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ABSTRACT: Changes in the active site of fumarase (yeast fumarase II) that occur when fumarate is converted
to malate (E‚F f E‚M) must be reversed for another cycle of reaction to take place. As shown here,
recycling of the enzyme includes two proton transfers and one conformational change. These events,
together with the M-off step, are variously rate-determining depending on the medium. In very low salt
the release of M is limited by the conformational change. Thus, (V/Km)F decreases with increased viscosity,
shown with glycerol. A variety of simple anions, such as Cl- at∼50 mM and F itself at low concentration,
activate the dissociation of M. This nonspecific anion effect is the basis for the>4-fold apparent
cooperative activation by substrate. The M-off step and the conformational change are independent and
random-order events. Thus, even when M-off is made rapid the rate of recycling is inhibited by glycerol,
which in 100 mM NaCl inhibitsVmax but notV/Km. The enzyme form that results when M is released is
M-specific, Em. Thus mesotartarate, competitive toward M, is noncompetitive toward F. The slow
conformational change required for recycling of Em is activated by Pi and chaotropic anions such as azide
and thiocyanate, giving rise to a nonspecific intermediate, Emf (mesotartarate becomes competitive toward
F and Britton’s countertransport property disappears with these activators). Evidence is presented for the
locations and rates of the two proton transfer steps required to complete the cycle.

The class II fumarases (fumarate hydratase: EC 4.2.1.2)
are metal ion-independent homotetrameric enzymes of
widespread distribution, belonging to a sequence-related
family that includes aspartase, adenylosuccinase, and argin-
inosuccinase, all of which produce fumarate by 1,2-elimina-
tion. The dehydration of malate (M) by fumarase is believed
to occur by the stepwise abstraction of the C-3R proton of
M followed by removal of C2-OH of an acicarbanion
intermediate (Porter & Bright, 1988; Anderson, 1991). These
chemical interconversions are the most facile steps of the
reaction cycle as indicated by rapid [2-18O]malate/H2O
exchange (Hansen et al., 1969; Berman, 1971) and the
absence of a rate difference with [3-2H]malate (Fisher et al.,
1955; Hansen et al., 1969). The effects of viscosogens such
as glycerol, which decreaseV/K of both substrates, have been
attributed to viscosity-sensitive conformational changes,
possibly at the product-off steps (Sweet & Blanchard, 1990).
Two observations indicate the importance of steps sub-

sequent to product release,exorecycling,1 for determination
of kcat. First, by applying the countertransport method of

Britton (1973), it was shown that during conversion of
substrate to product the ratio of a test mixture of labeled
reactants, initially at equilibrium, was displaced in the
direction counter to that of net mass flow until equilibrium
was reached (Rose et al., 1993; Rebholz & Northrop, 1995).
Counterflow observed with fumarase at remarkably low
concentrations of substrate shows that the interconversion
of ligand-free isoforms that have different absolute or relative
specificities for F and M is not rapid. Thus, a valueKR

F of
∼0.1 mM characterizes the concentration of fumarate (about
2-3x Km

F) that will equally partition a fumarate-specific
isoform between recycling and reaction with fumarate to
form malate or, indistinguishably, a malate-specific isoform
between counterflow of malate and recycling.
Second, slow recycling of the abstracted C-3 proton of

malate, suggested by equilibrium exchange studies (Hansen
et al., 1969), was confirmed by showing intermolecular T
transfer using doubly-labeled malate: 3T-malate*+ fumarate
f 3T-malate+ fumarate*. Little more fumarate than its
Km concentration was required for 50% T-capture (Rose et
al., 1992). The presence of the C-3-derived proton on the
enzyme after dissociation of fumarate might provide a basis
for fumarate specificity. However, transfer of this proton
cannot be responsible for a slow recycling step given the
absence of either a rate effect with [3-2H]malate or discrimi-
nation in forming M from F in T-water (I. A. Rose and D.
J. Kuo, 1995, unpublished results). Thus, a more complex
scheme of recycling must be considered.
As no metal cofactor is required for activity, fumarase II

must depend on a proton to promote abstraction of the C2-
OH of malate in forming the product water:

[From the exchange data of Boyer’s group (Hansen et al.,
1969; Berman et al., 1971), H2O is released before F.] The
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1 The term “exorecycling” refers to the segment of the reaction cycle

after product release andbefore interaction of free enzyme with
substrate. Isomechanism kinetics are observed whenexo events
contribute significantly tokcat. All other stepsexceptthose involved in
the reaction chemistry are referred to asendo. Endo events are usually
lumped with rate constants for product release in steady-state equations.
Product release and substrate binding are also defined as endo steps.
The last phase of the reaction cycle, the chemical interconversion(s),
is usually referred to as the central phase. Net changes that occur
between central complexes must be reversed in endo and/or exo steps
of the cycle in order for an enzyme to act as a catalyst.

