réductase (3-5). In
our laboratory, an amethopterin-resistant
subline of Sarcoma-180 has served as a
useful source since these cells contain 300-
400 times more. folate reductase than the
parent cell line (6, 7). The purification of
folate reductase and estimation of its
molecular weight are described in this
paper, and some of the properties of the
enzyme are compared with those described
by others concerning the same enzyme from
different sources. Some of these findings
were presented in a preliminary report (8).

METHODS

Source of folate reductase. The origin and
maintenance of the subline of mouse Sar-
coma-180 cells (AT/3000) has been de-
scribed (7). These cells are highly resistant
to amethopterin (3000-fold) and contain
300-400 times more folate reductase than
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the parent strain from which it was devel-
oped. These cells provide excellent starting
material for isolation of folate reductase
since this enzyme comprises about 4-6% of
the protein in cell extracts. The cells (AT/
3000) were grown for 10-12 days in ameth-
opterin-free medium lacking folate but
supplemented with hypoxanthine (100 uM),
thymidine (30 pM), and glycine (30 uM)
9).

Purification of the enzyme. Cells were
scraped from the glass surface of the cul-
ture flasks by means of rubber policemen,

" collected, and centrifuged for 5 min at 500
rpm. The cell pellet was then washed three
times with twice its volume of balanced
salt solution and finally centrifuged at 2000
rpm for 10 min. These “packed cells” were
stored at —75°. For preparation of the cell
extract, the pellet was covered with two-
thirds of its volume of ice-cold saline and
allowed to thaw at 5°. This caused disrup-
tion of the cells, and the debris was then
removed by centrifugation at 30,000 g for
30 min.

The first purification step was chroma-
tography of the crude cell extract on a
column of Sephadex G-75 at 5°. Before use,
the column was washed with a neutral solu-
tion of folate, 100 pg/ml, and the same
solution was used also for elution of the
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FiG. 1. Purification of folate reductase on Seph-
adex G-76 column

Column was 46 cm in diameter, 27 cm long;
flow rate 0.35 ml/min; fractions 4.9 ml each. The
solid line represents protein (absorbance at 750
my), the broken line the enzyme activity (ab-
sorbance at 560 mpu).
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column. The inclusion of folate in the
solvent prevented partial inactivation of
the enzyme. A typical elution pattern is
shown in Fig. 1. Most of the protein in the
cell extract appeared in the void volume.
The fact that folate reductase is retarded on
this column indicates that its molecular
weight is much below 100,000. A column
of the size described in Fig. 1 has ample
capacity for cell extracts containing 60-70
mg of protein. This procedure was scaled up
so that cell extracts containing close to
800 mg of protein were purified on a column
10 cm in diameter and about 35 cm long.
The latter column was prepared using 200 g
of Sephadex G-75 “new bead form” (Phar-
macia, Uppsala, Sweden) giving a flow rate
of about 10 ml/min. Thus, this fractiona-
tion could be completed in about 4 hr. For
further purification, the active fractions
were lyophilized and the dry powder was
dissolved in 0.05 M sodium citrate to give a
concentration of about 2 mg of protein per
milliliter. This solution was fractionated
with ammonium sulfate; the protein frac-
tion which precipitated between 70 and
100% saturation contained all the enzymic
activity.

Determination of specific activity. Based
on the stoichiometric binding of amethop-
terin by folate reductase (10), the concen-
tration of this enzyme at different stages of
purification was determined by ‘“titration”
with amethopterin as described elsewhere
(6). The specific activity of the enzyme is
expressed in terms of moles of amethopterin
bound per milligram of protein. In these
experiments, folate was used as the sub-
strate and the rate of its reduction was
determined from the amount of diazotizable
amine released spontaneously from tetra-
hydrofolate (11). Protein was- determined
by the method of Lowry et al. (12).

Kinetic studies. Either folate or dihydro-
folate ‘was used as the substrate, and in
each case TPNH was the hydrogen donor.
The rate of reduction was measured by fol-
lowing the decrease in-absorbancy at 340
mp (11). The molar extinction coefficients
(Ea40) of 183 X 10° and '13.2 X 10° used
with' folate and dihydrofolate as substrates,
respectively, were calculated from the fol-
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lowing: E,,, for the oxidation of reduced
triphosphopyridine nucleotide = 6.22 X 102
(13) ; E34 for reduction of dihydrofolate =
7.2 X 108; E;,, for reduction of folate = 5.9
X 10%. The turnover numbers and Michaelis
constants (K,) were estimated by the
method of Lineweaver and Burk (14).

