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Abstract-Equilibrium studies in the presence of methotrexate (MTX), based on the new theories of 
tight-binding inhibitors and on classical initial velocity analysis, indicated that the reaction mechanism 
of dihydrofolate reductase Lactobacillus casei MTX/R is consistent with a rapid equilibrium random 
bi-bi and that MTX inhibits the enzyme competitively with respect to dihydrofolate but noncompetitively 
with respect to NADPH. The kinetic parameters determined at pH 7.3 and 23” were: Km for DHF, 
9.8 -+ 1.3 PM; Km for NADPH, 6.0 -+ 1.2 PM; Kd for E.DHF, 5.7 f 0.7 PM; Kd for E.NADPH, 
0.037 f 0.028 ,uM; Kd for E.MTX, 1.20 2 0.15 nM; Kd for E . NADPH . MTX + 
E.NADPH + MTX, 0.19 -t 0.04 nM; and Kdfor E.NADPH.MTX-+ E.MTX + NADPH, 7.6 f 
5.9 nM; the molar equivalency factor was 3.33 * 0.44 nM per unit/liter of the enzyme, and the catalytic 
number was 300 min-‘. 

In kinetic studies of enzymes in the presence of 
potent inhibitors, classical experimental techniques 
based on steady-state kinetics cannot be applied to 
the determination of inhibition mechanisms or inhi- 
bition constants, as pointed out in previous publi- 
cations [l-5]. The reasons are 2-fold. First, under 
commonly employed experimental “L?onditions, the 
transient or non-steady-state phase of the interaction 
between enzyme and inhibitor is so markedly pro- 
longed that steady-state assumptions are not valid. 
To accommodate this time-dependency, a term 
called “decay factor” (A) has been introduced [l, 41. 
Second, the optimal experimental inhibitor concen- 
trations are so low that they are of the same order 
of magnitude as the molar concentration of the 
enzyme. Therefore, depletion of the free inhibitor 
by binding to the enzyme may not be neglected. To 
account for this effect, a term called “depletion fac- 
tor” (y) was also introduced [l, 41. In addition, it 
was proposed that the term “apparent inhibition 
constant” be replaced by “inhibition factor” (FJ, 
because it is not a “constant” but a function of one 
or more substrate concentrations. Grouping several 
terms into Fi makes the expression of complex rate 
equations simple and more meaningful. 
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0 The expression of vs in equation 7 of Ref. 1 was an 
erratum. 

In one of the last publications in this series [l], 
the theories were extended, and two major types of 
experimental designs, i.e. equilibrium studies and 
time course studies, were described. The basic rate 
equation that accounts for depletion of both free 
enzyme and free inhibitor by binding and for the 
relatively slow reactions of association and dissocia- 
tion involving the inhibitor is: 

u = us + [t&(1 - y’) - u&+ 
1 - yfe-Al (1) 

where vI is the zero time velocity, and us is the 
steady-state velocity. If the steady state is ever 
reached before a significant amount of the substrate 
is depleted, it can be represented by the equation 
derived by Morrison [6]. 0 

US = ~~{-(F’i - Et + It) + [(Fi 
+ E, + It)’ - 4E,ZJ*}/(2&) (2) 

where uo is the uninhibited velocity, E1 = total 
enzyme concentration, and I, = total inhibitor 
concentration. 

The zero time velocity (0,) is: 

02 = #uo (3) 

where, if the reaction is started by addition of the 
enzyme, $J = 1, and y’ becomes the standard deple- 
tion factor y. On the other hand, if the enzyme is 
preincubated with the inhibitor until equilibrium 
conditions have been reached and the reaction is 
started by addition of the substrate, 

4~ = {-(KL - E, + Zt) + [(ZL 
+ Et + Id2 -4E,Z&@E,) (4) 
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t\ DIHYDROFOLATE REDUCTASE (L. casei) 

DHF= 80 JIM 

INE THROUGH ( I, , f ‘4,) 

I/ \ METHOTREXATE ( nM) 
Fi 

-0.005 V /-2 R/C J 
Fig, 1. Example of experiments for determination of inhibition factor and molar equivalency factor. 