ERH‚M S EâH
RH2O‚FS EâH

R ‚F+ H2O
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step in which this proton is recovered from solvent by theR
subsite after the F is produced could be the origin of the
observed slow recycling. Of course, if the E‚M S E‚F
interconversion results in a conformational change the
remainder of the reaction cycle must include steps in which
the change is reversed. Conformational restructuring may
occur during product liberation, commonly spoken of as
“induced fit” in the reverse, or after product release and
independent of substrate in an isoform fluctuation model.
Likewise, proton transfers may occur prior to or during
product formation, endorecycling, or after product release.
Aims of the studies described in the present paper are to

determine the site at which slow recycling events take place
in the fumarase cycle and to clarify the basis for isoform
specificity and interconversion. The approaches taken should
be useful with most enzymes. Demonstration of noncom-
petitive inhibition by a product analog can provide important
evidence for an isomechanism (Rebholz & Northrop, 1994,
1995) and establish both the existence and the substrate
specificity of a slowly recycling free enzyme intermediate.
The magnitude of the intercept inhibition constant,Kii , will
inversely reflect the concentration of the intermediate with
which the inhibitor interacts. A factor that increases
recycling will decrease the concentration of the intermediate
and result in an increase inKii if the step that is activated is
downstream of the intermediate. Factors that act subsequent
to product release should not alter the slopes of double-
reciprocal plots or the rate of M/F isotope exchange at
equilibrium unless they act after substrate addition in the
next cycle. The pH dependence and D2O effects onKii may
indicate the participation of recycling protons in the com-
position of an intermediate. The present study makes use
of these methods to identify recycling steps in the Ff M
direction. A subsequent paper will analyze the major
recycling pathway of the reverse reaction.
To aid the reader, a summary of the proposed steps of the

F f M recycle is shown in Scheme 1.

In summary, the chemical step imposes at least one
conformational change and two proton transfers that must
be reversed either before or after dissociation of M for the
next reaction with F to occur. Begin with EH‚M, where H
of theR site is derived from the H2O used for hydroxylation
of F. M-dissociation, made rapid by almost any monoanion,
produces either E(m)

H or EH(m)
H , both of which are M-specific.

Rapid equilibration of theâ site with protons of the solvent
occurs before or after M is liberated, step(s) 1, with a pKa

6.7. While unfavorable above pH 7, the two-proton state
can be promoted in a complex with imidazolium ion, general
acid catalysis. A conformational change (c.c.) occurs in the
conversion of the M-specific isoform to a nonspecific species

EH(mf)
H without change in protonation, step 2. Step 2 is

activated by Pi and chaotropic anions. Following reaction
with F (step 3), loss of theR-proton occurs (step 4), replaced
by an H2O (step 5). This scheme accounts for all the kinetic
and isotopic observations. This is not to suggest that it is
unique in doing so, of course.

EXPERIMENTAL PROCEDURES

Protocols: The Britton Counterflow Experiment.In one
of two procedures, a standard probe solution of14C-labeled
substrates with high specific activity is brought to equilibrium
enzymatically in a microcuvette. Identical amounts of this
stock are added to cuvettes containing additional enzyme
followed by fumarate. Reaction progress is stopped with
acid at fractions,f, of progress toward equilibrium, (M/F)eq
∼ 4.4, and samples are analyzed for total radioactivity in
fumarate.KR is calculated according to a form of the Britton
equation (Britton 1973)

where F∞ ) [F]eq andKR corresponds to the concentration
of substrate required to capture half of a partitioning species
as in the usual substrate partition experiment (Rose et al.,
1974), with the exception thatKR is more responsive to the
smaller of the two recycling rate constants

where kBexo and kAexo represent the rate constants for the
interconversion of a pair of isoforms. Thus,

In a second approach the incubation contains unlabeled
substrate and labeled product at zero time. If recycling is
rapid, KR

S > S∞, or if the free enzymes are not substrate-
specific, the appearance of label in substrate will correspond
to the progress toward equilibrium,i.e. S*/S*eq = f. Ap-
pearance of label in excess of this minimum should follow
(transposed from Britton, 1973)

An advantage of the P*f S* experiment is that it does not
require the prior adjustment of the isotope probe to equilib-
rium. More importantly, the results at early times can be
used to calculate the partition of Ep between its completion
of the cycle and counterflow (Sf P/P* f S*), where P*
f S* is calculated from the average specific activity of the
product during the interval of its formation. Changes in the
components of this flux ratio make it possible to determine
whether effects onKR are exo or endo derived.
The Equilibrium Exchange Experiment.The rate of

isotope exchange at equilibrium includes endo steps only
and should not be affected by factors that alter exorecycling.
The M/F exchange rate,Vx, is determined using a14C-trace
of M* in an M/F equilibrium. Reaction is initiated with∼5
× 10-6 µmol of enzyme/mL and samples were removed for
determination of F* at zero time, at two time points, and at
equilibrium. Rates agreed closely when calculated fromf,
the fraction of F* toward isotopic equilibrium, and time,t,
usingVxt ) -([M][F]/[M] + [F])ln(1 - f ).

