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the preparation of acetyl-Phe-Leu-2-thiohydantoin, and pre-
liminary studies on a stepwise solution phase carboxyl-terminal
degradation (4 pages). Ordering information is given on any
current masthead page.
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Kinetic Mechanism of the Reaction Catalyzed by Dihydrofolate

Reductase from Escherichia colit

Stuart R. Stone and John F. Morrison*

ABSTRACT: The kinetic mechanism of the reaction catalyzed
by dihydrofolate reductase from Escherichia coli has been
investigated by using progress curve, initial velocity, product
inhibition, and dead-end inhibition studies as well as isotope
effects. The results indicate that the reaction conforms to a
random mechanism involving two dead-end complexes, viz.,
enzyme-DHF-THF and enzyme-NADP-DHF. At higher
concentrations, DHF causes substrate inhibition by combining

Dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP*
oxidoreductase, EC 1.5.1.3) catalyzes the NADPH-dependent
reduction of 7,8-dihydrofolate (DHF)! to 5,6,7,8-tetrahydro-
folate (THF). THEF is an essential cofactor in a number of
one-carbon transfer reactions including the biosynthesis of
thymidylate. Thus, inhibition of dihydrofolate reductase can
lead to a deficiency of thymidylate and to the disruption of

tFrom the Department of Biochemistry, John Curtin School of
Medical Research, Australian National University, Canberra City
A.C.T. 2601, Australia. Received January 5, 1982.

at the NADPH binding site on the enzyme. The steady-state
velocity data can be analyzed adequately on the basis that
rapid-equilibrium conditions apply. However, this can be only
an approximate description of the reaction since the isotope
effects observed with NADPD demonstrate clearly that ca-
talysis cannot be rate limiting at pH 7.4. The choice of
conditions for analysis of progress-curve data is discussed in
the Appendix.

DNA biosynthesis. Inhibitors of the enzyme have found
clinical applications in the treatment of neoplastic and mi-
crobial diseases (Blakley, 1969). Because of its pharmaco-
logical importance, dihydrofolate reductase has been studied
extensively (Gready, 1981), but despite the many detailed
studies on the enzyme, its kinetic mechanism has not been
established. It has been proposed that the reaction catalyzed

! Abbreviations: DHF, 7,8-dihydrofolate; THF, 5,6,7,8-tetrahydro-
folate; Tris, tris(hydroxymethyl)aminomethane; Mes, 4-morpholine-
ethanesulfonic acid.
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by the enzyme from Streptococcus faecium conforms to a
steady-state ordered mechanism (Blakley et al., 1971) whereas
that from Escherichia coli catalyzes a rapid-equilibrium
random mechanism (Burchall & Chan, 1969; McCullough et
al., 1971).

Kinetic studies on the dihydrofolate reductase reaction have
been hampered by the low values for the Michaelis constants
which are micromolar or lower for both substrates. It appeared
that there may well be merit in applying to the dihydrofolate
reductase reaction the protocols developed by Duggleby &
Morrison (1977-1979) for the elucidation of the kinetic
mechanism of enzyme-catalyzed reactions by analysis of
progress-curve data. The results of this approach have been
compared with those obtained by use of initial, steady-state
velocity studies. The data indicate that the reaction conforms
to a random mechanism which involves the formation of two
dead-end complexes and that, at higher concentrations, DHF
can react at the binding site for NADPH.

Experimental Procedures

Materials. DHF was obtained by chemical reduction of
folic acid as described by Blakley (1960). THF, prepared by
enzymic reduction of DHF, was purified according to the
method of Zakrzewski & Sansone (1971) and contained 2-3%
DHF. NADPD was prepared from NADP and ethanol-d by
using alcohol dehydrogenase from Leuconostoc mesenteroides.
The product was purified by the method of Viola et al. (1979).
Enzymes were obtained from Boehringer Mannheim while all
other chemicals were of the highest purity available com-
mercially. The concentrations of THF, DHF, and 2’-AMP
were determined spectrophotometrically by using extinction
coefficients of 28 mM™ c¢cm™ at 297 nm (Zakrzewski &
Sansone, 1971), 28 mM™! cm™ at 282 nm, and 15.3 mM™!
cm™! at 260 nm (Dawson et al., 1969), respectively. NADP
was estimated enzymically by using glucose-6-phosphate de-
hydrogenase. Dihydrofolate reductase was used to estimate
the concentrations of NADPH and DHF; the millimolar ab-
sorbance change of the reaction was taken to be 11.8 cm™ (see
below). Dihydrofolate reductase was purified from a strain
of Escherichia coli which was produced by in vitro mutagenesis
of the DNA of the plasmid pJFM 8 (Rood et al., 1980; Rood
& Williams, 1981). The enzyme was purified essentially as
described by Williams et al. (1979).

