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rrhymidylate synthetase from Ehrlich ascites carcinomna cells has been assayed by a

spectrophotomnetric method, and several new properties of this enzyme have been discov-
ered. Thymidylate produces a weak noncompetitive product inhibition and mercaptoeth-
anol stimulates the enzyme activity, whereas formaldehyde must be present within a spe-

cific concentration range if maximal enzyme activity is to occur. In addition, the results

of initial velocity and product-inhibition kinetic studies as well as those of experiments

designed to study the kinetics of the inhibition produced by 5-fiuoro-2’-deoxyuridine 5’-
mnonophosphate and 5-triflimoromnethyl-2’-cleoxyuridine 5’-nmonophosphate made it possible

to elucidate time mechanism of action of thymnidylate synthetase. The mechanism is or-

dered and sequential, such that 5,10-methylenetetrahvdrofolate interacts with the enzyme

before deoxyuridylate, and thymidylate leaves before dihydrofolate. Furthermore, a

mechanism without central complexes has been eliminated. 5-Trifluoromethyl-2’-deoxy-

uridine 5’-monophosphate, unlike 5-fiuoro-2’-deoxyuridine 5’-monophosphate, exhibits the

ability to combine slowly with the enzynme in an irreversible fashion.

1 N’�RO�)UC’�ION

It has been shown in this laboratory that
5-fluorouracil 2 and 5-fiuoro-2’-deoxv-

uridine (FUdR) inhibit the growth of sev-
eral transplantable tumors in mice (1 afl(l
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activity of these compotmnds occurs as a

result of their conversion to 5-fiuoro-2’-
(leoxyuridine 5’-monophosphate (FUdRP)

(3), which has been shown to be a potent

inhibitor of thymnidylate synthetase (4-6i.

Recently, the syntheses of 5-trifluoro-

moot Imyimimaci 1 FT 1 and 5-trifluom’omet.hy 1-
2’-deoxyurmdine (FTdR) were achieved in

this laboratory ( 7 . FTdR inhibits the
growth of several transplanted tummiom’s in
mice I S . is imimitagenic to and iflC()rI)Om’at(d

imito the DNA of i)actem’iophage T4B �9 I,

em hems cult wed imuwan cells containing the
analog iti thou I )NA mnom’e sensitive to

itltm’a violet (1�\ anti X-irmadiat ion 110)
inhil)its time cleavage oI FUdR by nucleo-

Si( It j)hosphumylase (111) . amid seI\’CS aS ii

I)oWcl’ful ant ivira 1 (hUg against hmeu’pes Suit-

plex kerat.itis in the rabbit eye (12)
Time eauhier ()i)5ei\�1t iOli l� Hei(helbeig(u
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et al. (13), that F3TdR also inhibits thy-

midylate synthetase from Ehrlich ascites

carcinoma cells, I)ut only in the presence

of ATP, suggested that the nucleotide
(F3TdRP) is the actual inhibitor of the

enzyme, since the kinases needed for the
phosphorylation of nucleosides are known

to be l)resent in the crude enzymne prepara-

tion (6). It therefore became of interest to

determine whether F3TdRP inhibits the

enzyme, and if so, to study and characterize
this inhibition in some detail. In addition,

the inhibition of thymidylate synthetase by

FUdRP has been reinvestigated. This was

prompted by reports (14, 15) that the

inhibition by FUdRP of this enzyme from

several bacterial or bacteriophage sources

is noncompetitive against deoxyuridylate

(dUMP) following a short preincubation

of the enzyme with the inhibitor. However,
Hartmnann and Heidelberger (6) had found

the enzyme from Ehrlich ascites tumor cells
to be inhibited competitively whether or not

preincubation was emnployed.
A number of other experiments that have

helped to elucidate the mechanism of action

of t.hyinidylate synthetase and that describe
some additional properties of the enzynue
are also reported.

This investigation was considerably fa-

cilitated by the use of a modification of the

spectrophotometrie assay for thymidylate
synthetase developed by Wahha and Fried-

kin (16). This method represents a vast

improvement over the previously used iso-

topic assay (6) since it is much more rapid

and convenient and permits the continuous

assay of enzymnic activity.

MATERIALS AND METHODS

Materials. F�TdRP was obtained by en-

zymnie phosphorylation of F3TdR, and was

kindly provided by Dr. Mildred Chang of

this laboratory. FUdRP was chemically

synthesized by Dr. David Remy, formerly
of this laboratory. dl,L-Tetrahydrofolate
was prepared by catalytic hydrogenation of

folic acid (Sigma Chemnical Company) as

previously described (6).
Preparation of enzyme extract. Ehrlich

ascites carcinoma cells were harvested 6-7

days a fter intraperitoneal transplantation

into female Swiss mice. The cells were

washed 3 times with ice-cold isotonic saline

and suspended in 2 volumes of cold 0.05 M

phosphate buffer, pH 6.7. The cell suspen-

sion was then sonically disrupted for 4 mm

(20 kc/sec) and centrifuged at 105,000 g for

1 hour. The high-speed supernatant fraction

was filtered through glass wool and used

directly as the source of enzyme. The pro-

tein content was determined quantitatively

by the biuret method of Gornal et al. (17).

Determination of enzyme activity. Thy-

rnidylate synthetase was assayed by a slight.

modification of the spectrophotometric

method developed by Wahba and Friedkin

(16). This assay is based on the difference

spectrum which results when tetrahydro-

folate is oxidized to dihydrofolate during

the reaction and is characterized by an in-

crease in molar absorbancy of 6400 �

cm1 at 340 m�. Since equal amounts of

dihydrofolate and thymidylate are pi�o-

duced, the enzymne activity can therefore be
expressed in terms of the amount of thy-
midylate synthesized per unit. of time.