Estimation of the molecular wetght. The
procedure described by Whitaker (15) was
applied to the estimation of the molecular
weight of folate reductase. The sources of
the reference proteins were as follows:
crystalline serum albumin, Nutritional
Biochemicals Corporation; crystalline ribo-
nuclease, Worthington Biochemicals Corpo-
ration; and rabbit y-globulin, Pentex Incor-
porated. Ovalbumin was a gift from Dr.
A. Nisonoff, Department of Microbiology,
University of Illinois, Urbana, Illinois.

Electrophoresis. The electrophoresis of
folate reductase was performed at 0° in a
Perkin-Elmer instrument Model 38A at
200 volts and 10 ma. Sodium barbiturate of
ionic strength 0.1 and pH 8.7 was used as
the buffer.

RESULTS

Purification of folate reductase. The puri-
fication procedure is summarized in Table
1. The crude supernatant contained 1.7 =+
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50% pure. The total yield at this step was
70-80% and the purity was 36%. The
eluate could be lyophilized without any loss
of activity. At this stage of purification, the
enzyme could be dialyzed against 0.05 M
sodium citrate solution overnight at 4° to
remove the folic acid without loss of
activity.

Fractionation of this solution with am-
monium sulfate increased the specific ac-
tivity about 2-fold, but at the same time,
considerable . loss of activity occurred
(Table 1). At this stage, the preparation
had a specific activity of 3.1 X 10~ mole
per milligram of protein and was 65% pure.
When the enzyme obtained by ammonium
sulfate fractionation was redissolved in
0.05 M sodium citrate and stored frozen at
—5° or —80°, or lyophilized, no loss of
activity was noted for a period of 3 weeks.
After 2 months, the frozen preparations lost
about 25%, and the lyophilized prepara-
tions about 10%, of their activity. Repeated
freezing and thawing or dialysis against
0.05 M sodium citrate, however, inactivated
the enzyme rapidly at this stage of
purification.

Estimation of molecular weight and
purtty. The elution pattern of several
proteins of known molecular weight from

TaBLE 1
Purification of folate reductase from S-180 subline AT /3000

Specific activity (molar

equivalents of
amethopterin per mg Yield Purity®
Sample of protein) (%) (%)
Original cell extract 1.7 £0.3 X 10—° 100 3.6
Folate reductase from Sephadex G-75 column 1.7 £ 0.4 X 10°® 70-80 36
3.1+£0.7 X10°® 3040 65

(NH,)s80; precipitate, at 70-100%, saturation

¢ Assuming one binding site for amethopterin per mole of enzyme and molecular weight of 21,000, the
specific activity for pure folate reductase is 4.77 X 10~8 mole/mg protein.

03 X 10° mole of folate reductase per
milligram of protein. A single passage of
the cell extract through the Sephadex col-
umn accomplished about a 10-fold purifica-
tion. The peak portion of the reductase
fractions had a specific activity 2.5 X
10-® M and was estimated to be more than

the Sephadex G-100 column is shown in
Fig. 2. y-Globulin is not retarded on this
column, and thus its elution volume repre-
sents the void volume. This peak is followed
by that of serum albumin (mol. wt. 70,000),
ovalbumin (mol. wt. 45,000), and then
folate reductase followed by ribonuclease

Mol. Pharmacol. 2, 423-431 (1966)
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Fi16. 2. Elution pattern from Sephadex G-100
column of several proteins with known molecular
weight compared with that of folate reductase

Column was 1 cm in diameter, 92 cm long; flow
rate: 0.25 ml/min; fractions 1 ml each.

(mol. wt. 13,600). A plot of V/V, (V =
elution volume and V, = void volume)
versus the logarithm of molecular weight
is presented in Fig. 3. The molecular weight
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This molecular weight agrees very well with
that determined by Kaufman (23,000) for
folate reductase of chicken liver (3) and by
Bertino (20,200) for reductase from Ehrlich
ascites cells (5). If the molecular weight
and the specific activity (moles of amethop-
terin per milligram of protein) are known,
the degree of purity of this folate reductase
preparation can be estimated. If 1 mole of
amethopterin is bound per mole of enzyme,
then the specific activity of pure folate
reductase would be 1/21,000 = 4.77 X 10-®
mole of amethopterin per gram or 4.77 X
10® mole per milligram of protein. The
specific activity of the enzyme purified by
ammonium sulfate fractionation was deter-
mined to be 3.1 X 10-8 mole per milligram
of protein. On this basis, the enzyme prepa-
ration is calculated to be 65% pure.
Electrophoretic purity. The electropho-
retic pattern of the purified folate reductase
is seen in Fig. 4. The enzyme moved toward

