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ABSTRACT: The binding of deoxynucleoside 5’-monophos-
phates and various folate derivatives to Lactobacillus casei
thymidylate synthetase was measured by equilibrium dialy-
sis. The substrate, deoxyuridylate (dUMP), and the prod-
uct, thymidylate (dTMP), were bound to the enzyme at a
ratio of unity and appeared to compete for the same site.
The binding of each was tighter in 50 mM Tris-HC! (pH
7.1) than in 50 mM potassium phosphate (pH 7.0). Folate
derivatives increased the affinity of the enzyme for the sub-
strate to a greater extent than for the product, although
they themselves did not appear to be bound in the absence
of substrate or substrate analogues. However, in the pres-
ence of enzyme, dUMP or 4-N-OH-dCMP, and either 7,8-
dihydrofolate or methotrexate, a ternary complex was ob-
tained, with the folate derivatives exhibiting single site
binding. The binding of dUMP in the ternary complex was
25-fold greater than that of 7,8-dihydrofolate and 50-fold
greater than that of methotrexate. Supporting evidence for
the enhanced stability of the ternary complex was provided
by heat inactivation studies. As in the case of deoxynucleo-
tide binding to the synthetase, the ternary complex was
more stable in Tris-HCI than in potassium phosphate buff-

Studies on the mechanism of one carbon transfer by thy-
midylate synthetase and the inhibition of this enzyme by
FdUMP! have been greatly facilitated by the increased
availability of crystalline enzyme from Lactobacillus casei
(Dunlap et al., 1971; Leary and Kisliuk, 1971; Galivan et
al., 1975). Santi and McHenry (1972) and Langenbach et
al. (1972) observed that a stable ternary complex contain-
ing 2 mol of FAUMP/mol of enzyme (Santi et al., 1974) is
formed from enzyme, 5,10-CH;H4folate, and FdUMP.
This ratio corresponds to the amount of FAUMP required
to inhibit the enzyme stoichiometrically in the presence of
5,10-CH>Hyfolate (Santi and McHenry, 1972; Santi et al,,
1974; Galivan et al., 1974). Other studies employing circu-
lar dichroism (Galivan et al., 1975), disc gel electrophoresis
(Aull et al,, 1974b), and ultraviolet spectroscopy (Aull et
al., 1974c¢) have shown that 5,10-CH;Hfolate also binds to
the enzyme at a maximal ratio of 2:1 in the presence of
FAUMP. This ternary complex is apparently stable to sodi-
um dodecyl sulfate disc gel electrophoresis (Langenbach et
al., 1972), to denaturation (Santi et al., 1974; Danenberg et
al., 1974; Galivan et al., 1974), and to proteolysis (Santi et
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er. The binding characteristics of the substrate analogue 5-
fluoro-2’-deoxyuridylate (FAUMP) could be clearly distin-
guished from that of dUMP by comparing their binding in
phosphate and Tris-HCl. While each deoxynucleotide ex-
hibited only single site binding in phosphate, a second site
was clearly demonstrated for FAUMP with Tris-HCI. The
binding of FAUMP to each site appeared to be equal in the
presence of methotrexate or (—)5,10-methylene tetrahydro-
folate and was increased about 17-fold in Tris-HCI. Two
sites were also obtained for FAUMP in the presence of 7,8-
dihydrofolate, but Scatchard analyses revealed a biphasic
curve, with the second site possessing a higher dissociation
constant than the first. A second low affinity FAUMP bind-
ing site was also detected in phosphate buffer when 7,8-
dihydrofolate or (—)5,10-methylene tetrahydrofolate was
included in the binding assay. In the presence of (+)5,10-
methylene tetrahydrofolate, however, 2 mol of FAUMP was
bound stoichiometrically to 1 mol of enzyme regardless of
the buffer used. The significance of these results is dis-
cussed in relation to the presence of two apparently identi-
cal subunits in the native enzyme.

al., 1974, Danenberg et al.,, 1974) suggesting that the li-
gands are covalently linked to the enzyme (Santi et al.,
1974; Danenberg et al., 1974). Since the native enzyme is a
dimer composed of two apparently identical subunits (mol
wt 35 000) (Dunlap et al., 1971; Loeble and Dunlap, 1972),
it is tempting to postulate the presence of one FAUMP
binding site/subunit. It should be noted, however, that the
synthetase is completely inactivated by reaction of only one
of the enzyme’s four sulfhydryl groups with p-hydroxymer-
curibenzoate (Dunlap et al., 1971) suggesting that there are
more FAUMP binding sites than catalytic sites or that the
sulfhydryl reagent and FAUMP sites are not identical. The
latter proposal was presented recently by McHenry and
Santi (1974).

Ternary complex formation between FdUMP, thymi-
dylate synthetase, and 5,10-CH;Hgfolate (Langenbach et
al., 1972; Santi and McHenry, 1972) is tighter than that
formed in the presence of other folate analogues (Danen-
berg et al., 1974; Galivan et al,, 1974; 1975; Santi et al,,
1974). The interaction of dUMP alone with thymidylate
synthetase has been assumed from its capacity to protect
the enzyme against heat inactivation (Lorenson et al., 1967;
Bonney and Maley, 1975). This finding was also verified for
dUMP with the L. casei enzyme (Leary and Gaumont,
1973) and for FAUMP (Galivan et al,, 1975) by means of
circular dichroism. In a more detailed study, Leary et al.
(1975) found that 1 mol of dUMP was bound/mol of en-
zyme with a dissociation constant of 4 X 1077 M. Other
than the limited observations cited above, there have been
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few definitive studies on the binding characteristics of thy-
midylate synthetase with substrates or substrate analogues.
Such studies are critical to an understanding of the role of
folate derivatives and of nucleotides in regulating enzyme
activity and for an accurate assessment of the number and
affinity of substrate binding sites. Since equilibrium dialysis
is one of the most precise methods for obtaining informa-
tion of this nature, it was employed in the present study to
measure the binding of dUMP, dTMP, and FAUMP to thy-
midylate synthetase. In addition, it will be shown that the
nature of the folate analogue and buffer used can greatly
affect the binding characteristics of the enzyme for the nu-
cleotide analogues.