Normally the reaction mixture contained

the following: dl,L-tetrahydrofolate, form-

aldehyde, mercaptoethanol, dUMP, en-
zyme extract, FUdRP or F:TdRP where
indicated, and phosphate buffer. pH 6.7, in

a total volume of 1 .0 ml. For purposes of
convenience, dl,L-tetrahydrofolate, formal-

dehyde, mercaptoethanol, and phosphate

buffer were combined into a single ‘cofac-

tor” solution which was then used directly

as the source of these comnponents. In such
a solution, tetrahydrofolat.e was found to be

stable for several weeks when stored under

nitrogen. To prepare this solution, first an
appropriate amount of freshly prepared
dl,L-tetrahydrofolate was dissolved in 3.0
ml of 0.067 M formaldehyde, 1.0 ml of 0.1 M

sodium bicarbonate, pH 8.0, amid 2.0 ml of

0.375 xi mercaptoethanol. Then an aliqtmot

of this muixture was diluted about 125 times
in 0.1 xi phosphate buffer, pH 7.4, 0.001 xi

in formnaldehyde, to determine the tetrahy-

drofolate concentration spectroph otomnet -

rically at. 294 m� (18). In this way, cofactor
solutions of any desired tetrahydrofoluite

concentration were prepared simuply by
using the appropriate amount of the undi-
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1uted mixture together with the required
levels of sodium bicarbonate, mercapto-

ethanol, formaldehyde, and l)hosphate

buffer.

All determinations of enzyme activity
were made at 37#{176}in a Beckmnan DK-1A

monoch roniator fitted with th eminospacers

and a Gilford model 2000 Multisample

Absorbance Recorder. Time latter is

equipped with an absorbancy converter

which l)rovides an optical density range
up to 3.0. By appropriate scale expansion,
the full-scale range in the recorder can be

set for a mnaximum sensitivity of 0.1 optical

density unit. As a rule, all reaction coin-
ponents were preincubated in the thernio-
stated chamber of the momioehimomator for

a period of 10-15 miii, aftem’ which the reac-

tion was begun by the addition of dUMP.
Tn most cases time reaction w’as found to be

linear fom’ a minimum of 8 mom. The true

initial velocity was determined by correct-
ing the rate of absorbancy change during
the first 8 mm after dUMP addition for

that just prior to dUMP addition. The

velocity was generally expressed as milli-

micromoles of thymidylate synthesized per

5 mg protein per 5 win.

Analyses of kinetic data. All kinetic data

were interpreted by applying the theoretical
considerations of Cleland (19-21), whose

kinetic nomenclature is used throughout

this papem’. The data derived from initial

velocity, product inhibition, or (lead-end
inhibitiomi studies were analyzed by the

double-reciprocal method of Li neweaver
and Burk (22). This method expresses the
data in accordance with the equation

1K(1’\ 1

- v \�) +

where v is the initial velocity, V is the max-

imnum velocity at infinite substrate concen-

tration, A is the variable substrate concen-

tration, and K is the Michaelis constant,
which is defimied as the concentration of A
where v is equal to one-half V.

Values for the inhibition constants (k1,

Ki,stope, K, intecet) were obtained either

by calculation (23) or by replot.ting slopes

or 1/V intercepts versus inhibitor concen-

tration. Furthermore, a digital computor,

using a Fortran program described by
Cleland (24), was also used to process the

data and provide values for the various

inhibition and kinetic constants, including

standard errom’s. These values were obtained
by fitting experimental points to an overall

equation describing the observed type of

inhibition or the initial velocity relation-
ships for the appropriate enzymne mechanism.

Dialysis experiments. In general, the fol-
lowing procedure was used for the dialysis

experiments to be reported. Enzyme extract
and either FUdRP or F3TdRP, at appropri-

:tte concentrations, were mixed and allowed

to stand at 4#{176}for 5 mm. Then 2.0-ml ali-
quots were 1)laced in cellulose tubing (size 8,
Viskimig Co.) and dialyzed at 4#{176}with mag-
netic stim’ring against 500 ml of 0.1 xi phos-

pliate buffer, pH 6.7. This buffer, which was
changed several times, is essentially isotonic
w’ith the enzyme extract. A control series

w’ithout added inhibitor was dialyzed simul-

taneously. At given intervals, samples were
removed and the percentage inhibition was

tletermnined 1)y comparing the thymidylate
symithetumse activity of t.he inhibitor-treated

extract to that of the control.
In a number of other experiments, a 2-lit’

preincubation of the enzyme extract and

inhibitor at 4#{176}was carried out prior to

dialysis. }urthermort’, in sonic of these cx-

pei’inients, the 2-hr preincubation period
\Vmt5 (‘Ofl(lticte(I in the pi’esence of dl,L-tetra-

hydm’ofolat.e and formaldehyde. As before,

the corresponding control without added

inhibitor was dialyzed simultaneously.

RESULTS

(1) (;‘,ie,al Properties and C/maracterrstics of
Tim !/ m.m(h/late �S�jn thetase from Ehrlich

;tSd!teS Carcinonic, Cells

Time initial objective of this investigation
was to test the feasibility of adapting the
thymidylate synthetase spectrophotometric
assay of Wahba and Friedkin (16) to the

Ehrlicli ascites carcinoma system. The main

obstacle was the fact that time level of this
enzymne in mammalian cells is, in general,
very low in comparison to the level found

in bacteria. However, the required optical
sensitivity was achieved by appropriate
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scale expansion of time Gilford Multisample
Absorbancy Recorder. Table 1 shows the
requirements for thymidylate syntheta se

TABLE 1

Requirements for thymidylate synthetase activity

The reaction mixture contained 50 mMmoles of

dUMP, 6.6 smoles of formaldehyde, 5 pmoles of
MgSO4, 33 pmoles of mercaptoethanol, 200 m�imoles

of dl,r�-tetrahydrofolate, enzyme extract (4.5 mg
protein), and 0.10 M phosphate buffer, pH 6.7, in a

total volume of 1.0 ml.

System

Thymidylate pro-

duced (m�smoles/5
tug protein/5 mm)

Relative
activity

(%)

Complete 6.1 100

Minus dt,i�-tetrahy- (1 0

drofolate
Minus dUMP 0,2 3

Minus formaldehyde 2. 1 34

Minus MgSO4 5.8 95
Minus dUMP, plus 0.3 5

UMPO

Boiled enzyme extract 02 3

One-half amount of 3 .3 54

enzyme extract

activity. Tetrahydrofolate and dUMP are
absolutely essential, whereas the absence of
formaldehyde does not completely eliminate
enzyme activity. The addition of Mg� has
little if any effect on enzyme activity, a

finding that confirms earlier work from this
laboratory (6) and is in agreement w’ith the

more recent report by Jenny and Greenberg

(25) on the enzyme from calf thymus. In

contrast, the enzyme from Streptococcus

faecalis (26) and Escherichia coli (27) has

been reported to be activated by �
Table 1 also shows that substitution of
uridylic acid (UMP) for dUMP or the use

of a boiled extract eliminates all enzyme
activity. Furthermore, time enzyme activity
is proportional to the amount of enzyme

extract used.