Scheme 1

(F*/F*eq) - 1) Keq(1- f )[1 - (1- f )F∞/KR] (1)

kBexo‚kAexo/(kBexo+ kAexo) t khexo) kcat‚KR/Km (2)

khexo/kcat
F ) K a

F/K m
F (3)

S*/S*eq- f ) -(1- f )(1+ Keq)[(1 - f )S∞/KR - 1] (4)
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The total radioactivity in fumarate for the above experi-
ments was determined as follows: disodium fumarate (125
µmol) and HCl (300µmol) were added to each sample, final
volume∼0.5 mL. Crystallization of fumaric acid, initiated
by vortexing, is rapid at 4°C. Separated by centrifugation,
dissolved in hot water (0.5 mL) and recrystallized (2 or 3
times) to a constant specific activity, the recovery of carrier
F was∼50%.
All rates were measured at 25°C in 1 mL cuvettes

following the formation or disappearance of absorbance due
to fumarate at 240-280 nm using theελ values of Alberty
et al. (1954) and the Spectronic 1001 of Milton Roy Co.
Linear double-reciprocal plots showing the reciprocal of the
initial absorbance change/min are presented and best lines
are drawn using a least-squares program.
Kii andKis values were obtained from double-reciprocal

plots of rate data+ inhibitors:

Care was taken in the preparation of all solutions to avoid
their contamination with salt derived from the glass electrode
used in pH determination. Hence, pH determinations of
stock solutions were made on appropriately diluted samples
of reagents and on incubation mixtures at the end of each
reaction.
Materials. Yeast fumarase was a generous gift of Dr. J.

S. Keruchenko of the A. N. Bach Institute of Biochemistry,
Moscow, Russia. The enzyme, supplied in 5 mM meso-
tartarate and 20% ethylene glycol, is perfectly stable in the
cold. Many of its physical and kinetic properties have been
reported (Keruchenko et al., 1992).
[U-14C]Malate was prepared from [14C]aspartate by incu-

bation withR-ketoglutarate and glutamic-oxalacetic trans-
aminase in combination with NADH and malate dehydro-
genase. [U-14C]Fumarate was prepared from [14C]aspartate
plus aspartase (prepared fromEscherichia coli) following
absorbance at 240 nm. The reaction was quenched promptly
to limit the action of a trace of fumarase. Malate and
fumarate were separated on a column of Dowex-1 formate
eluted with 2 N formic acid. Formic acid was removedin
Vacuowithout heat. Both preparations were made by Donald
J. Kuo of this laboratory.

RESULTS

ActiVation by Low Concentration of Anions.Figure 1
shows the activation of rate resulting with F greater than
0.2 mM. This property, characterized as negative cooper-
ativity, has been reported with fumarase of yeast (Keruchen-
ko et al., 1992) and pig heart (Alberty et al., 1954), and is
found with fumarase C ofE. coli (I. A. Rose, unpublished
results). This phenomenon is lost when 100 mM NaCl is
included in the Ff M direction. At low F, an∼4-fold
activation by NaCl is seen. All anions tested were effective
(with the millimolar concentration giving half the maximum
activation): ClO4- (4), SO42- (4), BF4- (7), formate- (16),
Cl- (50), acetate- (50), glycolate- (50), and Pi (<5). As
shown in Figure 1 (inset), MOPS itself activates very well.
Although there are previous reports that Pi caused activation
with loss of cooperativity (Alberty et al., 1954; Keruchenko

et al., 1992), the range of ions able to do the same, many of
them without the complication of competitive inhibition
found with Pi, has not been appreciated.
The effects of simple monoanions at the concentrations

indicated reflect activation of free M production and not
activation of exorecycling. Thus, a biphasic double-recipro-
cal relationship observed on the M/F equilibrium exchange
ratesVs substrate concentration is linearized by Cl- with
activation (Figure 2). Since equilibrium exchange rates do
not include exorecycling steps and the reaction chemistry is
rapid, the activation and loss of cooperativity due to Cl- must
occur at or before product release.
Figure 3 compares the effects of Cl- concentration on

initial rate, Ff M at 0.5 mM F, and onKR, the parameter

Kii ) [inhibitor]/(intercept+intercept-) - 1 and

Kis ) [inhibitor]/(slope+slope-) - 1

FIGURE 1: Activation of Ff M by NaCl and MOPS. Curves A
and B show reciprocal rates (∆250/min)-1) Vs reciprocal F concen-
tration in 10 mM MOPS, pH 7.48, with 100 mM NaCl in curve B.
The inset shows the reciprocal rates, same scale, at 0.1 mM F and
varying MOPS without NaCl. From curve B and the enzyme
concentration,kcat ) 165 s-1, K m

F ) 0.12 mM.

FIGURE 2: M/F equilibrium exchange rate is cooperative and
activated by NaCl. Reciprocal plots: [M+ F] at equilibrium from
0.5 to 8 mM, in 20 mM MOPS, pH 7.5, with NaCl (100 mM) in
curve B only.Vx ) 140 s-1.