The curves and 150 values were those calculated by the least squares method. 

If the enzyme catalyzes a multi-substrate reaction 
and one of the substrates is present during the prein- 
cubation, Kb in this equation should be replaced by 
I;;. 

In the present publication, the results of equilib- 
rium studies of dihydrofolate reductase (DHFR)* 
in the presence of methotrexate (MTX) are reported. 
We have determined the dissociation constants of 
various binary and ternary complexes (ES, EI, and 
ESI), the enzyme molar equivalency factor (E), and 
the depletion factor (y). A preliminary report has 
been presented [7]. 

MATERIALS AND METHODS 

Materials 

NADPH, MTX, and folic acid were obtained from 
the Sigma Chemical Co. (St. Louis, MO). DHFR, 
an enzyme from Lactobacillus casei MTXIR, was a 
gift of the New England Enzyme Center at Tufts 
University. Dihydrofolate was prepared from folic 
acid by the dithionite method of Blakley [8] and was 
stored at -20” in small portions as a solid in 0.005 N 
HCI, 50 PM 2-mercaptoethanol, as described by Poe 
et al. [9]. Just before use, DHF was centrifuged at 
3000 g, dissolved in a minimal amount of 0.1 N 
NaOH, and then diluted with the buffer. The buffer 
used throughout this study consisted of 0.25 M 
Tris-acetate (pH 7.3), 0.2 M NaCl, 1 mM EDTA, 
16 mM mercaptoethanol, and 15% glycerol. The 
concentration of DHF was determined enzymatically 
by using DHFR in the presence of excess NADPH 
and a molar extinction coefficient of 12,300 at 340 nm 
as described by Hillcoat et al. [lo]. 

* Abbreviations: DHF, 7,8-dihydrofolate; DHFR, dihy- 
drofolate reductase (5,6,7,84etrahydrofolate:NADP oxi- 
doreductase, EC 1.5.1.3); and MTX, methotrexate. 

Methods 

The experimental designs and various methods of 
analysis of data and their theoretical bases for the 
determination of inhibition factor, enzyme molar 
equivalency factor, inhibition mechanism, and other 
kinetic parameters have been described in detail in 
a previous publication [l]. A synopsis of particular 
principles and procedures applied in the present 
work follows. 

Experimental procedures. For each experiment, 
one of the two substrates, either DHF or NADPH, 
was incubated at room temperature (23”) with var- 
ious concentrations of DHFR and MTX for a period 
of 75 min, a time sufficient to establish equilibrium 
conditions. During this preincubation period, the 
uninhibited enzyme lost no more than 5 per cent of 
its activity. The reaction was started by adding a 
small volume of a mixture of the substrates, enough 
to bring the final concentrations of both to that of 
the standard assay conditions, 70 @l. The initial 
velocity of the DHFR activity was observed by fol- 
lowing the decrease in absorbance at 340 nm, as 
DHF and NADPH were converted to tetrahydro- 
folate and NADP. It is crucial to measure the velocity 
at zero time (u,) before any significant amount of 
free enzyme, dissociating from the El complex, con- 
tributes to catalysis. In our experiments, this was 
assured by the fact that no appreciable increase in 
velocity was observed in the first 2 min of the assay 
period. 

Preliminary analysis by the graphical method. The 
data gathered from each experiment were analyzed 
graphically to estimate roughly the values of the 
inhibition factor (Fi) and the enzyme molar equiv- 
alency factor (E). The data were plotted as shown 
in Fig. 1. The uninhibited velocities were taken as 
the enzyme concentrations in arbitrary units, e.g. 
absorbancy change per minute. For each enzyme 
level, a smooth curve was drawn, and the point 
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Fig. 2. Initial velocity pattern of DHFR reaction. The 
number on each straight line indicates DHF concentration 

in @J. 

where the velocity was one-half of the uninhibited 
velocity (i.e. 150) was marked. Then a straight line 
drawn through these points was extrapolated. The 
intercept of this line on the abscissa is the value of 
R and that on the ordinate equals -2FJ& from which 
E can be computed. 