The results of experiments dealing with
the substrate specificity of the enzymiie can

be seen in Table 2. None of the nucleosides

or nucleotides tested, other than dUMP, is

utilized, with the possible exception of

TABLE 2

Substrate specificityof thymidylate s�pUhetase

The experimental conditions were the same as

those described in Table 1 except that no MgSO4
was added and 4.0 mg protein was employed. In all
cases, 50 ni�mmoles of the various nucleosides and
nucleotides were used.

‘rhymidylate produced

(mMmoles/5 mg
Substrate protein/5 mm)

dUMP 4.5 100

UMP 0.2 4

UdR 0 0
TdR 0 0
dTMP 0.2 4

CdR 0 0
dCMP 0.4 8

deoxycytudylate (dCMP). However, the
slight activity associated with this corn-

pound can be explained on the basis of its
deamimination to dUMP by enzymes known
to be present in the crude enzyme extract.

Thymidylate synthetase activity as a
function of pH is illustrated in Fig. 1.

100

80
>-

I-
�60
I-
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<40

20

5�7 62 6.7 -� 7.7
pH

1’iu. 1. Influence of p!] on thymidylate synt/ic-

tase activity in phosphate buffer

Time reaction mixture contained 13.2 �minoles of
formaldehyde and enzyme extract (3.0 mg pro-

tein); all other components as described in Table

Optimal activity is obtained at pH 6.7
which agrees with the value of 6.5 reported
earlier by Hartmann and Heidelberger (6).
Time enzyme from calf thymus exhibits a pH
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optimum of 7.1 (25) whereas the enzyme

from.bacterial sources usually has an opti-
mum of 7.5-8.0 (26, 27).

The activity of thymidylate synthetase is

highly dependent on the concentration of

formaldehyde in time reaction mixture (Fig.
2). Enzymime activity is maximal at 3.3 X

FIG. 2. Eqect of formaldehyde concentration on

thymidy!atc synt/mctasc actitity

The conditions were the same as for Table 1

except that 1.7, 3.3, 6.6, 13.2, or 26.4 tmmoles of

formaldehyde were used

10� xi and diminishes considem’ably at 1)0th

the higher and lower formaldehyde con-

cent ratiomis.
In time eam’hi(Jl’ publication fm’ommm t Ins

laboratory (6) it was reported that mner-

captoethanol does not stabilize thvmmmudylate
synt.lmet.ase. Jenny and Gm’eelmi)em’g (25)

however, have found that the activity of
the enzyme fmommm calf timynius is greatly

increasc(l by suifimydryl comimpounds such as
nmemca p10(1 hanoI , cysteune. and glutathione.
An enhancing as well as a stabilizimig effect
by sulfimydryl comm)poun(ls 01) the enzyme
from several haetem’ia has also been reported

(iS, 26) . Biakiey (14) has cormcluded tlmat.
suifimydm’yl compounds not. omily act to pro-

tect tel m’ahv(iro folate from oxi(lat ion, but

also function to activate the enzyme fm’om

S. faccalis. In view of this difference, it.was

decided to reinvest.ugate the effect. of mer-
ca �t O( t ii a no 1 on t Imymxmi(fyi ate synt het ase
fm’onm Ehimluchm ascites cam’cinonia cells. It is

cicam’ I room Fig. 3 timat. nmem’captoethanol does
affect, enzyme activity. �‘iiaxiniai activity

0 20 40 60 80 100

MERCAPTOETHANOLX 103M

Fic. 3. 7hyinit/11!ote synthetase actiiity as a

function of mercaptoethanol concentration

The reaction mixture consisted of the following:

200 m�zmoles of dUMP; 3.3 �tmoles of formal-

dehyde; 200 m�mmolcs of (/l,L-tetrahydrofolate;

ascorbic acid at a final concentration of 5 X l0-� M:

enzyme extract (3.4 ung protein); 3.3, 16.5. 33,

49.5, 82.5, or 116 �zrnoles of mercaptoethanol: and

0.1 M phosphate buffer, pH 6.7; all in a total vol-

time of 1.0 ml.

was obtained at a mercaptoethanol concen-

t.i’ation of 50 X 10 � xi. In these experiments

ascorbic acid (5 x l0� Ml was included in

1 \Iii.E :�

Inhibition qf thymidylute synthetase by thyinidylate

All components ill time reaction mi

Table 1 except that 201) m�moles of

employed.

xture as for

dUMP were

Thymidylate Tlmymidylate produced

added (mj.imoles/5 mug

(�mo1es) protein/S miii)

Inhibition

(%)

o 7.3 0

0.02 7.3 0

0.05 7.4 0

0.10 7.! 3

0.25 6.2 15

1)50 5.6 24

1.00 4.7 36

every reaction mmxture to pm’event. time oxi-

dat.ion of tctm’almydi’ofolate at time low mner-

captoethanol levels.3 Timus, it appears that

The protective effect of ascou’hme aeid was

shown by its ability to iirevent the oxidation of

tetrahydrofolate solutions left in t he aim overnight
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the effect of mercaptoethanol is on the

enzyme and not on the coenzyme or tet.ra-

hydrofolate.
Product inhibition of thymidylate syn-

thetase had not previously been detected in

this laboratory, although such inhibition is
known for the enzyme obtained from S.

faecalis (14). Weak product inhibition has
now been observed (Table 3) but is signifi-
cant only at thymidylate concentrations in

excess of the dUMP level. The data in

Table 4 demonstrate that. the slight inhibi-

TABLE 4

Effect of vaijous nucleosides a ad nucleot?des on.

thymidylate synthetase actirity

Experimental conditions as described for Table 1

except that 200 m�moles of (lUMP and 500 m�imolcs

of each of the nucleosides and nucleotides were used.

Addition

Thymidylate produced
(m,.mmoles/5 mg

protein/S mm)

Relative
activity

(%)

None 6.8 100
UdR 7.0 103
UMP 6.4 94
CdR 6.4 94

dCMP 6.8 100

TdR 6.8 100
dTM1� 5.4 80

tion is produced specifically by thymidylate
and thus represents true product inhibition.