12348 Biochemistry, Vol. 36, No. 40, 1997 Rose



sensitive to the recycling/counterflow ratio. Little net change
in KR is seen up to 50 mM Cl-, where activation of initial
rate is half-maximal. The increase inKR to 0.2 mM at 100
mM NaCl will be shown below to be due to the activation
of exorecycling by some anions at high concentration.
The inhibitory effect of viscosogens attributed to a slow

conformational change, reported with heart enzyme by Sweet
and Blanchard (1990), is also seen with yeast fumarase in
the absence of NaCl (Figure 4). Significantly, the large effect
on (V/Km)F, 3.6-fold caused by 15% glycerol, which indicates
a conformational change at or prior to the product release
step, is not seen in the presence of NaCl. On the other hand,
a 2.75-fold inhibition ofVmax by higher glycerol (25%) only
caused a 1.4-fold decrease onV/Km in NaCl, suggestive of
a slow conformational change subsequent to release of M.
A simple interpretation of the independent effects of salt and
glycerol is that they influence different steps in the reaction
cycle.
Origin of ActiVation by Substrate.The nonspecificity with

respect to activating anion and the fact that both Cl- and
high substrate activate equilibrium exchange suggest that

activation by F may result from its action as an anion and
not as substrate. This would be supported if nonsubstrate
dicarboxylic acids activated as well as F, at much lower
concentrations than does acetate. Malonate and acetate were
found to give about the same ultimate, 3-fold activation with
KA of 2 and 25 mM, respectively (not shown). The activation
by fumarate, seen above 0.5 mM, occurs with 4 mM
malonate and F at<0.2 mM (Figure 5). Activation by F is
about 50% complete at 1-2 mM F (Figures 1 and 5), which
is approximately theKA found for malonate. Sinceall
negative cooperativity is abolished with sufficient Cl- or
malonate, it can be concluded that cooperativity caused by
F is due entirely to its effect as an anion facilitating the
liberation of M.

Em, an M-Specific Enzyme Isoform.Mixed noncompetitive
inhibition is shown by mesotartarate using F as substrate in
100 mM NaCl: Kii ∼ 2.6 mM andKis∼ 1.9 mM at pH 7.48
(Figure 6). With M as substrate, mesotartarate is seen to be
competitive,Kis ∼ 1 mM. High M, 10-30 mM, was
required to obtain linear extrapolations in this region of
substrate activation. An M-specific isoform, designated Em,
must be present in the reaction cycle with F as substrate.
Similar inhibition patterns were shown with 1,2,4,5-ben-
zenetetracarboxylic acid (or pyromellitic acid),Kii ∼ 100
µM andKis ) 10 µM; with citrate,Kii ∼ 20 mM andKis )
3 mM; and with trans-aconitate,Kii ) 2.4 mM andKis )
0.14 mM, all measured at pH 7.4. Unlike mesotartarate,
whereKis/Kii ∼ 1, the slopes are much more sensitive than
intercepts with these three inhibitors. This difference in
relative affinities suggests that additional isoforms with
different relative affinities may be present in the reaction
cycle.

Ionic Effects on Recycling.As noted in Figure 3, high
NaCl causes an increase inKR. This suggestion of faster
recycling was tested by determining the effect of NaCl and
other salts on the noncompetitive inhibition constant,Kii , of
mesotartarate. An increase inKii value would imply a
lowered steady-state concentration of Em. This interpretation
could be complicated if at high concentration the tested anion
was noncompetitive itself. Figure 7 shows thatKii of
mesotartarate is increased 1.7-, 2.2-, and 5.4-fold by NaN3

at 5, 10, and 20 mM, respectively, all in 100 mM NaCl.
Activation by N3- occurs with no change in slope, indicating

FIGURE 3: Effect of [NaCl] on initial rate and countertransport.
An M*/F* equilibrium probe is added to 0.5 mM F, 25 mM Hepes,
pH 7.5, and varying NaCl concentrations (0-150 mM). Values of
KR (×) were calculated from F* determined atf ) 0.5 using eq 1.
For extent of activation (b), Vi(rel), use the right ordinate axis.

FIGURE4: Effect of glycerol on (V/Km)F in the presence and absence
of NaCl. With 10 mM MOPS, pH 7.4, the designation 25/100
represents (25% of glycerol by volume)/(100 mM NaCl),etc.