Enzyme Assays. Dihydrofolate reductase was assayed by
measuring, with a Cary 118 spectrophotometer, the rate of
enzyme-dependent decrease in the absorbance at 340 nm. For
determination of the molar absorbance change, reaction
mixtures contained 100 uM NADPH and about 6 uM di-
hydrofolate. The reaction was started by the addition of 4.6
nM dihydrofolate reductase and allowed to proceed to com-
pletion. The amount of NADP formed was measured by using
glucose-6-phosphate dehydrogenase and taking into account
the amount of NADP present initially as a contaminant of the
NADPH. The results of nine replicate determinations indi-
cated that the millimolar absorbance change at 340 nm of the
dihydrofolate reductase reaction was 11.8 & 0.5 cm™. This
value, which has been used throughout the present study,
compares well with the value of 12.3 cm™ obtained by Hillcoat
et al. (1967).

Initial rate assays were performed in cuvettes of 1.0-cm light
path which contained 0.05 M Tris, 0.025 M acetate, 0.025 M
Mes buffer (pH 7.4), 0.1 M NaCl, and 10 mM dithiothreitol
(buffer A), as well as substrates, in a final volume of 1.0 mL.
The assays were started by the addition of dihydrofolate re-
ductase (0.46—13.8 nM). In the absence of the enzyme the
rate of change of absorbance was negligible. At low substrate
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concentrations, it was necessary to note the time of enzyme
addition and to use ship curves? for determination of initial
rates. Enzyme concentration was determined as described by
Williams et al. (1979). When THF was used in product
inhibition studies, allowance was made for its contamination
by DHF.

For progress-curve experiments, the two-substrate reaction
of dihydrofolate reductase was reduced to a one-substrate
irreversible reaction by one of two means: (1) one of the
substrates was set at a concentration such that it would remain
essentially constant for the entire progress curve, or (2) NADP
was recycled to NADPH by using glucose-6-phosphate de-
hydrogenase (cf. Duggleby & Morrison, 1977). For the first
method, the reaction conditions were the same as those used
for initial rate experiments, and the reaction was started by
the addition of 1.4-23 nM dihydrofolate reductase. When
NADP was recycled, the assay contained buffer A, 10 mM
glucose 6-phosphate, glucose-6-phosphate dehydrogenase (6
units), and substrates in a final volume of 1.0 mL; the reaction
was started by the addition of 9.2-138 nM dihydrofolate re-
ductase. The method of Selwyn (1965) was used to establish
the absence of time-dependent inactivation of dihydrofolate
reductase under progress-curve conditions. This method also
indicated that there was no lag in the formation of tetra-
hydrofolate when NADP was recycled to NADPH.

Equilibrium Dissociation Constants. Equilibrium disso-
ciation constants for enzyme-ligand complexes were deter-
mined by fluorescence titration at 30 °C by using a Perkin-
Elmer 3000 spectrofluorometer. Excitation and emission
wavelengths were 290 and 340 nm, respectively. Titrations
were carried out by serial additions of aliquots (1-4 uL) of
ligand to a 1.0-cm? quartz cuvette that contained a solution
of dihydrofolate reductase in buffer A. A standard tryptophan
solution was titrated, and the results were used to correct for
light absorption by added ligands. Equilibrium fluorescence
readings were recorded 2 min after the addition of the ligand,
and the dissociation constants were estimated by nonlinear
regression as described below. None of the ligands contributed
to the fluorescence.

Data Analysis. Initial rate data were analyzed by using
weighted nonlinear regression. The computer program, which
was a modified version (Duggleby & Morrison, 1979) of one
written by C. W. Jackson and J. P. Chandler, was obtained
in the STEPT package (QCPE 307) from the Quantum Chem-
istry Program Exchange at Indiana University. The weighting
used in the fitting assumed standard errors in the initial ve-
locities proportional to the velocities. The significance of the
extra parameter in noncompetitive inhibition analyses was
tested by using an F test (Pollard, 1977).

The progress curve for any irreversible reaction in which
only one substrate is depleted can be described by the general
equation (Duggleby & Morrison, 1979)

R,Z? zZ
5 —R3ln(1—-A—o) (1)

where Z is the amount of product formed at time ¢, A4 is the
initial concentration of the substrate being depleted, and R;,
R,, and R, are parameters dependent on the kinetic constants
of the reaction together with the initial concentrations of
products and substrates. A progress-curve experiment con-
sisted of a number of progress curves obtained at different

Rit=2+

2 Ship curves are special designs of French curves which are used in
connection with nautical design. They are constructed of clear plastic
and allow determination of tangents to the initial part of a curve.
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initial concentrations of the substrates in the absence or
presence of products. From each progress curve, 15-20 data
points were taken over the range of 10-98% substrate utili-
zation. These data were fitted to eq 1 by using the PROCURA
computer program of Duggleby & Morrison (1977). This
analysis yielded values for R;, R,, and R; together with their
standard errors; the values were used to compress the data
from each curve into three theoretical points as recommended
by Duggleby & Morrison (1978). The compressed data points
from all the progress curves in an experiment were then fitted
to a number of equations and that which best fitted the data
was chosen on the basis of the variance values and when
necessary after the application of an F test (Pollard, 1977).
Compressed data sets were obtained by taking three theoretical
points which corresponded to the times for 10% and either 95%
(condition 1) or 98% (condition 2) substrate utilization as well
as a point midway between these two times.