Inhibition of Thymidylate Synthetase by

FUdRP and F3TdRP

In agreement with the earlier results of
Hartmann and Heidelberger (6), at pH 6.7

FUdRP inhibits competitively, with respect

to dUMP, when preincubated with the

enzyme for 10 mm as well as when no

preincubation is employed (Fig. 4). Al-

though the kinetics of inhibition is not

altered by preincubation, K,, i ope decreases

by a factor of 10 (3.1 x 10�� to 3.1 X
1Q’� M) with preincubation.� Figure 5 shows

Equations (2), (3), and (4) represent linear

competitive, linear uncompetitive, and linear non-

competitive inhibition, respectively,

‘
v - I’ \, K1,,10�,,,JA 1’

Fma. 4. Double-reciprocal plots for thymidylate

synthetase and its inhibition by FUdRP

The reaction mixtures contained varying

amounts of dUMP (15, 25, 50, and 200 miimoles)

while the dl,L-tetrahydrofolate level was held

constant at 200 m�mmoles. In addition, 3.3 �amoles

of formaldehyde, 33 pmoles of mercaptoethanol,

enzyme extract (4.6 mg protein), and 0.1 M phos-
phate buffer, pH 6.7, were added to a total volume

of 1.0 ml. (A) dUMP and FTJdRP were premixed

and added together after a 10-mm preincubation
of all other components. (B) dUMP was added
after a 10-mm preincubation of all other com-

ponents, including FUdRP. Enzyme activity is

expressed as mpmoles of thymidylate produced
per 5 mg protein per 5 mm. The apparent inhibi-

tion constant, K, � is 3.1 (±0.6) X 10-’ M and
3.1 (±0.6) X 10� M for (A) an(i (B), respectivel.

that when no preincubation is used, F3TdRP

also inhibits competitively versus dUMP at

pH 6.7. However, in contrast to t.he above

results with FUdRP, the inhibition becomes

noncompetitive after a 10-mm preincuba-

tion. Nevertheless, preincuhat.ion is again

1 Kfl\ if I�f5�J) +j7�l +K (,)

‘ \!+-�(i+ ‘ \ (4)
V V \ Kj.eiopel A V \ �

where K1, siope and K,, intercept are inhibition con-

stants, and I is the inhibitor concentration
(2) [Cleland (20)1.
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All conditions as for Fig. 4 except that 5.2 mg protein was used. The apparent inlmibition constants

are: (A) K,110�0 = 2.3 (±0.5) X 10’�r and (B) K1,010�0 = 3.8 (±0.7) X 10� M� K1 ntcrcept = 7.1

(±0.8) X 10’M.
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found to decrease K�,,. (2.3 X 10 ‘ to

3.8 X 10� xi). At the mnoi’e physiologic pH

of 7.4. the inhibition by FUdRP with
respect to dUMP is also competitive

with (K.� �‘ 4.9 X 10 xi) and without

(K1,0�,,. 2.7 X 10 xi) a pm’eincubation

period (Table 5). At this sat ime pIT, F3TdRP
inhibits (‘Olfl peti tively wit imout preincuba-

tion (K�,. = 1.7 x i0� xi) and noncom-

petit.ively \vhen preincubated for 10 mm

(K SI(,,1 6.2 X 10� xi: i’. m. rr.;.t 6.6

X1OThH.

Figure 6 illustrates that., at 1)11 6.7, botim

FUdRP and F3TdRP inhibit uncompeti-
tively with respect to 5,10-methylenetetra-
hydrofolate (5,10-met.hylene FH,), which
serves as coenzyme in the thymidylate syn-

t.hetase reaction. In these experiments a

10-mm preincubation of inhibitor and en-
zyme was used prior to addition of dUMP.
The Km,intercept for FUdRP is 9.9 x 10-s xi

whereas that for F3TdRP is 3.1 X 10-8 xi.

Since the inhibition produced by FUdR1�
is competitive against dIT�\tP and uncomn-

FABLE 5

Inhibit ion. o,f t/iymidy!ate syn.thetase in, 1”( ‘dkP and I3idltJ at pH �

‘th#{236}eexperimental (‘olmditioims were the same as f()r Fig. 4 except that 4.0-4.6 tug protein was used and the
experiments were ctnidticted at p11 7.4. In the experiments with preincubation, the final FL�dRP concentra-

tions were 6 and 10 X 10’ u while tho)se for l3TdRP were 4 and 6 X i0�8 �i. In the experiments without

preincubatitin, the concentrations of FUdHP were 8 aim(l 15 X 10-8 M and those for I3T(IHP were 2 and
4 X l0-� M.

Experirrment alit uidit ion Ii ihib� it r Inhibit ion I nhibit it om constant

No preintubatioi#{236} FUdRP (‘ tfliIn’titive with dI’�\l P K1, 8100 = 2 . 7 ( ± 1) .5) X 10’ M

No preincubatioii F3TdRP Competitive with (lUMP K1, � = 1 .7 ( ± 0.21 )< l0� M

10-mm preineubat ion Ft’dlll’ (‘ompetitive with dUMP K�, cioc 4.9 ( ± 2.41 X l0� M

10-mi,i prencuhation F3IdRP Nuncompetitive with

dUMP

K1,,10,0 6.2 ( ± 3.7) X

K1, inlerroit 6.6 ( ± I . 3�

10-8 M

X l0� M
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V

Fic. 6. Double-reciprocal plots for thyntidylate

synthetase and its inhibition by FUdRP and

P3TdRP

The reaction mixtures in (A) contained 20, 40,

80, and 400 znymoles of dl,L-tetrahydrofolate,

while those in (B) contained 12.5, 25, 50, and

250 m�smoles. The amount of added (lUMP in all

cases was held constant at 200 mpmoles. 5,10-

Methylene-FH4 (C,-FH4) concentrations were as-

sumed to equal time concentration of added dl,

L-tetrahydrofolate (see text). The other com-

t)onents included: 3.3 yinoles of formaldehyde;

50 �zmoles of mercaptoethanol; enzyme extract

(4.2 mg protein), an(I 0.1 M phosphate buffer, pH

6.7, in a total volume of 1.0 ml. In all cases, dUMP

was added after a 10-mm preincuhation of all

other reactants, including FUdRP or F3TdRP. The

apparent inhibition constant, K1, Intereet �S 9.9

(±0,6) )< 10-’ M and 3.1 (±0.3) x 10#{176}xi for

FUdRP and F3TdRP, respectively.

petitive versus the coenzyme, it follows that

the coenzyme interacts with the enzyme
before dUMP, since it is known that dead-

end inhibitors do not affect the slope of the
double-reciprocal plot (uncompetitive in-
hibition) when the variable substrate intei’-

acts with the enzyme before the inhibitor

(21). This same reaction sequence is also
suggested by the results with F3TdRP al-

though these are coimmplicated by the fact
that the inhibition versus dUMP becomes
noncompetitive following a 10-mm preineu-

hation (Fig. 5).