FIGURE 5: Activation by F is only an anion effect. As in Figure 1,
except curve B has 4 mM disodium malonate, pH 7.39, instead of
NaCl.
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that activation is subsequent to product release and that azide
is not a competitive inhibitor in this range. At 100 mM NaN3

(not shown), mesotartarate, at 3 mM, acts like a competitive
inhibitor; i.e., its Kii has been increased more than 10-fold.
No noncompetitive effect of azide was evident at this
concentration either. Figure 8 compares NaN3, NaSCN, and
NaCl for their ability to increaseKii of mesotartarate,
presumably by increasing the recycling of Em. The greater
effect shown with the chaotropic anions does not extend to
cations and therefore is probably not due to an effect on
solvent (Collins, 1997). Thus, theKii values of mesotartarate
with chaotropic cations Cs+ and guanidinium+ were no
different than with nonchaotropic Na+, compared as their
chlorides at 200 and 300 mM.
Buffer Effects on Recycling.Imidazole activates initial

rate and raisesKii of mesotartarate in the Ff M direction.
At pH 7.4 the maximum rate was increased 1.7-fold by 50

mM imidazole (Figure 9) with no further increase with 100
mM. A 4.4-fold increase inKii is observed in the limit of
high imidazole, also suggesting a saturation phenomenon.
The absence of a change in slopes indicates that both rate
and Kii effects are due to increased recycling of Em. In
support of this, imidazole increasesKR (shown below) and
has almost no effect on M/F equilibrium exchange rate (not
shown). To determine whether the acid or base component
of imidazole causes the activation, the effects of two buffers
with different pKs were compared. Imidazole (pKa 6.9) was
7.9× more effective at pH 7.4 than 2-ethylimidazole (pKa

8.0) (Figure 10). This ratio is much closer to the prediction
for general acid catalysis, 3.6, than for general base catalysis,
0.31. In the limit, the same maximum activation is found
for both buffers, 2.4×. In spite of what appears to be a buffer
effect onKii of mesotartarate, there was no effect of D2O on

FIGURE 6: Mesotartarate, a malate analog that is noncompetitiveVsF. (A) Double-reciprocal plot with F( mesotartarate. As in Figure 1B
(b) or with mesotartarate (1.5 mM,O; 3 mM, 9; and 7.0 mM,×). (B) Kii (mesotartarate)Vs [mesotartarate], calculated using A. (C)
Reciprocal plot with M( mesotartarate,b or ∆ (4 mM).

FIGURE 7: Azide decreases the intercept effect of mesotartarate.
Like Figure 1B with the noted mesotartarate/NaN3 combinations
(both millimolar).

FIGURE 8: Comparison of the effect of N3-, SCN-, and Cl- onKii
of mesotartarate. TheKiis of mesotartarate at 3 mM were determined
at pH 7.4 (10 mM MOPS) in the presence of 100 mM NaCl and
the noted added salt NaX (millimolar). The ordinate givesKii
relative to the values obtained with no additional salt, only the 100
mM NaCl common to all.
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Kii ; i.e.,effects of D2O onVmaxwere the same in the presence
or absence of inhibitor.
ActiVation by Pi and Alkyl Phosphonates.As reported

earlier (Rose et al., 1993) Pi at 10 mM is able to eliminate
counterflow observed with either M and F as substrate.
Similar results are obtained with yeast fumarase with low
concentrations of methyl and propyl phosphonates. These
are much less inhibitory than Pi at low concentration of
substrates. Making use of their different pK values, these
alkyl phosphonates can be compared as activators to
determine whether they act as buffers. TheKii values of
mesotartarate (using F) are increased by the phosphonates
with no effect on slope. For example, see Figure 11, in
which 1 mM of either phosphonate increasedkcat significantly
and increasedKii of mesotartarate∼2-fold. The two phos-
phonates were about equally effective, both increasingKii

∼2-fold at 1 mM, whether the pH was 7.07, 7.34, or 8.2
although they differ in pKa by 1 unit (7.1 and 8.18 for methyl

and propyl, respectively). These results are not consistent
with action of phosphonate as a buffer, nor is it possible to
attribute their effect exclusively to either the mono- or
dianion forms. Apparently, the two charged species are
indistinguishable as activators;i.e., a single charge is
sufficient for activation. Consistent with the large effect that
10 mM Pi had on recycling with heart fumarase (Rose et
al., 1993), mesotartarate loses its noncompetitive character-
istic in the presence of 5 mM methyl phosphonate without
change in slope. With what form of the enzyme is
mesotartarate interacting competitively with respect to F
when Em has been reduced to nil? To explain the constant
slope, one must postulate interaction of the phosphonate with
a nonspecific isoform, hence Emf.
In the presence of 100 mM NaCl used to activate the

dissociation of M, glycerol, chaotropic anions such as N3
-,

imidazole buffers and phosphoanions have been shown to
affectVmax and not (V/Km)F (Figures 4, 7, 9, and 11). The
inference that these factors act on a slow exorecycling step
was tested by determining their effect on the ability of F to
induce the counterflow of M*. Factors that increase
recycling should decrease counterflow, (F*f /F*l ) - f f 0).
Those that decrease recycling should increase (F*f /F*l ) rela-
tive to the control. Table 1 shows 4-13-fold increases in
KR for the three activators, and the expected decrease for
inhibitory glycerol. Using eq 3, the degree to which khexo
limits kcat (full control implied whenKR/Km∼1) is shown in
the order with glycerol> no addition> with N3

- and

FIGURE 9: Effect of imidazole onKii of mesotartarate. Incubations
contained MOPS (10 mM, final pH 7.30-7.48) and mesotartarate/
imidazole combinations as noted (both millimolar). The Cl- added
with the imidazole was supplemented with NaCl to give 100 mM
Cl- in each incubation.Kii values at 0, 8, 25, and 50 mM imidazole
are 1.78, 2.5, 7.0, and 7.8 mM, respectively.