Least squares procedure for Fi and E. With the 
provisional values of Fiand E, the data were analyzed 
by the computer program for “equilibrium studies” 
which, as described in detail previously fl], fits the 
data points to a family of curves represented by the 
following equation : 

UJ = {-(Fi - EDO + Zt) + [(Fi 
+ EUO + Z,)” - ~EU~,]“}/~EUO) (5) 

This equation is similar to equation 2, but it must 
be emphasized that uZ is the “zero time” velocity 
after preincubation in the absence of at least one 
substrate; therefore, the expressions of Fi in the two 
equations are different. The best values by the least 
squares criteria and their standard errors were esti- 
mated for R , E, 00, and 40. 

Inhibition mechanism and dissociation constants. 
When the inhibition factors (E) had been determined 
at various concentrations of a substrate, the values 
of Kb, K,, I(‘, and Kit (= Z&S,,JKm) were estimated 
by a second computer program according to the 
equation, 

Fi = Kb (1 + S/Km)I(l + SIKL) (6) 

where S was the concentration of the substrate pres- 
ent during the preincubation; K*, Kb, Km and K’, 
were, respectively, the dissociation constants for EZ, 
ESZ (+ ES + Z), ES, and ESZ (* EZ + S). 

This program also tested automatically the mode 
of inhibition, i.e. whether the inhibition was com- 
petitive, noncompetitive or uncompetitive. The cri- 
teria for this test were the null hypotheses, 
H~;lf1y’, = 0 and Ho;l/K~ = 0. The probabilities for 
these null hypotheses were computed by the use of 
Student’s t-test. If i/K; was not significantly different 
from 0, i.e. K’, = CQ, the inhibitior was competitive 
with the substrate that was present during the prein- 
cubation period, and if 1lKti was not significantly 
different from 0, i.e. Kk = ~0, the inhibition was 
taken as uncompetitive. Otherwise it was 
noncom~~tive. 

RESULTS 

Determination of Michaelis constants and reaction 
rne~ha~~rn 

The classical initial velocity analysis according to 
Cleland [ll], shown in Fig. 2, indicated a sequential 
mechanism, in agreement with previous investiga- 
tions, for example that of McCullough et al. [12] and 
that of Burchall and Chan 1131. This result, coupled 
with the fact that MTX competed with DHF even 
in the absence of NADPH and that MTX and 
NADPH enhanced each other’s binding to the 
enzyme as will be shown below, unequivocally estab- 
lished that the bindings of the two substrates, DHF 
and NADPH, took place in random order. Fur- 
thermore, the lack of deviations from linearity of 
double reciprocal plots within a fairly wide range of 

Table 1. Kinetic constants of dihydrofolate reductase from L. casei inhibited by methotrexate 

K,,, or & Data source 
Value 
(nM) SE. 

K, for DHF 
Km for NADPH 
EsDHF+ E + DHF 

E.MTX-rEtMTX 

E.NADPH*MTX + E.NADPH + MTX 
E-NADPH -+ E + NADPH 

E.NADPH.~ --, E-MIX + NADPH 
E+MTX*DHF --, E-MIX + DHF$ 
E~MTX~DHF-t E.DI-IF + MTX$ 

Fig. 2, Kb 9800.00 
Fig. 2, Ka 6ooo.00 
Fig. 2, K* 5290.00 
Fig. 3, Km 5700.00 
Fig. 3, K2 1.20 
Fig. 4, Kk 0.95 
K at S = Ot 1.20 
Fig. 4, K: 0.19 
Fig. 2, K, 3200.00 
Fig. 4, Km 37.00 
Fig. 4, KA 7.60 
Fig. 3, KA 20,000.00 
Fig. 3, Kii 10.60 