Initial Velocity Studies

The mechanism of enzyme-catalyzed re-

actions involving two or more substrates or
products can l)e classified into two general

types, according to Alberty (28). In the
first type, all substrates must combine with

the enzyme before any product is released.
In the second type, one or more products

are released before all substrates have been
added to the enzyme. Cleland (19) has
designated the former type as “sequential”
and the latter as “ping pong.”

The results presented in the previous
section indicate that methylene-FH4 com-

bines with thymidylate synthetase before
dUMP. It. therefore became of interest to

determriine which of the above two mecha-
nisms applies in the present case, since the
possibility was considered that coenzyme

and dUMP might. combine with the enzyme

in a “sequential” manner or that the coen-
zyme first might react with the enzyme ta

produce a “methylated” enzyme plus dihy-
drofolate, a possibility considered by Blak-.

ley (14). The “methylated” enzyme might
then react with clUMP to yield t.hymidylate
via a “ping pong” mechanism.

Initial velocity experiments where one
substrate is varied at several fixed levels of

another, while keeping any others constant,
can differentiate between “ping pong” and

sequential mechanisms (29). When these
results are expressed as a double-reciprocal

plot, a sequential mechanism yields a fam-

ily of lines which intersect to the left of the

vertical axis. On the other hand, a “ping

pong” mechanism yields parallel lines. Such
an initial velocity study is shown in Fig. 7.
The results clearly support a sequential
mechanism. Furthermore, the designation
“ordered” can be applied since the order of
combination of coenzyme and dUMP is

restricted, not random. The rate equation
for this mechanism and to which the data
were fitted is:

i (K�KI, K0 K,, \ r
1/v V �AB + + B + (�)

where A and B are substrate concenti’ations,
Ka and K,, are the Michaelis constants for

A afl(l B, respectively, Kia is the ilissocia-
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Fio. 7. Initial velocity plots for thyrnidylate synthetase with dUMP a 5,1O-inethyiene-F114 as the

variable substrate

The two plots were derived fronm a single experiment in which the jail jul velocity was determined

with four different levels of dUMP at each of four different 5,10-met hivlene-FH4 concentrations. In all

cases, all components wei’e preincubated for 10 mm prior to the addition of the variable substrate. The

amounts of dUMP employed were 5, 15, 50 and 200 m�tmoles while those for 5,10-methylene-FH4 were

7.7, 23, 46, and 230 in�tmoles. As in Fig, 6, time coenzyme concentration was assumed to equal that of

the added dl,L-tetrahydrofolate. All other conipoiients were the same is for Fig. 6 except that 4,6 mg

protein was added. The apparent Michaelis constant for both dUMP and 5,10-methylene-FH4 is 1.4

(±0.2) x 10� \i.

tion constant for the enzyme-A complex.

v is the initial velocity, and V is the maxi-

mum velocity (29).

The apparent Michaelis constants for

dUMP and 5,10-methylene-FH4 were both

found to be 1.4 X 10-s M. The value for
5,10-methylene-FH4 was corrected for the

fact that the enzymically active diastereo-

isomer of tetrahydrofolate possesses the l,L-

configuration, whereas catalytic hydrogena -

tion of folate produces equal amounts of the

d,L- and l,L-diastereoisomers (30). This has

been demonst.rated in a niore direct manner

recently by Blakley (14), who reported that

the Michaelis constant for thymidylate

synthetase obtained with the dl,L-mixture
of 5,10-methylcne-FH4 is twice the value
found with the l,L-diastereoisomer. At any

rate, the Michaelis constant for 5,10-
methylene-FH4 reported here must of neces-
sity represent a maximum value, since the

assumption was made that the nonenzyniic
reaction of formaldehyde with tetrahydro-

folate to yield 5,10-methylene-FH4 is essen-

tially complete. However, it is possible that
under the present experimental conditions,
the reaction does not go to completion.

Product Inhibition Studies

In order to obtain additional evidence in

support of the proposed ordered and sequen-
tial mechanism for thymidylate synthetase,
as opposed to a random one where sub-

strates combine with the enzyme in a

random fashion, several product inhibition
exl)erilmments were conducted. The rate equa-
tion for a random hi hi mechanism (19)
predicts that inhibition by either thymid-
vlate or dihydrofolate will be noncompeti-

tive and nonlinear, i.e., 1/V intercepts will
be hyperbolic functions of inhibitor while
the slopes will often be a more complicated
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function of inhibitor. On the other hand, ways yield linear product inhibition (20).

bireactant ordered mechanisms, which do Figures 8 and 9 illustrate that the inhibi-

not have alternate reaction sequences, al- tion by thymidylate is linear and noncom-
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Fia. 8. Produ.et inhibition of thyinulylate synthetase u’ith dUMP as the variable substrate

The reaction mixture (‘onsiste(l of 200 m�zmoles of dl,L-tetrahvdrofolate; 15, 25, 50, and 200 Imm/LnIoI(’s

of dUMP; with formaldelmyde, mercaptoethanol, enzyme extract, and buffer as described for Fig. 6.

All components were preincubated for 10 mm prior to the addition of dUMP. (A) Double-reciprocal

plot. (B) Replot of slopes and 1/V intercepts versus added thymidylate concentration. Time apparent

inhibition constants for timvmidvlate are: K,, 0 i�pe = 4.1 (± 1.2) x 10� xi ; K,, Intercept = 3.3 ( ± 1.2)

X l0�’M.
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Fiu. 9. Product inhibition of t/ty?ni(lylate synthetase with 5,1O-melhylene-FH4 as the variable

subst rate

The reaction mixture contained 200 mpmoles of dUMP, and 13, 26, 52, and 260 m�zmoles of 5,10-

met.hylene-FH4. Formaldehyde, mercaptoethanol, enzyme extract, and Phosphate buffer were time same

as for Fig. 6. All components were preincubated for 10 mm prior to dUMP addition. The 5,10-methylene-
FH4 concentration was again assumed to equal the dl,i�-tetrahydrofolate level. (A) Double-reciprocal

plot. (B) Replot of slopes and 1/V intercepts versus added thymidylate concentration. The al)pareflt. in-

hibition constants for thymidylate are: K,, �iope = 7.9 (±22) X 10-’ M; K,, ntereept = 3.2 (±0.8) X
10-’ M.
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petitive against both dUMP and coenzyme,
as seen from the replots of intercepts and
slopes versus thymidylate concentration.