The fluorescence of dihydrofolate reductase in the presence
of a ligand can be represented by

F = [Fy(E, - EL) + F.(EL)]/(E,) (2)

where F, F,, and F. are the observed fluorescence, the
fluorescence of the free enzyme, and the fluorescence of the
enzyme-ligand complex, respectively; (L,), (EL), (E,), and (E,
— EL) denote the concentrations of total ligand, the en-
zyme-ligand complex, the total enzyme, and free enzyme,
respectively. The dissociation constant (Ky) for the enzyme—
ligand complex is given by

K, = (E, - EL)(L, - EL)/(EL) (3)

Estimates for F,, F., and Ky were obtained by fitting
fluorescence titration data to eq 2 and 3. The program used
for this nonlinear regression was developed from the STEPT
package.

Results

Progress-Curve Experiments with Recycling of NADP.
Progess-curve experiments were performed by recycling NADP
to NADPH at five different concentrations of NADPH that
ranged from 0.3 to 3.0 uM. Four initial concentrations of THF
from 0 to 40 uM were used at each NADPH concentration;
the initial concentrations of DHF varied from 10 to 15 uM.
The data from each of these curves were compressed as de-
scribed under Experimental Procedures and fitted to different
integrated rate equations that describe possible mechanisms
for the dihydrofolate reductase reaction. Twelve possible
mechanisms were considered: two steady-state ordered
mechanisms, two Theorell-Chance mechanisms, four rapid-
equilibrium random mechanisms, and four rapid-equilibrium
ordered mechanisms (Table I). The steady-state ordered
mechanism with DHF adding first (mechanism 2), both
Theorell-Chance mechanisms, and the rapid-equilibrium
random mechanism with an enzyme-NADPH-THF dead-end
complex yielded the same equation. Thus, the data were fitted
to nine equations. The values for the residual sum of squares
obtained by fitting to each equation the progress-curve data
from experiments under two different conditions of data
compression are given in Table I.

When condition 1 was applied to compress data from the
two experiments, the equation yielding the lowest residual sum
of squares represented a rapid-equilibrium random mechanism
in which an enzyme-DHF-THF dead-end complex forms
(mechanism 4). A slightly larger value for the sum of squares
was obtained with a rapid-equilibrium ordered mechanism in
which DHF was the first substrate to add to the enzyme and
in which an enzyme-DHF-THF dead-end complex forms
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Table I: Residual Sum of Squares Obtained by Fitting
Progress-Curve Data to Various Models®

residual sums of squares (uM?)
data compression

condition 1 condition 2
mechanism exptl expt2 exptl expt 2

(1) steady state ordered, 0.85¢ 0.72°¢ 0.49¢ 0.49¢
NADPH first

(2) steady state ordered, 0.77¢ 0.80 1.94¢ 0.59
DHF first?

(3) rapid equilibrium 0.77¢ 0.90°¢ 0.51°¢ 0.69°¢
random

(4) rapid equilibrium 0.43 0.69 0.26 0.54
random with
E-DHF-THF

(5) rapid equilibrium 043¢ 1.02 0.26 0.44

random with
E-DHF-THF and
E-NADPH-THF
(6) rapid equilibrium 1620°¢ 23¢ 2220°¢ 1480¢
ordered, NADPH first

(7) rapid equilibrium 0.77¢ 0.90°¢ 0.51¢ 0.69°¢
ordered, DHF first
(8) rapid equilibrium 3.8¢  3.0¢ 2.8 24

ordered, NADPH first
with E-NADPH-THF
(9) rapid equilibrium 0.44 0.70 0.84 1.0
ordered, DHF first
with E-DHF-THF

@ Progress-curve experiments were performed by recycling NADP
to NADPH at various levels of NADPH and THF. Data from each
curve were fitted to eq 1, compressed according to either condi-
tion 1 or condition 2, and then fitted to the integrated rate equa-
tion for each mechanism. ° The integrated rate equation for this
mechanism is identical with those for the two Theorell-Chance
mechanisms and for a rapid-equilibrium random mechanism with a
dead-end enzyme-NADPH-THF complex. ¢ These fits yielded
one or more parameter values that were either negative or greater
than 1 M.

(mechanism 9). All except one of the remaining fits contained
values for one or more of the kinetic parameters which were
negative or greater than 1 M. The equation for mechanism
4 has one more parameter than that for mechanism 9. When
the significance of this parameter was tested by means of an
F test, the reduction in the sum of squares caused by the
inclusion of this term was found to be nonsignificant.
Therefore, for these sets of compressed data, the rapid-equi-
librium ordered mechanism (mechanism 9) must be preferred.