1300.00 
1290.00 
2950.00* 

700.00 
0.15 
0.20 
0.20 
0.04 

1700.00* 
28.00 

* No statistically significant difference from that estimated from Fig. 3 or Fig. 4. 
t Inhibition factor determined in the absence of any substrate during the preincubation, an 

average of seven determinations from both Fig. 3 and Fig. 4. 
$ Probability of E. MTX ’ DHF complex not occurring was 0.977. 
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E.DHFeEtDHF 57lf89/dd 

E.MTX-E+MTX 1.2lf.14nM 

0%; 
DIHYDROFOLATE t,uM) 

Fig. 3. Inhibition factor as a function of DHF concentration 
(during preincubation). The straight line is a weighted 
(n/02) regression line. Standard errors of estimation 

(N = 25-35) are indicated by the perpendicular lines,. 

substrate (data not shown) is consistent with, albeit 
insufficient evidence for, the conclusions of previous 
investigators [12-141 that the reaction mechanism is 
a rapid-equilibrium random bi-bi according to Cle- 
land’s nomenclature [15]. The data presented in Fig. 
2 were analyzed by the statistical method of Cleland 
[16] in which all experimental points are fitted to 
families of hyperbolas represented by the rate equa- 
tion for a rapid equilibrium random bi-bi 
mechanism. 

VA Bl( K,Kib) 
’ = 1 + AIK, + BIKib + ABl(Kd(ib) (7) 

where K,K& = KbKi,. The values of kinetic para- 
meters thus calculated are listed in Table 1. 

Determination of dissociation constants and inhibi- 
tion mechanism 

The inbibition factors for MTX as a function of 
DHF concentration during the preincubation are 
shown in Fig. 3, and as that of NADPH concentration 
in Fig. 4. For the experiment in which DHF was 
present during the preincubation (Fig. 3), S was the 
DHF concentration, and K,, K,,,, K’,, and KG cor- 
responded, respectively, to the dissociation constants 
0f Edrrx, E.DHF, E.DHF.MTX (-+E.MTX + 
DHF), and E’DHF-MTX(-+E.DHF + MTX). 
It is noteworthy that 4 increased linearly with 
increasing DHF concentrations. The probability of 
l/K’, being 0 was 0.977, indicating that the 
E*MT’X*DHF complex did not occur; therefore, 
DHF competed with MTX. The dissociation constant 
of the EnDHF complex, measured as K,,, (5.7 + 
0.7 ,uM) in this experiment, agrees well with that 
measured as Kib in Fig. 2 (5.3 * 3.0 j.&M). 

Unlike the results with DHF, when NADPH was 
included during the preincubation, the relation of 
the inhibition factor to the NADPH concentration 
was hyperbolic (Fig. 4). In this case, 5 represented 
NADPH concentration; K,,,, K’,, Kb, and Kii rep- 
resented, respectively, the dissociation constants of 
EmNADPH, E-NADPH.MTX( + E.MTX + 
NADPH), E.MTX, and Em NADPH . MTX 

1.0 nM 

zz 
E,NADPH---, E + NADPH 37.4227.9 

; .8 
E.MTX,NADPH -E.MTX + NADPH 7.62 f5.67 

E.MTX - E + MTX 0.9Sf0.20 

rr 
E.MTX.NADPH -E.NADPH + MTX 0.19+0.04 

E-s 

ii! 

g *4 

E 

!iG 
z 

0 

NADPHOJM) 

Fig. 4. Inhibition factor as a function of NADPH (during 
preincubation). The hyperbola was calculated as described 
in the text. The relatively large standard errors of estimation 
(N = 25-35) at the steep portion of the curve were due 
largely to the errors in NADPH concentrations, a small 
error of which causes a significant difference in the degree 

of inhibition. 