FIGURE 10: Is imidazole an acid or base buffer? Incubations
contained 10 mM MOPS, final pH 7.40, and imidazole (×) or
2-ethylimidazole (b) as their chloride salts as noted with total Cl-

adjusted to 100 mM with NaCl in each case. F) 8 mM. The rate
in each case was compared to the rate without buffer to determine
the increment due to buffer.

FIGURE 11: Alkyl phosphonates activate and raiseKii of meso-
tartarate. Incubations contained 10 mM MOPS, pH 7.07, 100 mM
NaCl and the noted additions: (mesotartarate)/methyl (M) or propyl
(P) phosphonate (both millimolar).

Table 1: Effects of Glycerol, CH3-PO3, N3
-, and Imidazole onKR

in 100 mM NaCl

addeda
initial rate

(rel)
(F*0.5/F*1)

-0.5
KR

(mM) KR/Km

0 1 1.56 0.29 2.2
Glycerol (20%) 0.57 2.57 0.08 0.89
CH3-PO3 (5 mM) 1.62 0.16 4.0 25
NaN3 (30 mM) 1.43 0.50 1.2 3.2
Imidazole (40 mM) 1.36 0.20 3.2 10
a Each incubation contained MOPS (10 mM, pH 7.35), NaCl (100

mM), F (2 mM), M* (∼4× 104 cpm/mL), and enzyme. Samples were
taken atf ) 0, 0.5, and 1 for determination of F*. Initial rates, as∆260,
are compared andKR determined from (F*0.5/F*1) -0.5 using eq 4.Km

F

values were determined for each reaction condition for calculation of
KR/Km.
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minimally with imidazole and phosphonate at their test
concentrations.
Effect of pH on Kii of Mesotartarate.The absence of a

D2O effect onKii suggests that the rate-limiting utilization
of Em may beprecededby a rapid protonation and that Em
f Emf itself is not dependent on proton transfer. This would
be consistent with the activation of these steps by azide (and
high Cl-), neither of which is a proton donor at pH 7.4. It
was of interest to test the pH dependence ofKii of
mesotartarate on the possibility that the state of protonation
of Em might affect its affinity for mesotartarate. One could
hope in this way to identify the pKa of the group involved
in rapid exorecycling protonation in the Ff M direction.
An ∼6-fold increase inKii is found from pH 7.4-8.4 of∼2
mM to pH 5.3-6.0 of 12 mM (Figure 12). From reciprocal
plots (not shown) with mesotartarate present at 3 mM there
was little change in slope between pH 6 and 8, consistent
with the exo position of the pH effect. At the midpoint of
this change, pH∼ 6.75, only about 1% of the mesotartarate
will have been titrated based on pK2 ∼ 4.75 determined in
100 mM NaCl. Apparently, protonation of Em prior to its
conversion to Emf decreases its affinity for mesotartarate but
does not prevent formation of an inhibitory complex. A
group with a pK ∼ 6.75 may both decrease the affinity of
Em for mesotartarate when protonated and be required to be
protonated for the transformation to Emf.
What Is the Rate-Limiting Step in Ff M When Em f

Nil? Vmax of F f M at pH 7.4 and 100 mM NaCl,∼300
s-1, is increased 1.45-1.5-fold by addition of NaN3 or
phosphonates. This new activated rate is decreased 2.6-fold
in D2O at 8 mM F and 5 mM methyl phosphonate and 2.0-
fold with 100 mM NaN3, both with 100 mM NaCl. To
determine whether the step responsible for the D2O effect
was an endo- or exorecycling event, the slope effect of D2O
was determined under activating conditions.
At pH 7.49, pM 7.57, in the presence of NaCl and NaN3

(100 mM each),DV was 2.1 andD(V/Km)F was 1.78 (not
shown). From this one could conclude that∼84% of the
D2O effect onVmax came from an endorecycling step. At

pH 8.4 the D2O effect onV/Km was at least as great as that
onV, 2.5-fold, suggesting that all the D2O effect comes from
a rate-determining endo step. A similar D2O effect on (V/
Km)F was reported using pig heart enzyme from pM 6.7 to
7.4, in which maximum activation must have been achieved
with the 30 mM Pi present (Thomson, 1960). This probably
reflects the same endorecycling proton transfer step.
The presence of a slow endo proton transfer is confirmed

by a 2-fold D2O effect on the M/F equilibrium exchange
rate with M (32 mM), F (8 mM), and NaCl (100 mM) in 10
mM MOPS, pH 7.0 (not shown). Using up to 100 mM
imidazole, in addition to 100 mM NaCl plus 100 mM NaN3,
does not produce any increase in either initial rate or M/F
equilibrium exchange (not shown). Presumably the slow
endo proton transfer is not accessible to buffer.
Thus, recycling after the Ff M conversion requires a

rapid proton uptake that may occur after M dissociates from
Em and a second, slow proton dissociation that occurs after
F becomes bound to Emf.