Experimental Procedures

Materials

Thymidylate synthetase was purified and crystallized
from methotrexate-resistant L. casei as described previous-
ly (Galivan et al., 1975). Enzyme solutions (15-20 mg/ml)
were prepared by dissolving the crystalline protein in 50
mM potassium phosphate (pH 7.0) containing 20 mM 2-
mercaptoethanol and then dialyzed against this buffer for
16 hr. The resulting preparation had a specific activity of
3.2-3.3 units/mg of protein when assayed spectrophotomet-
rically (Galivan et al., 1974) in 50 mM potassium phos-
phate (pH 7.0). A unit is defined as the amount of enzyme
required to produce 1 umol of Hafolate/min at 30°. The
molar concentration of enzyme was based on an Asgp of
1.35 per mg of protein per ml and a molecular weight of
70 000 (Dunlap et al., 1971).

[2-'4C]Fluorodeoxyuridine obtained from Schwarz/
Mann was converted to [2-!C]FdAUMP (e 8.08 X 103 M~!
cm™! at 265 nm, Mukherjee and Heidelberger, 1962) by a
modification of the procedure of Yoshikawa et al. (1969)
and purified by paper chromatography (ethanol-1 M am-
monium acetate (pH 8.0), 7:3). Other [2-1*C]- and [6-
3H]deoxynucleoside 5’-monophosphates were purchased
from Schwarz/Mann and purified by Dowex-1 formate col-
umn chromatography (Lorenson et al., 1967). The radioac-
tive deoxynucleotides were diluted with carrier to a specific
activity of 1-3 X 107 dpm/umol. 4-N-OH-dCMP was pre-
pared from dCMP as described earlier (Maley and Maley,
1964).

Folic acid, from Sigma Chemical Co., normally exhibited
a single fluorescent spot on cellulose thin-layer chromatog-
raphy (Polygram Cel;s4, Macherey-Nagel & Co.) with 0.1
M potassium phosphate (pH 6.0) as developer. When im-
pure samples were obtained they were purified by DEAE-
cellulose column chromatography with a linear gradient of
0.1-0.8 M NH4HCOs;, followed by ascending paper chro-
matography with tert-butyl alcohol-20% NH4OH-H,O
(1:1:8). Hxfolate (e 28.4 X 103 M~! cm™! at 282 nm) was
prepared from folic acid by reduction with sodium dithion-
ite (Blakley, 1960a). Hafolate was prepared by the catalytic
hydrogenation of folic acid according to Lorenson et al.
(1967). The biologically active (+) isomer of 5,10-
CHjHufolate was synthesized enzymically (Mathews and
Huennekens, 1960) and purified by column chromatogra-
phy on DEAE-cellulose with a linear gradient of 0.1-0.5 M
NH4HCO; containing 0.10 M 2-mercaptoethanol. "The
concentration of this folate, which was determined with
thymidylate synthetase and an excess of dUMP, agreed
with that obtained from the extinction coefficient (e 32 X
10> M~1 cm~! at 294 nm) (Blakley, 1960b). (—)5,10-

CHjHufolate was synthesized enzymically by the technique
of Kisliuk and Gaumont (1971) and purified by DEAE-cel-
lulose column chromatography as described for the (+) iso-
mer. Methotrexate was purchased from Lederle Laborato-
ries and purified by the technique described above for folic
acid as was [2-1*C]folic acid and [3’,5’-3H]methotrexate
(Amersham Searle Corp.). Radioactive folate coenzymes
were synthesized as described above for the nonradioactive
derivatives. The specific activities of folate and its analo-
gues varied from 0.5 to 1 X 107 dpm/umol.

Methods

Equilibrium Dialysis. The Kontron-Diapack apparatus
described by Weder et al. (1971) was used in all of the stud-
ies. Regenerated cellulose membranes were boiled for 10
min in glass-distilled water, rinsed several times, and stored
at 4° in the buffer to be used. The membranes were blotted
to remove excess liquid prior to use. The protein and ligand
samples (60 ul each) were added to opposite sides of the di-
alysis membrane with a Hamilton microsyringe. Protein
concentrations were from 5 to 15 uM (0.35-1.05 mg/ml),
radioactive ligands were from 0.002 to 0.6 mM, and 2-mer-
captoethanol was included in all experiments at a concen-
tration of 20 mM. The composition of the buffers and non-
radioactive ligands employed is indicated in the Results. In
all cases, equimolar amounts of each component were
added to both sides of the membrane. After 4 hr of dialysis
at 28°, the entire sample, amounting to 50-56 ul, was re-
covered from each chamber. Duplicate 20-ul samples were
added to 10 ml of Aquasol and counted in a Beckman LS-
250 scintillation counter. The duplicates agreed routinely
within 2%. Controls, with thymidylate synthetase alone, re-
vealed no loss in activity during dialysis. Dephosphorylation
of the nucleotides could not be detected on incubation of the
enzyme with FAUMP, dUMP, or dTMP for periods up to
20 hr at 28°.