(-, E *NADPH + MTX). Values of these par- 
ameters and their respective standard errors of 
estimation are listed in Table 1. The dissociation 
constant of E-NADPH measured as K,,, in this 
experiment and that measured as K, in Fig. 2 were, 
respectively, 0.037 f 0.028 and 3.2 2 1.7 ,uM. 
Despite the apparently great discrepancy between 
these two estimates, there is no statistically sig- 
nificant difference (P > 0.30 at 1 degree of freedom). 
The value of 0.037 PM, however, may be closer to 
the true value because the experimental approach 
in Fig. 4 was more direct than that in Fig. 2, and 
because it compares more closely with the literature 
values (Table 2) determined by a stopped flow tech- 
nique [17] or by a fluorescence quenching method 
WI. 
The fact that the values of K’, and, therefore, of 

Kti were not infinite indicates that the ternary com- 
plex E -NADPH. MTX occurred and, therefore, that 
MTX inhibited DHFR noncompetitively with 
respect to NADPH. The fact that Kii was approxi- 
mately 6-fold lower than Kb signifies that MTX and 
NADPH (and possibly DHF and NADPH also) 
enhanced binding of each other by that factor. 

The reaction mechanism of DHFR in the presence 
of MTX and various kinetic constants (nM) may be 
schematically presented as follows 

(9800 +- 1300) 

E.DHF Ee DHF. NADPH --, 

5700 + 700 (6000 f 1200) 

37 + 28 

I 

E E . NADPH 

I 

(8) 

1.2 + 0.2 0.19 + 0.04 

7.6 2 5.9 

E-MT E - NADPH - MTX 
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where the numbers in parentheses are Michaelis 
constants, and all others are dissociation constants. 

Enzyme molar e4~iva~ency factor and depletion 
factor 

An average of 77 determinations of the enzyme 
molar equivalency factor was 0.271 rt 0.036 nM per 
absorbance change of 0.001 per minute. Since the 
difference in extinction coefficient at 340 nm for the 
sum of DHF and NADPH was 12,300, 1 unit/liter 
of DHFR corresponded to 3.33 2 0.44 nM. One 
unit is the international unit, i.e. that amount of 
enzyme catalyzing the conversion of 1 pmole 
substrate/mm. Thus, the catalytic number was 
300 min-‘. 

Values of the depletion factor were calculated 
from the concentrations of enzyme and inhibitor and 
from the value of the i~ibition factor (i-2 nM in 
the absence of substrate) by the following expression: 

theories and experimental designs can be applied to 
a system of tight-binding inhibitors, to determine 
various kinetic constants. We have employed a large 
number of assays, only to demonstrate the applica- 
bility of the theory and the extent of experimental 
variations. Once the dissociation constants of 
E.DHF and E ‘NADPH are known, however, 
determination of the dissociation constants of E * I 
and E*NADPH* I complexes for other tight-binding 
analogues of folate would require only two deter- 
~nations of Fivalues, i.e. in the absence of substrate 
during prein~bation for El and in the presence of 
a saturating concentration of NADPH (e.g. 10 @f 
or greater) for E - NADPH - I, Whenever it is necess- 
ary to ascertain the mode of inhibition, Fi should 
also be determined at two or more concentrations 
of DHF or NADPH. Thus it is possible to examine 
a large number of compounds without unduly high 
costs in terms of time and effort. 

y = {Fi + Et f Zt - [(K + Et 
+ It>‘- 4EtZ,]*]/4Ed3 (9) 

The range of enzyme concentrations in the present 
studies was from 0.005 to 0.05 absorbance change 
per minute, corres~nding to from 1.36 to 13.6 nM, 
and that of MTX was from 0.5 to ‘5 nM. In these 
ranges of enzyme and MTX, values of the depletion 
factor varied from 0.085 to 0.288, indicating that 
depletion of free inhibitor and free enzyme by bind- 
ing (therefore the factor y in equation 1) may not 
be neglected as custom~ly done in the classical 
steady-state treatment of enzyme kinetics. 
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