Thus, these data are not compatible with a
random bi bi mechanism and therefore pro-
�‘ide further evidence in support of the

ordered and sequential mechanism whereby

coenzyme combines with the enzyme before

dUMP. A rapid equilibrium random hi bi
meelmanism has also been ruled out, since it.

predicts that time inhibition by thymidylate
would be linear and competitive (19).

No attempt Imas been made to distinguish

between the various ordered mechanisms

possible, although the Theoreli-Chance

mechanism (no central complex) (31) has

been eliminated since it w’ould predict

competitive inhibition l)y timyinidylate

versus dUMP (19).

I)ialysi�’ E.rperiment.�

The proposed ordered and sequential
mechanism further Predicts that 1)0th

FUdRP and F3TdRP will not normally
comhine with the enzvimme in the absence of

coenzyme, since these inhibitors can com-

bine only with the enzyme-coenzyme com-

plex. Thus, it should be possible to dialyze

away both inhibitors, from an enzyme-
inhibitor mixture, in the absence of coen-
zyme. In the presence of coenzyme, how’-

ever, it is expected that the loss of inhibitors
might be retarded because of their tight

combination with the enzyme. as judged

from their very small K1 values. It also

follows that the loss of inhibitor will be
reflected by a reversal of inhibition during

dialysis.

Figure 10 illusti’ates this type of expei’i-

ment, in w’hich either the enzyme or the

enzyme-coenzyme mixture was simultane -

ously dialyzed in the pi�esence and absence

of inhibitor. A complete reversal of the
inhibition by FUdRP arose during dialysis

and, as predicted, was significantly retarded

by the presence of coenzyme. In contrast,
F3TdRP produces inhibition that is not

completely reversed by dialysis, even in the
absence of coenzyme. The level of this
residual inhibition is increased by preincim-
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FR;. 10. The effect of dialysis on the inhibition of thyniidyl�zte synthetase by FUdRP and F�TdI?P

(A) Enzyme exti’aet (12 mg I)rotein per milliliter) was mixed with FUdRP to give a final inhibitor

coimcent ration of 4.5 x I0� M. After 5 mm or 2 hr at 4#{176},2.0-ml aliquots were dialyzed, with magnetic

stirring, against 500 nil of 0.1 xi phosphate buffer, pH 6.7, which was changed after 4 and 8 hr. A con-

trol extract without a,lded FUdRP was dialyzed simultaneously. At appropriate time intervals, sam-

ides were removeti. ,ii,i I lie tliyniitlylate synthetase activity \vas measured, In experiments with a 2-hr

preincubation in the prt’sence of coenzyine (C,-FH4), time following components, in addition to FUdRP,

were added to the enzyme extract in the indicated (‘Oncefltrat ions: dl,L-tetrahvdrofolate, 1,9 x 10� xi

formaldehyde, 1,7 x 10’ xi; an(l mercaptoethanol, 6 X 10’ xi. (B) The experimental conditions were

identical to those in (.�) except that F,,TdRP at a final concentration of 4.5 X 10� M was used in place

of FIJdRP.
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bating the enzyme with F,TdRP for 2 hr

prior to dialysis; no such effect is observed
with FUdRP. Again, the presence of the

coenzyme slows the rate of reversal of the
inhibition by F:ITdRP. Thus, the retarding
effect of the coenzvme on the i’ate of rever-
sal of inhibition l)y both inhibitors offers

additional support for the ordered and
sequential mechanism.

The reason for the incomplete reversal

of the inhibition by F:,TdRP is not entirely

clear. The observation that the level of
residual inhibition is dependent on the

length of the preincubation period prior to

dialysis suggests that F3TdRP either slowly

combines somehow’ with thymidylate syn-

thetase in an irreversible manner, or is able

slowly to inactivate the enzyme.

Similar dialysis experiments were re-

peated using a 2-hr preincubation at 4#{176}
without coenzyme and with a concentration

of F3TdRP 10 times that previously em-
ployed. Experiments with FUdRP at a

concentration 10 times the previous one

��‘ere also conducted. The results (Fig. 11)
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Fic. 11. The effect of dialysis on the inhibition

of thymidylatc synthetase by FUdRP and F�TdRP

The experimental conditions were identical to

those described in Fig. 10 for experiments with a
2-hr preincubation in the absence of coenzyme,

except that FUcIRP and F3TdRP were present in

concentrations of 4.5 x 10W’ M and 4.5 X 10� M,

respectively. In addition, the dialysis buffer was

changed after 2, 4, an’l 8 hr.

clearly show that the inhibition by F:,TdRP
is now completely unaffected by dialysis,
indicating that the interaction with the

enzyme which produces the residual inhibi-
tion is time dependent (Fig. 10) as well as
dependent on the concentration of F::TdRP.

On the otimer hand, the inhibition by
FUdRP is again completely reversed, al-

though at a slower rate, apparently because
of the increased amount of inhibitor that
must be dialyzed away from the enzyme.

It must be pointed out that the apparent
irreversible inhibition of thymidylate syn-

t.het.ase by F3TdRP, which is detected only
after several hours of preincubation, does

not apply to the earlier kinetic studies
where only a 10-mm preincubation period
was used. Evidence to support this conten-
t.ion is presented in the last section below’.