The concentration of bound nucleotide was determined
from the difference in radioactivity between the protein and
ligand sides of the chamber, with radioactivity in the ligand
side taken as a measure of the unbound or free ligand. No
correction was made for Donnan effects. Because of the
specific activity of the nucleotides and amounts of enzyme
used, accurate dissociation constants below 108 M could
not be determined.

Nucleotide binding data were calculated from the linear-
ized equation of the law of mass action developed by Scat-
chard (1949):

= — ) M

[Ld Kb 7
where © is the experimentally determined ligand bound in
moles/mole of protein, [L;] is the free ligand concentration,
Kp is the dissociation constant, and 5 is the extrapolated
number of ligand binding sites/mole of protein. By plotting
o/[L¢] vs. b, the slope, —1/Kp, and abscissa intercept, 3, are
obtained. The ~1/Kp and n were determined from the ex-
perimental points by regression analysis. In those cases
where nonlinear slopes were observed, first-order regression
analysis was applied separately to each linear section of the
curve. The curves were developed from a computer program
with a RDP11/45 Digital Equipment Corporation comput-
er.

Results and Discussion

Effect of Buffer on Deoxynucleotide Binding. Our initial
studies are designed to assess the binding of dUMP to the
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Table I: Binding of dUMP and dTMP to L. casei Thymidylate
Synthetase.d

Folate Added Buffer Binding sites (n) Kp X 10°
dUMP
None Phosphate 1.18 £ 0.14 26.0+4.3
None Tris-HCl 1.16 + 0.16 1.80 = 0.25
None Tris-HCI, MgCl, 0.94 + 0.08 7.00 t 1.40
H, folate Phosphate 0.96 = 0.23 6.40 = 1.80
Tris-HCl1 1.10 £ 0.09 0.52 + 0.03
Tris-HCI, MgCl, 0.98 + 0.09 0.52 = 0.05
Methotrexate Tris-HC1 1.10 = 0.21 0.46 + 0.09
(-)$5,10-
CH,H, folate  Tris-HCI 0.90 = 0.14 3.20 = 0.54
dTMP
None Tris-HCI 0.94 = 0.08 5.75+0.70
H, folate Tris-HCl1 1.00 = 0.19 3.27+0.12
(+)5,10-
CH,H, folate Tris-HCI 0.83+0.16 22.6 + 3.37

2 The equilibrium dialysis was carried out as described under
Methods. The buffers used were SO mM potassium phosphate (pH
7.0); 50 mM Tris-HCL (pH 7.1); and 50 mM Tris-HCI (pH 7.1) with
20 mM MgCl,. Where folates were present, the following concen-
trations were used: H, folate, 0.3 mM; methotrexate, 0.2 mM;
(-)$5,10-CH,H, folate, 0.15 mM; (+)5,10-CH,H, folate, 0.1 m/.
The concentrations and specific activities of [2-'*C]dUMP and
[2-'%C] dTMP were varied as required for each experiment.

L. casei thymidylate synthetase and also to evaluate the ef-
fect of folates on this binding. The first part of the study
which included about 15 experimental points ranging from
a b of 0.2-1.1 indicates that the enzyme possesses a single
binding site for dUMP with a Kp of 1.8 X 107% M when
measured in 50 mAM Tris-HCI (Table I). No evidence for a
second site was apparent which is significant in terms of the
FAUMP binding studies described below. A similar finding
was obtained by Leary et al. (1975) using circular di-
chroism, but their reported Kp was 4 X 107 M. The fact
that a direct measure of the free ligand concentration is not
possible by the CD procedure may be responsible for this
difference. The addition of 20 mM MgCl; to the Tris-HCI
buffer system did not alter the number of binding sites but
did increase the Kp by fourfold (Table I).

A more dramatic increase in the Kp for dUMP was ob-
tained when the same experiment was conducted in 50 mM
potassium phosphate (pH 7.0). In this instance, a single
binding site was measured but with a Kp of 26 X 1076 M
(Table I). The product of the reaction, dTMP, also exhib-
ited single site behavior but was less tightly bound than
dUMP under comparable buffer conditions (Table I). The
fact that dTMP binding could not be detected and that
dUMP binding was impaired in potassium phosphate
suggests that phosphate competes for the synthetase’s sub-
strate binding site with the deoxynucleoside 5’-monophos-
phates.

Effect of Folate Analogues on Deoxynucleotide Binding.
The affinity of the enzyme for dUMP was markedly af-
fected by the presence of Hafolate, but regardless of the fo-
late analogue employed, the Scatchard plot was always lin-
ear and extrapolated to a single site for dUMP. As shown in
Table I, Hafolate increased the affinity for dUMP approxi-
mately fourfold in phosphate buffer and 3.5-fold in Tris-
HCI. Of interest is the finding that methotrexate also in-
creased the affinity of the enzyme for dUMP approximately
3.5-fold, while (—)5,10-CH,Hyfolate decreased the affinity
slightly. The binding of dTMP was not appreciably affected
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Table II: Binding of FAUMP to L. casei Thymidylate Synthetase.?