DISCUSSION

The F f M conversion rate by fumarase is 4-5-fold
activated by simple monoanions at low F concentration when
compared with the rate extrapolated to zero ion concentration.
Without added anions and at F below activating concentra-
tions, a small but significant basal rate of conversion may
remain. Both anions and high substrate increase the M/F
equilibrium exchange rate, showing that both influence steps
involved in product formation rather than steps of free
enzyme interconversion. To simplify matters, the activation
caused by substrate is really an anion effect disguised as
cooperativity. Thus, malonate activates at concentrations
similar to those required for activation by F.
The basis for the large effect of simple salts on the rate of

M formation requires further study by structural methods.
The low concentration required for many of the salts argues
against ionic strength as an explanation. A mechanism based
on replacement of charge during product release may be
reasonable. It is likely that the carboxylate groups of M will
be released in a stepwise manner. For example, in the
aconitase reaction the desorption ofcis-aconitate is slow,
allowing the proton abstracted in the dehydration of citrate
to appear in the isocitrate product without mixing with free
cis-aconitate (Rose & O’Connell, 1967). This result and the
stereochemistry of the reaction (Gawron et al., 1961) requires
thecis-aconitate intermediate to undergo major reorientation
within the active site without becoming detached, possibly
using the carboxymethyl group of thiscis-aconitate as a pivot
point. When the first carboxylate group of M is released in
the fumarase reaction, charge neutralization of the exposed
positive residue by nonspecific anions would prevent its fall
back, accelerating complete release of the product.
The activating effect on M formation due to anions

determines the pathway used after liberation of M. This is
shown from the influence of NaCl on the inhibition patterns
obtained with glycerol (Figure 4). Without anions, glycerol
causes a decrease in bothVmax and (V/Km)F, indicating that
the glycerol-sensitive step either precedes or is coincident
with release of M. In the presence of anions that increase
product formation there is little change inV/Km upon addition
of glycerol in spite of large effects onVmax, suggesting that
the step inhibited by glycerol follows the salt-activated M-off
step. Thus, the steps responsible for the glycerol effect and

FIGURE 12: pH dependence ofKii (mesotartarate). Reciprocal (F)
vs rate curves were plotted( mesotartarate, as in Figure 6. pH
was adjusted with 10 or 20 mM cacodylate (b), MOPS (O), or
EPPS (×).
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product dissociation would be independent. If that were also
true in the unactivated case, the rate-limiting, glycerol-
sensitive step must precede and not be coincident with the
release step. These alternatives are pictured in Scheme 2,
in which the first step of the lower path is activated by anions.
The nature of E and E′ will be discussed below. The
possibility that the conformational change (c.c.) occurs in
recycling implies that its reverse has occurred at an earlier
point in the cycle. This primary conformational change must
be rapid as there is little effect of glycerol on slope in the
presence of NaCl (Figure 4) or on the rate of M/F exchange
at equilibrium (data not shown). Its source may be the
reaction itself, which would not be detected by either of these
kinetic methods due to its great rate relative to endo- events
such as product release.
The increase in equilibrium exchange rate by 100 mM

NaCl at low (M+ F) (Figure 2) seems to offset a second
salt effect on recycling (Figures 7 and 8 and Table 1). Thus,
in Figure 3, theKR, which reflects the recycle/exchange ratio
of free enzyme, does not increase with increasing NaCl as
long as the exchange rate is also increasing. The basis for
the activation of recycling could be analyzed only when
effects on the concentration of Em in the steady state could
be determined. Observation of noncompetitive inhibition by
mesotartarate in the direction Ff M indicates that there is
a significant amount of Em (M-specific) that is “slowly”
converted to a species with which F can react in the steady
state. Factors that increaseKR, such as high Cl-, N3

-,
phosphonate, and imidazole (Table 1), also decrease Em as
shown by the increasedKii of mesotartarate (Figures 7, 9,
and 11). These effects have been interpreted as activation
of the recycling of Em. Alternately, such effects might result
from a change in the sequence of steps, as was used to
explain the effect of anions in Scheme 2. If these activators
favored the release of a nonspecific isoform, Emf instead of
Em, the concentration of Em would be decreased andKR

would increase. In this case the conformational restructuring
would have to become endo. One would expectV/K to
change asKii increased, which is not observed with any of
these activators (Figures 7, 9, and 11). The practically
parallel nature of these double-reciprocal plots also means
that any alternate path for M formation must not be
significantly influenced by high salt, imidazole, or phosphon-
ate. Therefore the effect of these factors onKR and Kii