In Vivo Inhibition Experiments

The inhibitory effects on thymidylate

synthetase of single chemotherapeutic doses

of FUdR and F:ITdR injected intraperi-

toneally into intact mice, bearing the Ehr-
lich ascites carcinoma, was measured at

various times in the high-speed supernatant

fraction, as shown in Fig. 12. The inhibition
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Fic. 12. 7’/ie effect of in vivo cheniotherapeutic

doses of FUdR or F,TdR on thmjmidylate synthe-
tase activity measured in vitro

Groups of 10-15 female Swiss mice bearing the

Ehrlich ascites carcinoma were injected once intra-
peritoneally with chemotherapeutic doses of either

FUdR (50 mg/kg) or F,TdR (200 mg/kg). A simi-

lar group injected with physiological saline (0.9’�%)

served as the control. After given intervals of time.

high-speed supernatant enzyme extracts were pre-
pared from each group as already described, and

the percentage inhibition was determined by com-

paring the thymidylate synthetase activity of the

control with that of extracts obtained from drug-

treated mice.

produced by FUdR, which is converted in

vivo to FUdRP, begins to decrease about

20 hr after the injection. On the other hand,
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the inhibition produced by F3TdR, which is

similarly converted to F�TdRP, remains
constant throughout the entire experimental

period of 48 hr. The decrease in inhibition

after an injection of FUdR probably results
from its metabolic degradation, according to

Mukherjee and Heidelberger (32), and from

the fact that the nucleotide combines
reversibly with thymidylate synthetase,
whereas under these conditions F3TdR

could combine irreversibly w’itlm the enzyme

and would not be expected to be degraded
under such circumstances. Thus, the slowly

occurring irreversible inhibition produced
by F3TdRP in vitro (Figs. 10 and 11) is
paralleled by a similar inhibition in vivo.

Further Inhibition Studies

The treatment of enzyme inhibition by

Michaelis-Menten kinetics (33) is based on

the assumption that enzyme (E) and in-
hibitor (I) interact in a completely reversi-

ble manner. Moreover, the determination of
inhibition constants by the method of
Lineweaver and Burk (22 further assumes

that the amount of inhibitor combined with

enzyme is negligible in comparison to the
total inhibitor concentration. However, the

very small K values reported for F3TdRP

in the present investigation, as well as the

results of the dialysis and in vivo experi-
ments, suggest that after some time F3TdRP

combines w’it.h the enzyme to produce
“stoichiometric” inhibition, as designated

by Werkheiser (34).

The method of Ackermann and Potter

(35) has been employed to determine

whether the inhibition of thymidylate syn-
thetase by F;TdRP, as well as by FUdRP,
is stoichiometric (irreversible) after a 10-
mm preincubation of the enzyme with in-
hibitor. This method involves a study of the

effect of increasing enzyme concentration
on the inhibition produced by a constant
concentration of inhibitor. A stoichiomet-ric
inhibitor, by this method, yields a series of

lines which are parallel to the uninhibited

control and which intersect the enzyme axis.
By contrast, reversible inhibition, where the
amount of inhibitor combined with the

enzyme is negligible, yields a family of

lines of decreasing slope which pass through

the origin.

Figure 13 shows that., under these experi-
mental conditions involving a 10-mm pre-

incubation, the inhibition by FUdRP or
F3TdRP cannot he considered to be stoichi-

ometric. Further support for this conclusion

is obtained by applying the criteria of
Werkheisem’ (34), who has pointed out that

Fic. 13. Ackcrmann-Pottc, jilot foe the inhibition of thymidylate syiilhetase

(A) The reaction mixture containetl 50 m�iinoles of dUMP; 200 m4umoles of dl,t�-te1ra1mydrofolate

3.3 �zmoles of formaldelmyde; 50 /zIlmoles of niercaptoethanol; enzyme extract (0.95, 1.90, 2.85, and 3.80 mg

protein) and 0.1 M phosphate buffer, pH 6.7, in a total volume of 1.0 ml, All components, including
FUdRP at 6 and 16 X 10� xi, were preincubated for 10 mm before dUMP addition. (B) The reaction

mixture was the same as in (A) except that F3TdRP (4 and 7 x 10#{176}M) was used in place of FTJdRP.

In all cases. enzyme activity was compared to a control without added inhibitor.
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stoichioinet-ric inhibition produces a double-
reciprocal plot similar to noneompetitive

inhibition, but with 1/V intercepts whose
reciprocals are linear w’ith inhibitor con-

centration. In this respect the finding that
FUdRP and F,TdRP inhibit competitively
(Figs. 4 and SM and uncompetit.ively (Fig.

6) against dUMP and coenzyme, respec-
tively, also argues against stoichiometric
inhibition. As shown in Fig. SB, inhibition

by F3TdRP versus dU�iP becomes noncom-

petitive after a 10-mm preincubat.ion of
enzyme and inhibitor. Nevertheless, the

inhibition in this instance yields 1/V inter-

cepts that are themselves linear w’ith inhibi-
tor concentration, thereby arguing against

stoichiometric inhibition.
Straus and Goldstein (.36 I and Goldstein

(37) have divided enzyme inhibition into
three zones (A, B, C) depending on the

relationship betw’een the inhibition constant

(K1) and the enzyme concentration (E).
They have designated the ratio E/K as the

specific concentration of enzyme (E’).
When K is very small (stoichiometric in-

hibition, zone C), E’ is large and the inhibi-

tion is directly proportional to the concen-

tration of inhibitor. Thus, a plot of enzyme

FIG. 14. The influence of FUdRP or F3TdRP

concentration on thymidylate synth etase activity

The reaction conditions were the same as for

Fig. 13 except that 200 m�imolcs of dUMP was

used while the amount of extract protein was held

constant at 4.2 mg. All components were preincu-

bated for 10 mm prior to the addition of dUMP.

Enzyme activity was compared to a control with-

out added inhibitor. (A) FUdRP was present in

final concentrations of 4, 8, 12, 16, and 20 x 10� M.

(B) F,TdRP was added at concentrations of 2, 4,

7. 10, and 14 x 10�#{176}xi,

activity versus inhibitor concentration at a

constant level of enzyme, would produce a

straight. line w’hich intersects the inhibitor

axis. TIme inhibition produced by either

F,TdItP or FUdRP, after a 10-mm pre-
incubation of enzyme with inhibitor, was

studied by this type of experiment (Fig.
14). These experiments do not- yield straight

lines, but instead give curves, as expected

for reversible inhibition where the inhibitor

is essentially free in solution.