Folate Added Buffer Binding Sites (n) Kp x 10°
Single Site
None Phosphate 1.04 + 0.07 97.0 12
None Phosphate? 1.00 + 0.14 7.8+ 1.4
Methotrexate Phosphate 1.10£ 0.13 10.3+ 1.1
Two Equivalent Sites
None Tris-HCl 2.20=0.24 37.2 £ 3.6
None Tris-HCl, MgCl, 2.10 £ 0.25 21.5+ 23
(+)5,10-
CH,H,folate Phosphate 1.89 £ 0.13 <0.01
Tris-HClL 1.75 + 0.15 <0.01
(-)5,10-
CH,H, folate Tris-HC1 1,52+ 0.16 2.26 + 0.17
Methotrexate Tris-HCl1 1.49 £ 0.13 2.20+ 0.12
Two Nonequivalent Sites
Folate
Added Buffer A B A B
H,folate Phosphate 1.42:0.05 1.90:0.16 1.2= 40+ 1.6
0.05
Tris-HC1 1.05¢ 1.85+ 0.10 <0.01 2.7+0.5
Tris-HCl
MgCl, 1.05¢ 1.80 + 0.11 <0.01 3.3:0.4
(-)5,10-
CH,H,-
folate Phosphate 0.93 +0.09 1.65+0.33 1.3+ 30: 16

0.27

4 The equilibrium dialysis was carried out as described under
Methods. The buffers used were: 50 mM potassium phosphate (pH
7.0); 50 mM Tris-HCI (pH 7.1); and 50 mM Tris-HCI (pH 7.1)
with 20 mM MgCl,. Where folates were present the following con-
centrations were used: H, folate, 0.3 mM; (+)5,10-CH,H, folate,
0.03 mM; (—)5,10-CH,H, folate, 0.1 mM; methotrexate, 0.2 ma.
Where nonequivalent sites were observed, A is the first or high
affinity site, and B the sum of the first and the second or low
affinity site. A" and B' are the respective Kp’s of A and the second
binding site. ® The concentration was 5§ mM in this experiment.
¢Estimated from Figure 3B by dropping a perpendicular from
the point where the lines intersect.

by Hbfolate but was impaired by (+)5,10-CH,H,folate
(Table I). From these data it can be concluded that native
thymidylate synthetase binds 1 mol of dUMP or dTMP,
and that the binding of dUMP is enhanced by folate ana-
logues (Table I).

Binding of FAUMP. Previous studies using a variety of
techniques (Aull et al., 1974b,c; Galivan et al., 1974, 1975;
Santi et al., 1974) have shown that 2 mol of FAUMP are
bound/mol of thymidylate synthetase in the presence of
(£)5,10-CHsHfolate. Similar results have been obtained
now by equilibrium dialysis where, with saturating amounts
of (+)5,10-CH;Hufolate, 1.89 mol of FAUMP was bound in
50 mM potassium phosphate buffer and 1.75 mol in 50 mM
Tris-HCI (Table II). Due to the extremely high affinity of
FdUMP in this complex as evidenced by the straight line
parallel to the abscissa, the Kp could not be calculated
(Figure 1B and 1D). However, by using rate constants of
association and dissociation, Santi et al. (1974) have esti-
mated a Kp of 5 X 10! for FAUMP in the teinary com-
plex.

FAdUMP exhibited more classical reversible binding, but
as with dUMP and dTMP (Table I) the affinity of the syn-
thetase for FAUMP was affected greatly by buffer condi-
tions (Table II). Thus in 50 mAM Tris-HCI (Figure 1C), 2
mol of FAMP was bound/mol of enzyme (Kp = 37 X 107
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FIGURE 1: Binding of FAUMP to L. casei thymidylate synthetase in
the presence and absence of (+)5,10-CH;Hyfolate. Equilibrium dialy-
sis was conducted as described under Methods, with 50 mA potassium
phosphate (pH 7.0) in (A) and (B) and 50 mM Tris-HCI (pH 7.1) in
(C) and (D). (+)5,10-CH;Hufolate at a final concentration of 0.03
mM was added to both sides of the membrane in (B) and (D); no addi-
tions were made in (A) and (C).

M), but in 50 mM potassium phosphate (Figure 1A), only a
single FAUMP site was evident (Kp = 97 X 1078 M). It ap-
pears that the two binding sites for FAUMP are equivalent
in Tris-HCI, but only one is available in phosphate buffer.
The latter effect is probably due to the phosphate ion since
potassium chloride did not alter the results shown in Figure
1C, whereas reduction of the potassium phosphate concen-
tration to 5 mM increased the affinity by 12-fold (Kp = 7.8
X 107¢ M) as indicated in Table II. Despite this increase,
the FAUMP binding was still restricted to one site.

When FAUMP binding was measured in the presence of
H,folate and 50 mM potassium phosphate, a second bind-
ing site became evident through a deviation from linearity
in the Scatchard plot (Figure 2A), with the first site pos-
sessing 2 Kp of 1.2 X 107® M (n = 1.4) and the second a
Kpofd4 X 107% M (n = 1.0). This experiment was repeated
four times at 28° and twice at 0°, and in all cases the n
value for the first site was 1.3-1.4. The reason for this de-
viation from unity is not understood but similar results were
obtained with a nitrocellulose filter assay (Galivan et al.,
1974; Santi et al,, 1974) and by circular dichroism (CD)
analysis (Galivan et al.,, 1975). The binding constant for
each site was 80- and 24-fold lower in phosphate than for
the single FAUMP site in the absence of Hjfolate. A bi-
phasic curve was also observed with Hsfolate and 50 mM
Tris-HCI as the buffer, but in this case both moles of
FAUMP were bound more tightly (Figure 2B). The binding
of the first mole was essentially stoichiometric with a Kp
below 10~8 M, while the second site had a Kp of 2.7 X 106
M. Similar results were found with Tris-HCI supplemented
with 20 mM MgCl,. Since these biphasic curves could re-
sult from the contamination of Hyfolate with Hyfolate or
5,10-CH:Hgfolate, Hyfolate was prepared by the technique
of Blakley (1960a) and purified by DEAE-cellulose column
chromatography. Neither Hyfolate nor 5,10-CH,Hfolate
could be detected as contaminants of the H»folate when as-
sayed spectrally or enzymically. The experiments described
in Figure 2 were then repeated with the purified Hafolate
and results identical with those in the initial experiment
were obtained. When (—)5,10-CH;Hsfolate was present in
the potassium phosphate buffer system, a biphasic curve
similar to that in Figure 2A and indicative of two classes of