When condition 2 was applied to compress the data, the best
fit was obtained with a rapid-equilibrium random mechanism
in which there is formed both an enzyme-DHF-THF and an
enzyme-NADPH-THF dead-end complex (mechanism 5).
The equation for mechanism 4 yields a slightly larger sum of
squares in one of the two experiments. The integrated rate
equation for mechanism 5 contains an extra parameter which
is associated with the enzyme-NADPH-THF complex. The
reduction in the sum of squares caused by this parameter was
found to be significant in one experiment and nonsignificant
in the other. Thus, the most appropriate mechanism as judged
by an F test on the residual sum of squares varied with both
the experiment and the conditions of data compression. Al-
though it is not possible to choose unequivocally between the
possible mechanisms, the rapid-equilibrium random mecha-
nism in which a single ternary dead-end complex forms
(mechanism 4) must be preferred because the equation de-
scribing this mechanism gave a low residual sum of squares
under both conditions of data compression and in both ex-
periments. The values of the parameters obtained by using
the appropriate equation for mechanism 4 are given in Table
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Table II: Kinetic Parameters Associated with the Dihydrofolate Reductase Reaction?

progress curve

NADP recycled

initial rate

NADP no recycling weighted® one substrate?
parameter recycled of NADP mean condition 19 condition 24 saturating
V, (min™!) 1080 + 40 950 + 30 990 = 20 880 = 134 830 + 140
K, (uM)® 4.2:0.7 3.5+0.6 3.820.5 23+2.0 1.9+1.5
K, M) 24 0.2 2.7+0.2 2.520.1 1.9+04 1.9+ 0.5 1.4:0.2
Kip M) 1.0+ 0.2 0.70.1 0.76 = 0.09 1.9+2.3 2222 0.60« 0.17
Ky (uM) 0.56 = 0.08 0.43 £ 0.06 0.47 £+ 0.05 1.5+1.2 1.6 + 1.3

¢ Details of the experimental procedures are given in the text, and kinetic parameters are as defined in Scheme I. b Either NADPH or DHF
was present at a concentration of 100 uM. € Weighted mean values were calculated by using data obtained from four experiments. ¢ The
two conditions of data compression are described in the text. € A and B denote NADPH and DHF, respectively, while the corresponding
lower case letters are used for the kinetic constants associated with these substrates.

Table III: Inhibition Constants for Products of Dihydrofolate Reductase Reaction?

fixed concn

type of  of other type of inhibi-
product variable experi-  substrate  inhibi- tion K; value (M)
inhibitor substrate(s) ment (uM) tion constant apparent true reaction
THF DHF iv.b 0.5 NC Kip 4.0+ 0.4 3.5+ 0.3°¢ E + THF
Kip 7.6+ 0.8 6.4+ 0.79 E-DHF + THF
iv. 100 C i 201 0.7 + 0.1°¢
p.c. 100 C ip 29:6 1.0+ 0.3¢
NADPH iv. 2.5 C s 4.7+ 0.8
(3.7 0.7)°
p.c. 100 C Kip 371 57
DHF + NADPH p.c. i i 4.8+ 1.8f
Kip 2257
NADP DHF iv. 0.93 NC ia 48:9 39+ 78 E + NADP
Kiq  23%2 17+ 10 E-DHF + NADP
NADPH iv. 1.74 C is 13:1
(20 = 2)°
p.c. 100 C Kiq 12+ 1f

@ Apparent values for kinetic parameters were obtained by analysis of initial rate data, including those illustrated in Figures 2 and 3. True
values were determined from the apparent values by using the appropriate relationships together with the concentrations of the nonvaried sub-
strates and the values for the required kinetic constants that are given in Table II. A, B, P, and Q denote NADPH, DHF, THF, and NADP,

respectively.

i.v., initial velocity data; p.c., progress-curve data. € Calculated using K, = appKip/(l + A/Kia). d Calculated using Kip =

8"’I’Km/(l + A/K,). © Values given in parentheses are apparent inhibition constants which were calculated for comparison with the directly
observed values. The relationships used with initial velocity data obtained at fixed DHF (B) concentration were Kjg = (1 + Kjp/B)/

(1/K1p + Kip/KipB) with THF as product inhibitor and K= (1 + Kjp/B)/(1/K

Kip/KiqB) with NADP as product inhibitor. 7 Values

+
obtained directly from analysis of progress-curve data. # Calculated using Kjq =1ppKiq/(1 + AlKig). b Calculated using Kjq = #PPK 1,/

(1 + A/K,). 'NADP recycled.

I1. The values of these parameters did not vary appreciably
with the different conditions of data compression, but they
were not well determined as judged by the values of their
standard errors.

Progress-Curve Experiments with One Substrate at a
Saturating Concentration. Analysis of progress-curve data
indicated that with NADPH at 100 uM and the initial con-
centration of DHF at 4-8 uM, THF (0-100 uM) causes
competitive inhibition with respect to DHF whereas NADP
does not inhibit at concentrations up to 88 uM. With DHF
fixed at 100 uM and the initial concentration of NADPH at
4-5 uM, both NADP (0-88 uM) and THF (0-100 uM) cause
competitive inhibition with respect to NADPH. The inhibition
constants associated with THF and NADP are given in Table
III.

Initial Velocity Studies. The initial velocity pattern obtained
by using both NADPH and DHF as the variable substrates
was of the symmetrical, intersecting type (Figure 1). Analysis
of the data yielded values for the kinetic parameters that are
listed in Table II. Initial velocity data were also obtained with
NADP recycled to NADPH at varying concentrations of
NADPH and DHF. The values of the parameters given in
Table II are not significantly different from those obtained
in the absence of NADP recycling. Thus the recycling does
not seem to affect the dihydrofolate reductase reaction.