RNase 13,600
1.9¢F
- FOLATE REDUCTASE
21,000 £ 10%
1.7}
V/Vo r
1.5F
L OVALBUMIN
45,000
1.3F SERUM
R L L1 1 QALBUMIN 70,000
10 2 30 40 50 60 80 100

MOLECULAR WEIGHT x 10-3

Fie. 3. Plot V/V, versus log molecular weight
Vo = void volume, V = elution volume.

of folate reductase can be estimated from
this plot to be 21,000. The limit of accuracy
of this procedure is imposed by the volume
of the fractions collected. Thus, the desig-
nation = 10% indicated that if the peak
were shifted by one fraction in either direc-
tion, the molecular weight would be esti-
mated to be 19,000 or 23,000, respectively.
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the anode as a single peak with a mobility
of 3.2 X 10°° cm? sec™? volt? indicating that
it has a net negative charge. The photo-
graphic examination of the electrophoretic
pattern indicates that the protein present is
essentially homogeneous. Thus, there is an
apparent discrepancy with the results pre-
sented above, which indicate that the prep-
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Fia. 4. Electrophoretic pattern of folate reduc-
tase, descending boundary
For conditions see Methods.

aration was 65% pure. One likely explana-
tion is that the enzyme preparation is
homogeneous but about one-third of its
enzymic activity has been lost. The other,
less likely, possibility is that the enzyme
preparation is contaminated by various pro-
teins of different mobilities, each in quan-
tity too small to appear as a peak. The
former explanation is favored because of
the observed instability of the purified
enzyme.

Effect of pH. Because of the instability
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of the highly purified enzyme preparation,
all kinetic experiments were performed with
the partially purified preparation (36%
pure, Table 1) which was freed from folate
by dialysis against 0.05 M sodium citrate.
In Figs. 5 and 6 are presented double
reciprocal plots at different hydrogen ion
concentrations with dihydrofolate and
folate as substrates. When dihydrofolate
was the substrate the 1/v values obtained
at different hydrogen ion concentrations
were scattered along a single line. Thus, it
appears that both K, and turnover number
of dihydrofolate are independent of pH
between pH 4.5 and 6.3. The average values
of K, and turnover number were calcu-
lated to be 6.1 X 10°M and 226 min?,
respectively. In contrast, when folate was
the substrate the values of both 1/v and
1/K,, varied considerably with pH. The
calculated K, and turnover number values
for folate are presented in Table 2. It is
apparent that dihydrofolate is reduced at
a much faster rate than folate under any of
these conditions.

Effect of temperature. An attempt was
made to determine the K, and turnover
number values for folate and dihydrofolate
at different temperatures. At lower tem-

1 1 1 J

7
-5 -1.0 -0.5

O 05 10 1.5 20

J% x 108

Fia. 5. Double reciprocal plots at different pH values with dihydrofolate as substrate

The reactions were carried out in Beckman cuvettes, 1 ml at 30° in 0.05 M phosphate-citrate buffer
with 1 X 10* M TPNH and 1 X 10° M folate reductase. S = M dihydrofolate; v = decrease of ab-
sorbaiice at 340 mu per minute. X = pH 4.5, @ = pH 535, ] = pH 6, @ = pH 6.3.

Mol. Pharmacol. 2, 423-431 (1968)



428 ZAKRZEWSKI, HAKALA, AND NICHOL

1

-20 -1.5 -10 -05 O 05 10 15 2.0
|
% x 108

F1a. 6. Double rectprocal plots at different pH values with folate as substrate

Conditions as in Fig. § except that the concentration of TPNH was 2 X 10*Mm and that of folate
reductase 1 X 10" M. 8 = M folate; v = decrease of absorbance at 340 mu per minute. O = pH 4,
X = pH 45, A = pH 485, (] = pH 6, @ = pH 6.3.