5

¥/ [FdUMP] x 10

FIGURE 2: Binding of FAUMP to L. casei thymidylate synthetase in
the presence of Hafolate. Equilibrium dialysis was conducted as de-
scribed under Methods, with 0.3 mM H,folate included in (A) which
contained 50 mM potassium phosphate (pH 7.0); and in (B) which
contained 50 mM Tris-HCI (pH 7.1).

binding sites was observed; one with an 5 value of 0.93 and
the other with an n of 1.65. With methotrexate in place of
(=)5,10-CH;Hyfolate, only a single binding site could be
shown despite a tenfold increase in its affinity (Table II). In
contrast, the addition of either methotrexate or (—)5,10-
CH;H4folate to the Tris-HCI buffer system decreased the
number of equivalent binding sites to about 1.5 for FAUMP
and lowered the Kp value in each system by 17-fold.

Competitive Binding between dUMP, dTMP, and
FdUMP. Earlier kinetic and inhibition studies indicated
that dUMP, dTMP, and FAUMP probably compete for the
same binding site on thymidylate synthetase (Reyes and
Heidelberger, 1965; Lorenson et al., 1967). It was of inter-
est therefore to determine whether this relationship held for
the L. casei synthetase. If competition of two nucleotides
such as dUMP and dTMP for a single site is involved, the
binding of each nucleotide is governed by the following
equation (Englund et al., 1969):

Da 1 1 1
= (-1 @
[deoxynucleotide,] Ka \OA DB

By plotting I-JdUMp/[dUMPf] against (Daump + DdTMP)
and 4rmp/[dTMP¢] against (Dqump + DaTmp) Straight
lines with a common intercept of 1 should be obtained, pro-
viding the two nucleotides bind to the same site. The sym-
bols used are similar to those described for eq 1, but in this
case A and B are separate ligands and f represents the con-
centration of unbound or free ligand. When this plot was
constructed from an experiment using [6-*H]dUMP and
[2-'*C]dTMP (Figure 3A), it was found that dUMP and
dTMP do indeed share a common site. The dissociation
constants calculated using the competition data in Figure 3
agreed with those obtained when each nucleotide was mea-
sured separately (Table I).

A similar experiment was conducted with [2-
14C]FdUMP replacing [2-'*C]dTMP but with a low pos-
tassium phosphate buffer concentration (5 mM). The latter
concentration restricts FAUMP binding to a single site of
relatively high affinity, enabling competition for this site to
be measured with an acceptable degree of accuracy. The re-
sults of this experiment (Figure 3B) were similar to those
for Figure 3A, with dUMP possessing a greater affinity for
the binding site than FAUMP. This result substantiates the
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FIGURE 3: Competition between dUMP, dTMP, and FdUMP for
binding to L. casei thymidylate synthetase as determined by a Scat-
chard analysis. Equilibrium dialysis was conducted as described under
Methods. Varying amounts of [6-*H]dUMP and [2-'4C]dTMP were
added to the ligand side of the membrane in (A). All samples con-
tained 50 mAM Tris-HCI (pH 7.1). The data were calculated and plot--
ted according to Englund et al. (1969), whereby the fractional binding
DA of a given ligand A is divided by its free concentration [A¢] and then
plotted against the sum of the fractional binding of both ligands (f4 +
tg). The same protocol was used in (B) as in (A), except for replace-
ment of [2-14C]dTMP by [2-1*C]FdUMP, and Tris-HC! by 5 mM po-
tassium phosphate (pH 7.0).

Vaump + VaTmp
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FIGURE 4: Effect of temperature on the stability of L. casei thymi-
dylate synthetase. Thymidylate synthetase (4 uM) was incubated at
55° in 0.35-ml solutions of (A) 50 mM potassium phosphate (pH 7.0)
plus 50 mM 2-mercaptoethanol or (B) 50 mAf Tris-HCI (pH 7.0) plus
50 mM 2-mercaptoethanol, and the indicated additions; 10-ul aliquots
were removed at the indicated times and assayed spectrally (Galivan et
al., 1974). MTX, methotrexate.

tighter binding of dUMP relative to FAUMP when mea-
sured independently in the absence of folates (Table I vs.
Table II).

Evidence for Binding through the Use of Heat Stability
Studies. Various combinations of substrates have been re-
ported to stabilize thymidylate synthetase in vitro (Bonney
and Maley, 1975; Lorenson et al., 1967; Roberts and Loehr,
1971) and as a result have been postulated to play a role in
modulating synthetase levels in vivo. From the data in
Table II it might be predicted that a more stable ternary
complex of methotrexate-enzyme-dUMP exists in Tris-
HCI than in potassium phosphate. This prediction was test-
ed by heat stability studies in the two buffer systems. As
shown in Figure 4, enzyme alone in the presence of either
buffer loses all of its activity in S min at 55°. However, par-
tial stabilization could be effected by 10~3 A dUMP in po-
tassium phosphate buffer (Figure 4A) and complete stabili-
zation by 102 M dUMP in Tris-HCI (Figure 4B). The lat-
ter result reflects the 15-fold greater affinity of the synthe-
tase for dUMP in Tris-HCI (Table I). When heat inactiva-
tion was conducted in the presence of a combination of 1074
M dUMP and 1073 M methotrexate and Tris-HCI, a dra-
matic synergistic effect was obtained with no loss in enzyme
activity noted after 60 min at 55°. In contrast complete in-
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Table III: Binding of Folate Analogues to Thymidylate Synthetase.?