Product Inhibition Studies. At nonsaturating concentrations
of the fixed substrate, THF acts as a linear competitive in-
hibitor with respect to NADPH and as a linear noncompetitive
inhibitor with respect to DHF (Figure 2). Under similar
conditions, NADP causes linear competitive inhibition with
respect to NADPH and linear noncompetitive inhibition with
respect to DHF (Figure 2). By contrast, THF gives rise to
competitive inhibition with respect to DHF when the con-
centration of NADPH is increased to 100 uM (Figure 3).
Table III lists values for the apparent and true inhibition
constants obtained by analysis of the data of Figure 2.

Inhibition by Substrate Analogues. Folate and 2’-AMP
were used as analogues of DHF and NADPH, respectively.
At concentrations up to 187 uM, folate does not act as a
substrate for dihydrofolate reductase, but it causes linear
competitive inhibition with respect to DHF and linear non-
competitive inhibition with respect to NADPH (Figure 4).
2-AMP acts as a linear competitive inhibitor with respect to
NADPH and as a linear noncompetitive inhibitor with respect
to DHF (Figure 4). Analysis of the data of Figure 4 yielded
the apparent values for the inhibition constants that are re-
corded in Table IV which also records true values for the
inhibition constants.

Substrate Inhibition by DHF. Substrate inhibition by DHF
was observed at concentrations greater than 33 uM when the
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FIGURE 1: Plots of the reciprocal of initial velocity of the reaction (min X 10%) against the reciprocal of the concentration of NADPH or DHF

(M1 x 107%). The concentration of enzyme was 1.8 nM.

Table IV: Kinetic Constants for Reaction of Substrate Analogues with Dihydrofolate Reductase

inhibition constant®

substrate varied fixed substrate type of
analogue substrate concn (uM) inhibition apparent (mM) true (mM) reaction
2'-AMP DHF 3.33 noncompetitive 3.1+ 0.5 1.6 £ 0.3 E + 2'-AMP
2.7+ 0.5 1.210.2 E-DHF + 2'-AMP
NADPH 1.14 competitive 2.7+ 0.2(1.3+0.2)°
folate NADPH 1.14 noncompetitive 0.081 = 0.012 0.032 + 0.005 E + folate
0.037 + 0.004 0.011+ 0.001 E-NADPH + folate
DHF 3.33 competitive 0.013 £ 0.001 (0.017 +
0.003)

@ As dead-end inhibitors react in the same way as do the products of a rapid-equilibrium random mechanism, the true inhibition
(dissociation) constants were calculated from apparent values by using relationships similar to those given as footnotes in Table III (cf.
Smith & Morrison, 1971). ¥ Figures in parentheses represent apparent inhibition constants which were calculated for comparison with the
directly determined values by using relationships of similar form to those given in footnote e of Table II (cf. Smith & Morrison, 1971).

level of NADPH was low (1.1 uM). But in the presence of
high concentrations of NADPH (100 uM), substrate inhibition
by DHF was not apparent (Figure 3). NADPH did not give
rise to substrate inhibition.

Equilibrium Binding Studies. The binding of DHF (0-50
eM), NADPH (0-8 pM), and NADP (0—65 uM) to the free
enzyme was measured by fluorescence titration, and the dis-
sociation constants for the reactions are given in Table V.
With the range of concentrations used, there was no evidence
for the binding of more than one molecule of a ligand per
enzyme molecule. The equilibrium binding of THF could not
be measured because of the slight contamination of THF by
DHF.

Deuterium Isotope Effects. The deuterium isotope effects
on the reaction catalyzed by dihydrofolate reductase were
determined by conducting two initial rate experiments in which
both the NADPH (or NADPD) and DHF were varied. The
results showed that the isotope effect at pH 7.4 was small at
1.2 £ 0.1 for PV and not significant for °V/Kpyr, °V/Kxappn,
PKipur, and PKixappy-

Discussion

The results of progress-curve experiments in which NADP
was recycled to NADPH suggest that the reaction catalyzed
by dihydrofolate reductase conforms to a rapid-equilibrium
random mechanism involving a single dead-end enzyme-
THF-DHF complex or to the same mechanism with an ad-
ditional dead-end enzyme-NADPH-THF complex (Table I).
The symmetrical initial velocity pattern (Figure 1) and the
dead-end inhibition pattern (Figure 4) are as predicted for a
rapid-equilibrium random mechanism. The product inhibition

Table V: Thermodynamic Dissociation Constants for Binding of
Reactants to Dihydrofolate Reductase®

kinetic symbol

reactant for constant value (uM)
NADPH Ky, 0.510.01°
DHF Kip 0.47 £ 0.05°
NADP K 18 £ 3¢

iq

¢ Values were determined by analysis of fluorescence titration
data as described under Experimental Procedures. ? Weighted
mean of four determinations. € Weighted mean of two deter-
minatjons.

pattern (Table III) confirms the conclusions reached from the
progress-curve studies except that there was no evidence for
the formation of a dead-end enzyme-NADPH-THF complex.
Indeed, the competitive inhibition by THF with respect to
NADPH immediately suggests a random mechanism in which
such a dead-end complex does not form. Further, the product
inhibition pattern indicates that a dead-end enzyme-NADP-
DHF complex can be formed. Such a complex could not be
observed under conditions where NADP is recycled to NAD-
PH. Thus the results of progress-curve and steady-state ve-
locity studies indicate that the kinetic mechanism of the di-
hydrofolate reductase reaction is of the rapid-equilibrium
random type and involves the formation of two dead-end
complexes, viz., enzyme-DHF-THF and enzyme-NADP-
DHF (Scheme I).