The results presented in this section show

that the inhibition of thymidylate synthe-
tase by F3TdRP or F:;TdRP, as measured

after a 10-mm preincubation of enzyme

wit-h inhibitor, is not stoichiometric but is
reversible. Hence, the treatment by conven-

tional Michaelis-Menten methods of the

inhibition produced in the kinetic studies
(Figs. 4.-6), which also involved a similar
10-mm preincubation, is valid. However,
after a longer preincubation F,TdRP com-

bines with the enzyme in an irreversible

fashion, as shown by the dialysis experi-

ments.

DISCUSSION

A slight modification to achieve greater

sensitivity of the spectrophotometric assay

for thymidylate synthetase developed by
Wahba and Friedkin (16) was used

throughout this investigation. This assay,

which represent-s a vast improvement over

the previously used isotopic assay of Hart-
mann and Heidelberger (6), because of its

rapidity and convenience and because it

allows the continuous measurement of en-

zyme activity, made it possible to discover

several new properties of thymidylate syn-
thetase assayed in extracts of Ehrlich as-

cites carcinoma cells. These include the
weak product inhibition by thymidylate

and the stimulatory effect of mercaptoeth-
anol on enzyme activity, neither of which

could previously be detected (6). Thymid-
ylate was found! to be a w’eak noncompeti-

tive inhibitor against both dUMP and 5,10-
methylene-FH4. The evidence indicates that

the stimulatory effect of mercaptoethanol is
primarily on the enzyme and does not re-
flect a protective effect on the easily oxi-
dized tetrahydrofolate. It has also been
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shown that time concentration of formalde-

hyde in the reaction mixture markedly
affects the enzyme activity, which is consid-

erably reduced at high levels of formalde-
hyde.

Blakley (14) has interpreted time results
of his investigation of bacterial thymidylate
synthetase as favoring a sequential mecha-

nism without a central complex, although a
“ping pong” mechanism as well as one
involving central complexes was also con-

sidered possible. In that instance, a “ping

pong” mechanism w’as defined as one where
the coenzyme initially methylates the en-
zyme with a concomitant production of

dihydrofolate. It was proposed that the

methylated enzyme might then react with

dUMP to produce thymidylate. However,

we have conducted initial velocity experi-
ments which demonstrated that the mecha-

nism is sequential, not “ping pong.” Fur-
thermore, product-inhibition kinetic studies
show’ed that the sequence of substrate and

coenzyme addition to the enzyme is ordered,
not random, and also eliminated a mecha-
nism without a central complex. The kinet-

ics of the inhibition i)y FUdRP or F�TdRP
have made it possible further to define the

reaction mechanism of thymidylate synthe-
tase from Ehrlich ascites carcinoma cells as
one where 5,10-methylene-FH.1 interacts

with the enzyme before dUMP, and dTMP
leaves before dihvdrofolate, as indicated

schematically in Fig. IS. It should be

E�

>-E(CI_FH4)\

C1-FH4’ )-“CENTRAL

dUMP’

emphasized that the scheimme in Fig. 15

depicts only a time sequence and makes no
inferences ai)out the spatial arrangements

at the active site of time enzyme. The eluci-

(lation of this reaction sequence has added

considerably to our present understanding

of the mechanism of action of thymidylate
synthetase,

The powerful inhibition of thymidylate

synthetase by FUdRP or F3TdRP has been

examined in considerable detail. These two

fluorinated pyrimidine nucleotides produce
inhibitions that show several interesting

differences. Thus, FUdRP acts as a com-
petitive inhibitor with respect to dUMP,
whether or not it is preincubated with the
enzyme for 10 mm prior to initiating the

reaction by the addition of dUMP. This
agrees with earlier findings from this labo-

ratory (6) and is different from the results

of Blakley (14) and Mat-hews and Cohen
(15), who reported that the enzyme from

bacterial and bacteriophage sources, respec-

tively, is inhibited noncompetitively after a
similar preincubation. The reason for this
kinetic difference is not apparent, but the

difference may be due to the fact that the
above w’orkers used partially purified en-

zymes w’hereas a crude extract has been
used in the present investigation. Alterna-

tively, intrinsic differences in the properties
of the mammalian and of the other enzymes
may account for this difference in kinetics.
F,TdR.P, in contrast to FTJdRP, produces

inhibition with respect to dUMP which
changes from competitive to noncompetitive

when a 10-mm preincubation period is em-

ployed. Both compounds, how’ex’er, are un-

competitive against the eoenzyme.

One additional difference in the inhibition

produced! by FUdRP and F3TdRP is that

the latter compound exhibits the ability to

COMPLEX(ES)-<,, �FH2

�dTMP

interact slow’ly, in the presence or absence

of coenzyme, with thymidlylate synthetase
in an irreversible manner. This is detected!

only w’lmen the inhibition is allowed to
progress for a number of hours, as in the

dialysis and in vivo experiments reported

here. A number of other experiments
showed. however, that the inhibition by
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F3TdRP or FUdRP is reversible when only
a 10-mm preincubation is used. Time exact
nature or cause of this slow and irreversible

interaction is not known, but it may be
related to the increased acidity of the

l)rotOfl on N-3 of F3T (PKa F:1T = 7.35;
PKa FU = 8.15; PKa uracil = 9.45; pKa

thymine = 9.82’) [Gottschling and Heidel-
berger (9) J, if it is assumed that this por-

tion of the pyrimidine molecule acts as a

binding site in the combination of dUMP
and of the fluorinated pyrimidines with

thymidylate synthetase. The data suggest

that a higher degree of ionization of the N-3

proton may favor the formation of a more
tightly bound complex with the enzyme, so

that on this basis F,TdRP might be very

tightly bound while FUdRP would be less
tightly held. By the same argument, the
lower degree of ionization of dUMP and
thymidylate, suggested by the less acidic

P1�a values for the corresponding base,
would not be conducive to the formation of

a tightly held complex. In this regard, the

very weak product inhibition by thymidyl-
ate reported in the present investigation,

might be taken as evidence to support this
hypothesis. It is tempting to speculate that
F,TdRP, after its attachment to the active

site of the enzyme, would alkylate it to

produce the observed irreversible inhibition.
This is not farfetched, since Heidelberger

et al. (7) prepared from F,T, compounds in

which an amino acid was N-aeylatedl. ef:

0

2
HN /

0 N
H

Whether this slowly occurring irreversible
inhibition of thymidylate synthetase might

increase the chemotherapeutic efficacy of

F,TdR, in comparison to FUdR, as an in-

hibitor of the growth of human tumors is
not known at the present time but will be

investigated.
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