Deoxynucleotide  Binding Sites

Folate Analogue Added m Kp X 10°
Folic acid None ndbb

dUMP 0.82 + 0.31 21.0 = 14
Methotrexate None ndb

dUMP 1.03 £ 0.29 24.5+ 12
H, folate None ndb

dUMP 0.83 = 0.25 13.2+5.9

4-N-OH-dCMP 1.03 = 0.07 1.60 + 0.01
(+)5,10-

CH,H, folate None ndb
4-N-OH-dCMP 1.1 £ 0.10 1.90 + 0.02

a The equilibrium dialysis was carried out as described under
Methods. The buffer used was 50 mM Tris-HCI (pH 7.1), with 20
mM MgCl,. Deoxynucleotides, where included, were added to both
sides of the membrane at a concentration of 0.17 mM. [3',5'-°H]-
Methotrexate and {2-'*C] folate derivatives were employed as radio-
active ligands. ¥ ndb, no detectable binding; as determined by the
difference in radioactivity between the protein and ligand side of
the membrane at folate analogue concentrations from 0.005 to
0.5 mM.

activation was obtained after 15 min in phosphate buffer.
Methotrexate alone in either buffer system at 1073 M did
not protect the synthetase.

These effects are analogous to those obtained with this
enzyme in extracts of rat liver cells (Bonney and Maley,
1975) where it was proposed that the observed elevation in
thymidylate synthetase activity is in part a consequence of
the binding of methotrexate or the more effective combina-
tion of methotrexate and dUMP. Based on the results pre-
sented in Figure 4 and Table I, ternary complex forma-
tion may also be important in stabilizing the L. casei syn-
thetase.

Binding of Folate Analogues. Since thymidylate synthe-
tase did not appear to be stabilized by methotrexate alone,
it was of interest to determine if this and other folate deriv-
atives were bound by the enzyme. As shown in Table II1,
evidence for the binding of (+)5,10-CH;Hufolate, Hafolate,
folate, or methotrexate could not be obtained at concentra-
tions up to 0.5 mM, in the absence of deoxynucleotides.
However, single-site binding for each of these folate deriva-
tives was readily apparent in the presence of dUMP or 4-
N-OH-dCMP. The latter nucleotide, a competitive inhibi-
tor of the L. casei enzyme with respect to dUMP, K| = 8 X
10~% M (unpublished results, J. H. Galivan), also increased
the affinity of the enzyme for [2-!“C]Hafolate by eightfold
when compared with dUMP. A Scatchard plot measuring
binding of (+)5,10-CH,H4 [2-14C]folate in the presence of
4-N-OH-dCMP was linear and extrapolated to a single
binding site with a Kp of 1.9 X 107% M. In a similar experi-
ment with FAUMP in place of 4-N-OH-dCMP, 1.8 binding
sites were found for (+)5,10-CH,H4[2-%C]folate but the
affinity was too high to be measured accurately. In con-
trast, the binding of (+)5,10-CH;H,4[2-1“C]folate could not
be detected in the presence of d-TMP.

Although the binding of the (—)5,10-CH;Hufolate dia-
stereoisomer was not measured, it is expected that similar
results to those with the (+) diastereoisomer would be ob-
tained, except for the Kp which would probably be higher.
This assumption is based on the finding that (—)5,10-
CH)Hufolate is an inhibitor of the synthetase (Kisliuk et
al., 1974; Leary et al., 1974) and on CD studies with this
compound (Galivan et al., 1975).



BINDING STUDIES WITH THYMIDYLATE SYNTHETASE

A comparison of the binding of folates and deoxyribonu-
cleotides reveals that the latter are bound more tightly in
the ternary complex than the former (Tables I and III). As
indicated, the affinity of the synthetase was considerably
greater for dUMP than for methotrexate or Hxfolate in an
incubation mixture consisting of the respective folate ana-
logue, enzyme, dUMP, and Tris-HCI, MgCl,.

Conclusions

In this study thymidylate synthetase has been found to
possess only one binding site for dUMP under a variety of
conditions, and although the binding is tighter in the pres-
ence of certain folate analogues, a second site has not been
observed. A similar result was recently reported for dUMP
and enzyme through the use of circular dichroism (Leary et
al., 1975). These findings contrast with the fact that the en-
zyme consists of two apparently identical subunits (Loeble
and Dunlap, 1972) and is inhibited completely by 2 equiv of
FAUMP (Santi and McHenry, 1972; Santi et al., 1974;
Galivan et al., 1974). Although the FAUMP inhibition data
appear to support the concept of two active sites, several
lines of evidence argue against it. The results of the dUMP,
dTMP binding studies and the complete inhibition of the
synthetase on reacting one of the enzyme’s four sulfhydryl
groups with a sulfhydryl reagent (Dunlap et al, 1971;
Leary et al., 1975), an effect protected against by substrate
(Leary et al., 1975), provide evidence in support of a single
active site. The restriction of folate binding to a single site is
also in concert with this concept. In addition, Aull et al.
(1974a) have demonstrated that the synthetase is complete-
ly inactivated by the release of 1 mol of carboxy-terminal
valine/mol of enzyme. The single active site thesis must be
taken with some caution, however, since it is not possible to
measure dUMP binding in the presence of (+)5,10-
CH;H folate due to its rapid conversion to dTMP. Despite
this reservation, a clear distinction between the binding of
the substrate, dUMP, and the inhibitor, FAUMP, becomes
apparent when the binding of the two nucleotides is com-
pared in 50 mM Tris-HCI (pH 7.1) (Table I and Figure
1C). It is evident from these results that, although the Kp
of dUMP is roughly 20-fold lower than that for FAUMP,
there is only one binding site for dUMP, and two for
FAdUMP. Binding of the second mole could be prevented by
conducting the experiments in potassium phosphate buffer.