The formation of a dead-end enzyme-DHF-THF complex
is an unusual feature of the proposed mechanism. On the basis
of the known three-dimensional structure of this small, mo-
nomeric enzyme (Matthews et al., 1978), it seemed likely that
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FIGURE 2: Product inhibition of the reaction by THF and NADP. Plots of the reciprocal of initial velocity of the reaction (min X 10%) against
the reciprocal of the concentration of NADPH or DHF (M~! X 107%). DHF was held constant at a concentration of 2.46 uM (A) or 1.74
uM (C); the fixed concentration of NADPH was 0.5 uM (B) or 0.96 uM (D). The concentration of enzyme varied from 0.9 to 5.5 nM.
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FIGURE 3: (A) Product inhibition of the reaction by THF. Plot of
the reciprocal of initial velocity of the reaction (min X 10%) against
the reciprocal of DHF concentration (M~ X 10~%) with NADPH held
constant at 100 uM. The enzyme concentration was 0.9 nM. (B)
Substrate inhibition of the reaction by DHF at two concentrations
of NADPH. Plot of the reciprocal of the initial velocity of the reaction
(min X 10%) against the reciprocal concentration of DHF (M™! X 107%).
The enzyme concentration was 0.46 nM.

the dead-end complex forms because of the ability of THF
to react at the binding site for pyridine nucleotides. This being
so, it follows that the formation of the dead-end complex
should be prevented at higher concentrations of NADPH, and
the data (Figure 3) confirm that this is the case. Under these
conditions, THF competes only with DHF for the folate
binding site. DHF is also capable of interacting at the pyridine
nucleotide binding site for at higher concentrations in the
presence of a low level of NADPH, substrate inhibition is

Scheme |

EDHF
NADP

E DHF

NADP+THF

ENADPHDHF E

NADP

NADPH DHF

observed (Figure 3). These findings are of interest in view
of the reports that (p-aminobenzoyl)glutamate causes parabolic
inhibition with respect to DHF of the enzyme from Strepto-
coccus faecium (Williams et al., 1980) and that two molecules
of this compound are bound to the enzyme from Lacrobacillus
casei (Birdsall et al., 1977). It seems likely that both DHF
and THF are bound at the pyridine nucleotide binding site
through their (p-aminobenzoyl)glutamate moieties.

On the assumption that, for the mechanism illustrated in
Scheme 1, catalysis is rate limiting so that the products act
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FIGURE 4: Inhibition of the reaction by substrate analogues. Plots of the reciprocal of the initial velocity of the reaction (min X 10%) against
the reciprocal of the concentration of NADPH or DHF (M™! X 107%). The fixed concentrations of DHF and NADPH were 1.14 uM (A, C)
and 3.33 uM (B, D), respectively. The enzyme concentration was 1.8 nM.

only as dead-end inhibitors, the equation that applies can be
expressed in reciprocal form as

K, K
%=1[1+——a 1+ 2+ 2 )2

7 Ky ko) B
K Ky P Q
3B\ T Tk @

In eq 4, A4, B, P, and Q denote concentrations of NADPH,
DHF, THF, and NADP, respectively, and K, and K, represent
Michaelis constants for NADPH and DHF, respectively, while
K;, denotes the dissociation constant for the interaction of
NADPH with the free enzyme. K, and K;q represent disso-
ciation constants for the interaction of free enzyme with THF
and NADP, respectively, while Ky, and Kj, represent disso-
ciation constants for reaction of the enzyme—DHF complex
with THF and NADP, respectively. When relationships de-
rived from eq 4 (cf. Smith & Morrison, 1969) were used, true
values were calculated for the kinetic parameters associated
with product inhibition (Table IIT). There is variation in the
values of the kinetic constants associated with the reaction of
THF with free enzyme (Kj;) and with the enzyme-DHF
complex (Kj,) as determined in different experiments. How-
ever, with both product inhibitors, there is internal consistency
with the values for the various kinetic parameters. Thus the
calculated values for the complex, competitive inhibition
constants (K;,) involving either K;, and Ky, or K;; and Kj, are
in reasonable agreement with the experimentally determined
values. The variation in the values for a particular kinetic
constant, as obtained from different types of experiment, may

reflect the difficulty of determining precisely values that are
in the micromolar region. Alternatively, the variation could
be a consequence of the reaction mechanism not being truly
rapid equilibrium random (see below).