TaBLE 2 TABLE 3
Michaelis constants (Kw) and turnover numbers for Turnover number of folate and dihydrofolate at *
folate at different pH values® different temperatures

The reactions were carried out in Beckman
K Turml)):er cuvettes (1 ml) in 0.05 M phosphate-citrate buffer

H ™ e num _lr pH 5.35. TPNH and enzyme concentrations were:
p (M X 10°) (min™) 2 X 104 mand 1 X 10~7 M, respectively, with folate
as substrate or 1 X 10~ M and 1 X 10~® M, respec-

4.0 17.9 68.2 . . .
15 s 7 24 8 tively, with dihydrofolate as substrate. .
4.9 8.7 24.8 Turnover number (min™?)
6.0 4.0 7.2 Temperature
6.3 4. 5.2 (C°) Folate Dihydrofolate
o The experimental conditions are described in 10.7 6.45 50
the legend to Fig. 6. 20.3 10.93 99
30.3 10.93 269
peratures (10°-20°), the slope of the plots 40.0 16.10 623

of 1/v versus 1/8 was very shallow within
the concentrationg of .substrate.tested (5to  folate and dihydrofolate (Fig. 7). The
20 X 10 M) indicating that either the Km enthalpy of activation (AH,) was calcu-

values at these bempgratures became indeed |gted from the slopes of the lines according
very small or that slight substrate or prod- {5 the equation:

uct inhibition occurred at higher substrate

concentrations. Because of this uncertainty, AH, = slope X 2.303R

the K,, values at 10-20° were not evaluated. The entropy of activation (AS,) was

bHeO;EiVIthZ}Ae (t,'l‘f;g‘l):gl; .number values could :iaolzt.llated according to the Eyring equa-
The logarithms of the turnover numbers ’

were plotted against the reciprocal of the i = BT S eASeIR X gAHu/RT

absolute temperature for both substrates, “ N

Mol. Pharmacol. 2, 423-431 (1966)
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F16. 7. Plot of logarithm of turnover number versus reciprocal of absolute temperature (T')

AH, = enthalpy of activation, AS. = entropy of activation; subscript (DF) = dihydrofolate as sub-
strate, subscript (F) = folate as substrate; eu = entropy units.

where k is the rate constant (turnover num-
ber), R is the gas constant, A is Planck’s
- constant, N is Avogadro’s number, and T
is the absolute temperature. Although at
temperatures above 0°, dihydrofolate is
reduced much faster than folate, nearly
9 keal more is required to activate dihydro-
folate than folate. More energy than needed
is supplied by a large positive change in the
entropy of activation.

DISCUSSION

Folate reductase is now recognized as the
cellular receptor of the antileukemic drug,
amethopterin, and other diamino antago-
nists of folic acid. The initial identification
of the metabolic site of action of amethop-
terin as the impairment of the reduction of
folic acid both in vivo and in vitro (16) was
followed by the finding that the particular
reaction inhibited by this drug is the trans-
fer of hydrogen from TPNH to folate (11,
17) or dihydrofolate (18). At first it ap-
peared that two enzymes may be inhibited
by this drug and this impression was ac-
centuated by the use of different names for
the ensyme in published reports, related
primarily to the choice of the substrate used
in different laboratories. Evidence was soon
found, however, indicating that a single
enzyme mediates the reduction of both

folate and dihydrofolate (19). Some insight
into the mechanism of this reaction was
brought about by experiments involving
tritium and deuterium labeling. These ex-
periments indicate that the enzymic reduc-
tion of 7,8-dihydrofolate involves an intra-
molecular rearrangement presumably to
58-dihydrofolate which is followed by the
transfer of a hydride ion from TPNH to
position 7 of dihydrofolate (20). Thus, it is
suggested that when folate is the substrate
the first step of the reduction is the transfer
of a hydride ion to position 7 of folate to
form 7,8-dihydrofolate. Subsequently rear-
rangement takes place and the second
hydride ion from TPNH is transferred
again to position 7 to form tetrahydrofolate
(20). Thus, the enzyme would catalyze the
same transfer reaction twice to accomplish
the two-step reduction of folate to tetrahy-
drofolate. There is substantial evidence that
all the amethopterin retained in tissues (10)
and cell cultures (6) exposed to this drug
can be accounted for completely by the
amount bound to folate reductase. Thus, in
addition to its intimate involvement with
the mode of action of certain antileukemic
and antimalarial drugs, folate reductase is
a particularly good model for the detailed
study of this enzyme molecule as a drug
receptor in different types of cells.