When FAUMP binding was measured in the presence of
various folate derivatives, the extent of reaction was in-
fluenced by the particular folate and also by the buffer sys-
tem employed. In every case examined, the folate derivative
increased the affinity of FAUMP binding, and, in all but
one instance (methotrexate in phosphate buffer), the extent
of binding approached 2 mol of FAUMP/mol of enzyme.
Equivalent two-site binding was obtained with (—)5,10-
CH,Hyfolate or methotrexate in Tris-HCl1 buffer, while
nonequivalent two site binding, where the second mole of
FAUMP is bound less tightly than the first, was obtained
with (—)5,10-CH,Hyfolate or H»folate in phosphate buffer.
Nonequivalent binding was also obtained with Hjfolate in
Tris-HCI. Because of the high affinity of FAUMP binding
in the presence of (4+)5,10-CH,Hyfolate with either buffer
system, it was not possible to determine whether the affinity
for FAUMP at the two sites is identical. Additional evidence
that the two FAUMP sites may not be identical has come
from studies in our laboratory which indicate that the
FdUMP at one site is sensitive to urea (Galivan et al.,
1974). Danenberg et al. (1974) have also reported that a

species of the ternary complex can be isolated which con-
tains only 1 mol of FAUMP.

It should be emphasized that the binding of the folate an-
alogues differs <ignificantly from that of the deoxynucleo-
tides in that the folates, at concentrations as high as 0.5
mAM, do not bind to the enzyme, in the absence of deoxynu-
cleotides. These results agree with our earlier observations
(Galivan et al., 1975), where ternary complex formation
with synthetase, folate, and FAUMP was detected by CD
measurements, but no change in the spectrum was evident
with just enzyme and folate.

Several investigations have been conducted to determine
if the substrates interact with thymidylate synthetase by a
random or an ordered pathway, with one substrate bound
obligatorily, prior to the other. Blakley (1963) using the
synthetase from Streptococcus faecalis and Reyes and
Heidelberger (1965) using enzyme from Ehrlich ascites
cells have proposed an ordered mechanism in which 5,10-
CH;Hfolate binds first, followed by dUMP. In contrast to
this view, the lack of binding of folate derivatives in the ab-
sence of the appropriate deoxynucleoside 5’-monophosphate
lends support to a mechanism of ordered addition in which
dUMP binds before (+)5,10-CH;Hgfolate, as suggested
previously from kinetic and heat stability studies with the
chick embryo thymidylate synthetase (Lorenson et al.,
1967).

It should be emphasized that none of the binding studies
were conducted with the natural or folylpolyglutamates
which might yield somewhat different results from those
obtained in this study with the monoglutamates. The strik-
ing inhibition of thymidylate synthetase reported by Kisliuk
et al. (1974) for the folylpolyglutamates, relative to the
monoglutamates, suggests such a possibility.

Acknowledgments

The authors gratefully acknowledge the assistance of Dr.
Stephen Kim in constructing the computer program for the
regression analysis and also the excellent technical assis-
tance of Zenia Nimec and Thaisa Beach.

References

Aull, J. L., Loeble, R. B,, and Dunlap, R. B. (1974a), J.
Biol. Chem. 249, 1167.

Aull, J. L., Lyon, J. A., and Dunlap, R. B. (1974b), Micro-
chem. J. 19, 210.

Aull, J. L., Lyon, J. A., and Dunlap, R. B. (1974c), Arch.
Biochem. Biophys. 165, 805,

Blakley, R. L. (1960a), Nature (London) 188, 231.

Blakley, R. L. (1960b), Biochem. J. 74, 71.

Blakley, R. L. (1963), J. Biol. Chem. 238, 2113.

Bonney, R. J., and Maley, F. (1975), Cancer Res. 35, 1950.

Danenberg, P. V., Langenbach, R. J., and Heidelberger, C.
(1974), Biochemistry 13, 926.

Dunlap, R. B,, Harding, N. G. L., and Huennekens, F. M.
(1971), Biochemistry 10, 88.

Englund, P. T., Huberman, J. A., Jovin, T. M., and
Kornberg, A. (1969), J. Biol. Chem. 244, 3038.

Galivan, J. H., Maley, G. F., and Maley, F. (1974), Bio-
chemistry 13, 2282.

Galivan, J. H., Maley, G. F., and Maley, F. (1975), Bio-
chemistry 14, 3338.

Kisliuk, R. L., and Gaumont, Y. (1971), 4Ann. N.Y. Acad.
Sci. 186, 438.

Langenbach, R. J., Danenberg, P. V., and Heidelberger, C.

361

BIOCHEMISTRY, VOL."15, NO. 2, 1976



(1972), Biochem. Biophys. Res. Commun. 48, 1565.

Leary, R. P., Beaudette, N., and Kisliuk, R. L. (1975), J.
Biol. Chem. 250, 4864.

Leary, R. P., and Gaumont, Y. (1973), Fed. Proc., Fed.
Am. Soc. Exp. Biol. 32, 591.

Leary, R. P., and Kisliuk, R. L. (1971), Prep. Biochem. I,
47.