The dead-end inhibition of dihydrofolate reductase by the
substrate analogues, 2'-AMP and folate, can be described by
equations of similar form to that of eq 4. Relationships derived
from such an equation were used in connection with the de-
termination of true dissociation constants for the interaction
of these compounds with both the free and binary forms of
enzyme (Table IV). The values indicate that the binding of
folate to the free enzyme is strong, although not as strong as
DHF (Table II), and that the strength of interaction is en-
hanced when NADPH is bound to the enzyme. The failure
of folate to function as a substrate must be due to lack of
hydride transfer from NADPH to folate rather than to lack
of folate binding. The binding of 2’-AMP to the enzyme is
virtually independent of the DHF concentration and 2-3 orders
of magnitude weaker than that of either NADPH or NADP.
Thus other moieties of the NADPH molecule make significant
contributions to binding. Again, there is reasonable agreement
between the calculated and experimentally determined values
for K (Table IV).

Although the results of the analysis of steady-state and
progress-curve data are generally consistent with dihydrofolate
reductase reaction having a rapid-equilibrium random mech-
anism, such a description cannot be precise. If catalysis were
rate limiting as required for such a mechanism, a Dy value
of 6-10 would be expected. Since a much smaller value of
1.2 was observed, it is apparent that at pH 7.4, product release
is not fast relative to the rate of catalysis. The finding that
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the values for PV/Kpyp and PV/Kxappy are lower than that
of PV suggests that both substrates may be sticky, so that they
react to give products at a rate which is equal to or greater
than their rates of dissociation. But some caution must be
exercised with respect to this inference because of the small
differences between the values. In this connection it is im-
portant to note that virtually the same value for the dissociation
constant of the enzyme—DHF complex is obtained by kinetic
and thermodynamic procedures. However, for the enzyme—
NADPH complex, the kinetically determined dissociation
constant is about 7-fold greater than the thermodynamic value
(Tables II and V). Such findings are in accord with the
proposal that the binding of NADPH (A) to the free enzyme
and to the enzyme~DHF complex occurs under rapid-equi-
librium conditions while the addition of DHF (B) to the free
enzyme and to the enzyme-NADPH complex takes place
under steady-state conditions (Scheme II). The rate equation
for such a mechanism can be derived by using the procedure
of Cha (1968) and is expressed as

kAE, k3AB (ky + K)A
v = X le + X —-—K——— +
A k;AB A
kz](1+K_ia)+(k1A+ K. )(1+Z)] (5)

Equation § predicts that a primary plot of v against B! will
be linear and that a secondary plot of the vertical intercepts
against 47! will also be linear and yield a value for K,. On
the other hand, replots of the slopes of the primary plot will
be a 2/1 function (Cleland, 1970) in relation to 4! with the
horizontal intercept of the asymptote (apparent K;,) being
equal to Ky, /[1 + k;3/k[Kj.Ky/ K. Kip — 11]. Thus the kinet-
ically determined values for K, may be less or greater than
the true Kj,. If rapid-equilibrium conditions apply, then K, Ky,
= KK}, and the correct value is obtained for K, from a slope
replot. A primary plot of v7! against 4™ will be a 2/1 function,
but a secondary plot of the asymptotes will be linear and yield
a value for Ky, which is equal to k,/k;. Thus, for the mech-
anism described by Scheme II, the kinetic data allow deter-
mination of the correct dissociation constant value for the
reactant that combines with the free enzyme under steady-state
conditions (DHF), but not for that which interacts under
rapid-equilibrium conditions (NADPH). Practical problems
of data analysis could arise because of difficulties in obtaining
data that define the asymptotes of 2/1 plots. But it seems
more usual that curvature is not observed in double-reciprocal
plots for random mechanisms which do not conform to rap-
id-equilibrium kinetics. No well-defined curvature was noted
in the present study, and yet the aforementioned results, as
well as the isotope effects, indicate clearly that the dihydro-
folate reductase reaction has a random mechanism which is
not of the rapid equilibrium type.

The attention of the authors has been drawn to a recent
publication by Cha et al. (1981) in which it was proposed that
the reaction catalyzed by dihydrofolate reductase from Lac-
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tobacillus casei conforms to a rapid-equilibrium random
mechanism,

Appendix

Data analysis of progress-curve experiments, consisting of
several progress curves, presents some special problems in
relation to the estimation of the number of degrees of freedom.
Reliable estimates of the kinetic parameters for any one curve
will be obtained only if that curve is adequately defined and
the obvious way to do this is to take a large number of data
points from the curve. However, under these circumstances
the standard errors of the parameters will be underestimated
because of the overestimation of the degrees of freedom. The
latter is theoretically equal to the number of points minus the
number of parameters to be determined, provided that the data
points are normally and independently distributed. This is not
the case with progress-curve data. An accurate representation
of the degrees of freedom is also necessary for application of
the variance ratio (F) test in choosing between models.

Duggleby & Morrison (1978) circumvented the aforemen-
tioned problem by fitting data from a single progress curve
to eq 1 and using the resulting parameter values to compress
the data into three points. The same procedure has been used
in the present study, but further consideration has been given
to the location of the three points. For the three points to
represent adequately a progress curve described by eq 1, they
must be chosen so that each of the three terms of the equation
is dominant in one of the points. In general, this will occur
for R, at the beginning, and for R, and R, toward the end,
of the progress curve. However, there will be an influence of
the magnitude of the R values.