Mol. Pharmacol. 2, 423-431 (1968)
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Folate reductase from S-180 cells resem-
bles closely reductases obtained from other
mammalian, avian, or some bacterial cells
(2-5, 21, 22). The different preparations of
folate reductase which have been studied in
detail have the following common proper-
ties: (a) the proteins are of relatively low
molecular weight (about 20,000); (b) both
folate and dihydrofolate are substrates, the
latter being reduced more rapidly than the
former; (¢) TPNH rather than DPNH is
used as the hydrogen donor; and (d) 4-
amino-analogs of folate are strong inhibi-
tors. From the point of view of cancer
chemotherapy, it is of significance that no
striking differences in the sensitivity of the
reductase from different species, as well as
from normal and malignant tissues of the
same species, toward the 4-amino analogs
of folate have been reported. A more de-
tailed examination of folate reductases from
various sources, reveals differences which
may be of significance in achieving selec-
tive, therapeutic effects by other types of
folate antagonists.

The inhibitory effect of various substi-
tuted 2,4-diaminopyrimidines on folate re-
ductase preparations from different bac-
terial and mammalian cells was studied by
Hitchings and Burchall (2). Their extensive
studies led to the conclusion that the bind-
ing sites which interact with the 2,4-
diaminopyrimidine structure are common to
all the reductases. An additional binding
region seemed to be species specific. Geo-
graphically it corresponds to the area in the
vicinity of the p-aminobenzoyl group of
folate. Thus, 2,4-diamino-5,6-disubstituted
pyrimidines and triazines which differed
from each other with respect to the sub-
stituents at positions 5 and 6 exhibited
different inhibitory activity for reductases
from different species. In certain cases, very
large differences (up to 10,000-fold) in the
inhibition constants were found when bac-
terial and mammalian enzymes were com-
pared. Recently, Sirotnak et al. (23) devel-
oped some antifolic resistant strains of
Diplococcus pneumoniae. The reductases in
these strains differed to some extent in the
kinetics of inhibition by 4-amino analogs
of folate.

Mol. Pharmacol. 2, 423-431 (1966)
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Another type of difference not necessarily
related to the binding site of the enzyme
becomes apparent by comparing the present
results with investigations reported by
others. For the enzyme from S-180 cells,
the turnover number and K, for dihydro-
folate are independent of pH. This is in
contrast to the results obtained with the
reductase of chicken liver, for which the
K,, value for dihydrofolate decreases with
increasing pH (at pH 5.2 K,, = 8.6 X 10
and at pH 75 K,, = 5 X 107%) (2). Al-
though no other studies concerning depend-
ence of K,, and turnover number on pH
have come to our attention, the relationship
between enzyme activity and pH has been
extensively investigated, and in each case
the activity varied with pH (1, 24-26).

Two groups of investigators have de-
scribed a 4- to 5-fold stimulation of dihy-
drofolate reductase activity by organic
mercurials in enzyme preparations of avian
and mouse origin (3, 4, 27, 28). In contrast,
folate reductase of S-180 cells lost both its -
activity and amethopterin binding capacity
when treated with p-chloromercuribenzoate
(29). Since all these studies were made
under different conditions, a direct compari-
son is difficult, and it seems premature on
this basis to suggest differences between the
enzymes. That the SH group (s) involved in
the inactivation by p-chloromercuribenzo-
ate is indeed located at the active site is
indicated by its protection with substrate,
coenzyme, or inhibitor (29, 30).

Another interesting characteristic of the
reductase from S-180 is apparent when the
activation enthalpy for folate and dihydro-
folate are compared (Fig. 7). Whether this
difference in the energy required for activa-
tion is unique for the reductase from S-180
cells is not known at present, since no com-
parable studies with the reductases from
other sources have been described. The low
enthalpy of activation for folate (5.7 keal)
in the present system, however, is in sharp
contrast to the enthalpy of activation ob-
served for folate (18 kcal) with the reduc-
tase enzyme from chicken liver (S. F.
Zakrzewski, unpublished data).

Obviously, more comparative data are
needed in order to ascertain differences
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between the reductases from normal and
malignant tissues. On the basis of the
evidence presently available, it appears
that although most of the reductases from

di

fferent sources are grossly similar, subtle

differences are indicated which might be
exploited as a basis for chemotherapy. It is
suggested that in addition to the inhibitors
which interact with substrate binding sites
on the enzyme, other inhibitors which may
affect the conformation of the enzyme
should also be developed and investigated.

-
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