Loeble, R. B., and Dunlap, R. B. (1972), Biochem. Bio-
phys. Res. Commun. 49, 1671.

Lorenson, M. Y., Maley, G. F., and Maley, F. (1967), J.
Biol. Chem. 242, 3332.

Maley, G. F., and Maley, F. (1964), J. Biol. Chem. 239,
1168.

Mathews, C. K., and Huennekens, F. M. (1960), J. Biol.
Chem. 235, 3304.

McHenry, C. S, and Santi, D. V. (1974), Biochem. Bio-

GUIKEMA AND YOCUM

phys. Res. Commun. 57, 204.

Mukherjee, K. L., and Heidelberger, C. (1962), Cancer
Res. 22, 815,

Reyes, P., and Heidelberger, C. (1965), Mol. Pharmacol. I,
14.

Roberts, D., and Loehr, E. V. (1971), Cancer Res. 31,
1181.

Santi, D. V., and McHenry, C. S. (1972), Proc. Natl. Acad.
Sci. U.S.A. 69, 1855.

Santi, D. V., McHenry, C. S., and Sommer, H. (1974),
Biochemistry 13, 471.

Scatchard, G. (1949), Ann. N.Y. Acad. Sci. 51, 660.

Weder, H. G., Schildknecht, J., and Kesselring, P. (1971),
Am. Lab. 3, 17.

Yoshikawa, M., Kato, T., and Takenishi, T. (1969), Bull,
Chem. Soc. Jpn. 42, 3508.

The Mechanism of Quinonediimine Acceptor Activity in

Photosynthetic Electron Transport?

James A. Guikema and Charles F. Yocum*

ABSTRACT: The rates of electron flow catalyzed by a vari-
ety of unsubstituted and C- or N-methylated quinonediim-
ine electron acceptors in a reaction requiring photosystem
[l in KCN-inhibited chloroplasts vary according to the
structure of acceptor used. Quinonediimine, but not qui-
none, electron acceptor activities are inhibited by a variety
of uncouplers. Kinetic analysis of this inhibition shows that
it is competitive. Low concentrations of aniline also inhibit
the activity of C-methylated quinonediimines, but this ap-
pears to be due to a chemical reaction between the acceptor

Saha et al. (1971) have shown that oxidized quinones and
oxidized p-diaminobenzene compounds (quinonediimines)
are effective mediators of electron transport in spinach
chloroplasts, and that the efficiency of photophosphoryla-

tion obtained with these compounds is approximately half.

that obtained with electron acceptors such as ferricyanide
or methyl viologen. Inhibition of electron transport by treat-
ment of chloroplasts with KCN, which inactivates plasto-
cyanin (Ouitrakul and Izawa, 1973), or by the plastoqui-
none antagonist DBMIB! (Trebst and Reimer, 1973a,b;

¥ From the Department of Cell and Molecular Biology, The Univer-
sity of Michigan, Ann Arbor, Michigan 48104. Received March 27,
1975. This investigation was supported in part by a research grant
from the H. H. Rackham School of Graduate Studies of the University
of Michigan.

! Abbreviations used are: DBMIB, 2,5-dibromo-3-methyl-6-isopro-
pyl-p-benzoquinone; PDox, p-phenylenediimine; DADox, 2,3,5,6-tetra-
methyl-p-phenylenediimine; DMPDox, N,N-dimethyl-p-phenylenedi-
imine; DATox, 2,5-diiminotoluene; TMPDox, N,N,N' N -tetra-
methyl-p-phenylenediimine; DMQ,  2,5-dimethyl-p-benzoquinone;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; m-CI-CCP, m-chlo-
rocarbonylcyanide phenylhydrazone; EDAC, 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide; Tricine, N-tris(hydroxymethyl)methylglyci-
ne; Mes, 2-(/V-morpholino)ethanesulfonic acid.
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and aniline at low pH inside the chloroplast. Light-induced
uptake of a quinonediimine, p-phenylenediimine, was
shown to occur in a DCMU-sensitive reaction. Methyl-
amine uncoupling inhibits this uptake to the same extent as
it inhibits electron flow. Experiments with a lipophobic ac-
ceptor, N,N,N’ N’-tetramethyl-p-phenylenediimine, indi-
cate that it catalyzes electron flow by the same mechanism
as other quinonediimines. A model is proposed to account
for quinonediimine-catalyzed electron flow.

Izawa et al, 1973), have relatively little effect on qui-
nonediimine photoreduction. These observations implicate
the reducing side of photosystem II as the site of electron
donation to these compounds. Saha et al. (1971) and Trebst
(1974) have proposed models for the electron acceptor ac-
tivity of quinones and quinonediimines in which the oxi-
dized species of the acceptor molecule, a lipophile, pene-
trates a membrane (outside to inside), undergoes photore-
duction, and then transfers reducing equivalents back to the
external medium by a repenetration of the membrane from
inside to outside. The penetration of the membrane in these
models is ascribed to the lipophilic nature of the acceptor
and a shuttle of the acceptor molecules in the light.
Although addition of adenosine diphosphate and inorgan-
ic phosphate as substrates for photophosphorylation does
not markedly enhance the rate of photoreduction of either
quinones or quinonediimines, uncouplers have been shown
to affect this pathway of electron flow. Gould and Ort
(1973) showed that oxygen evolution in the presence of
DBMIB, a reaction which required a quinonediimine accep-
tor (PDox), was sensitive to the uncoupler methylamine.
Thi$ effect was attributed to inhibition of photosystem Il
activity by the uncoupler. Trebst and Reimer (1973a) ob-