Condition 1 of the present study follows the suggestion of
Duggleby & Morrison (1978) that points be taken from the
progress curve at the beginning, after 95% utilization of
substrate and at a time halfway between the two extremes.
When this procedure was used, the mechanisms yielding the
lowest residual sums of squares were rapid-equilibrium random
and rapid-equilibrium ordered mechanisms with each involving
a dead-end enzyme-DHF-THF complex. The two mecha-
nisms differed in that the equation describing the rapid-
equilibrium random mechanism contained an additional K
In (1 — P/B) term. The results of an F test showed that the
reduction in the residual sums of squares by inclusion of the
additional term was not significant, and thus the rapid-
equilibrium ordered mechanism was to be preferred. However,
care must be exercised when choosing between models on the
basis of an F test for the data can be ill-conditioned with
respect to the determination of the parameter whose signifi-
cance is being tested. So that this point could be tested with
respect to Ky, data from individual progress curves were
compressed so that one of the points was taken at 98% (con-
dition 2), rather than 95% (condition 1), utilization of sub-
strate. Under this condition the value of In (1 - P/B) will
increase and the data will be better conditioned for the de-
termination of Kj if that parameter is significant. Analysis
indicated that this was the case.

The difference in the results obtained under the two con-
ditions of data compression emphasizes the fact that a single
set of conditions cannot be used for all progress-curve ex-
periments. It is proposed that initial estimates of the param-
eters be obtained under one condition of data ¢ompression and
that, in the light of these results, the conditions of data com-
pression be varied so as to optimize the determination of each
parameter. This procedure is equivalent to the variation of
substrate concentration in steady-state kinetics so as to allow
accurate determination of parameter values.
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The present study has demonstrated that the analysis of
progress-curve data can be a useful procedure for studying
enzymes with Michaelis constants that are micromolar or
lower. Although the results did not permit an unequivocal
choice of mechanism, nevertheless, they did allow elimination
of several mechanisms from further consideration. The results
also provided good estimates of parameter values which were
of use in connection with the definitive elucidation of the
mechanism of the dihydrofolate reductase reaction by
steady-state techniques.
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3-Fluoro-3-deoxycitrate: A Probe for Mechanistic Study of

Citrate-Utilizing Enzymes'

Steven E. Rokita, Paul A. Srere, and Christopher T. Walsh*

ABSTRACT: The interaction of a novel fluorinated analogue
of citrate, 3-fluoro-3-deoxycitrate (3-fluorocitrate), with the
four known citrate-processing enzymes is described in this
report. Three of the citrate-processing enzymes, citrate syn-
thase, ATP citrate lyase, and citrate lyase, catalyze reversible
aldol-type condensations. The fate of 3-fluorocitrate with each
enzyme is uniquely related to their mechanisms of action. For
citrate synthase, 3-fluorocitrate is a competitive inhibitor.
3-Fluorocitrate is a substrate for the carboxylate activation
half-reaction catalyzed by ATP citrate lyase and induces a net

Citrate, 1, is a central component in the primary metabolism
of prokaryotes and eukaryotes. It is processed by only four
enzymes and undergoes two types of transformations (Good-
win, 1968). Three enzymes carry out reversible aldol-type

*From the Departments of Chemistry and Biology, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139 (S.E.R. and
C.T.W.), and the Department of Biochemistry and Veterans Adminis-
tration Medical Center, The University of Texas Health Science Center
at Dallas, Dallas, Texas 75235 (P.A.S.). Received December 28, 1981.
This investigation was supported in part by National Institutes of Health
Grant GM 20011.

ATPase action during conversion to 3-fluorocitryl-S—coenzyme
A. Because of the unusual mechanism of citrate cleavage
catalyzed by bacterial citrate lyase, 3-fluorocitrate is a
mechanism-based inhibitor, acting at two points during
turnover of the acetyl enzyme. The fourth citrate-processing
enzyme, aconitase, does turn over 3-fluorocitrate catalytically.
This enzyme, catalyzing a dehydration and rehydration of
citrate, also catalyzes the elimination of HF from 3-fluoro-
citrate, yielding cis-aconitate and fluoride.

cleavage of the 3-hydroxytricarboxylate skeleton to yield the
C, (acetate or acetyl-CoA)! and the C, (oxalacetate) frag-
ments. These are bacterial citrate lyase (EC 4.1.3.6), mam-

! Abbreviations: HPLC, high-performance liquid chromatography;
CoA, CoASH, or CoAS", coenzyme A; NADH, reduced nicotinamide
adenine dinucleotide; NADP*, nicotinamide adenine dinucleotide phos-
phate; cpm, counts per minute; 3-fluorocitrate, 3-fluoro-3-deoxycitrate;
unit, enzyme unit defined to be the quantity of enzyme necessary to
transform 1 umol of substrate in 1 min; Tris, tris(hydroxymethyl)-
aminomethane.
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