reflects an increased recycling of Em. When made rapid
enough by these activators, mesotartarate behaves like a
competitive inhibitor,i.e., Em has been converted to a species
with affinity for both F and mesotartarate, and therefore
presumably M. This suggests that Em recycles to a non-
specific species, Em f Emf, rather than to an F-specific form
with which mesotartarate would not interact (Figure 6).
The interaction of F with Emf must be functional, a part

of the cycle and not a dead-end interaction since one never
observes inhibition with very high amounts of F. As will
be shown in a subsequent report, recycling in the Mf F
direction results in formation of an F-specific isoform, Ef,

which also progresses to a nonspecific form, presumably the
same Emf. With F as substrate the Emf f Ef f Ef‚F path
will be replaced by Emf f Emf‚Ff Ef‚F as F increases. Any
recycling event that occurs in Emf f Ef would have to occur
in the interconversion of the F-liganded complexes. Bypass-
ing the Emf f Ef conversion as F increases could become
the basis for cooperative kinetics when earlier steps are made
rapid by the presence of an activator of Em f Emf (Britton,
1997). This possibility was examined at pH 7.4 in the
presence of 100 mM NaCl and 100 mM NaN3. No curvature
in the double-reciprocal plot was seen over the range 0.05-
4.5 mM F. Thus theKm of F for reaction with Emf must be
quite low, or the transition of Emf to Ef must be very slow.
When do the proton transfers occur in the reaction cycle?

TheR subsite becomes protonated in the Ff M direction
by abstraction from the cosubstrate H2O as part of the rapid
chemical conversion. Deprotonation of this site must be the
source of the D2O effect in this direction inasmuch as proton
transfers are rapid from theâ subsite (no discrimination
against T in the formation of M in T-water). Under
conditions giving rapid release of M, 100 mM NaCl, with
Em f Emf made rapid by Pi, V/Km shows∼2-fold D2O effect.
Likewise, a similar D2O effect on M/F exchange at equilib-
rium establishes the site of dissociation of theR site as endo.
Therefore, theR-proton must recycle either before M
dissociates or after F interacts with Emf. Absence of a D2O
effect onKii of mesotartarate rules out deprotonation of the
R site prior to M formation. Thus, theR site, which becomes
protonated in the Ff M conversion, is only restored when
the next cycle has begun. The importance of this step in
determingkcat will require knowledge of its intrinsic D2O
effect. As H2O is known to exchange before F in the Mf
F direction (Hansen et al., 1969), accessibility of theR site
to protons of the solvent at this point in the cycle is assured.
The â site becomes protonated by the Mf F reaction

and must be deprotonated for the next reaction with M. At
what point in the recycling path does this exchange occur?
The observation (Rose et al., 1992) that T derived from 3T-
malate is captured by F at low concentration (∼0.1 mM)
indicates that exchange from theâ site of Emf is slow or nil.
On the other hand, the absence of T discrimination for M
synthesis in T-water requires that theâ site is rapidly
protonated. Therefore, theâ-proton of Emf may exchange
with solvent only after a slow step, such as Emf f Em. This
could explain the observation that capture by F as a fraction
of the total T of 3T-malate that is mobilized was decreased
as the concentration of M was increased (Rose et al., 1992).
This phenomenon has been confirmed with mesotartarate and
the yeast enzyme;i.e., added mesotartarate raises the
concentration of F required for capture of T derived from
3T-malate (not shown). Thus, exchange of theâ-proton
occurs from both Em and Em‚M. It is curious that the two
protons that must be lost for recycling to occur in the two
directions are not lost until the substrate binds to the
otherwise fully recycled enzyme. The site at which theR
site is reprotonated in the Mf F direction will be considered
in a subsequent paper.
Support for early protonation of theâ site in the Ff M

direction comes from the effect of pH onKii of mesotartarate
(Figure 12). Em interacts with mesotartarate about 6×more
tightly at pH 7.4-8.4 than at pH 5.4-6.0. Since theR site
is protonated when M is formed, Scheme 1, and since its
deprotonation for the next cycle with F occurs at a late step
of the cycle, as already discussed, the states of Em at these

Scheme 2
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extremes of pH would be Eâ
RΗ and EâH

RΗ, respectively. The
protonation of theâ site, preceding the slow Em f Emf
transition, is at equilibrium with an apparent pKa of ∼6.7.
Protonation of theâ site in this pH range probably explains
the decrease inVmax(MfF) that is observed below pH 7.0.

In addition to the solvent as a proton source, imidazolium
acts as a general acid (Figure 10) for theâ site, as shown by
its ability to raise theKii of mesotartarate (Figure 9) and
facilitate recycling of E(m)

RH (Table 1). In this mechanism the
buffer proton must be transferred in an imidazolium‚Eâ(m)

RH

complex giving imidazole‚EâH(m)
RH , which undergoes slow

conversion to imidazole‚EH(mf)
H before dissociation of the

imidazole. The absence of a D2O effect onKii of meso-
tartarate supports the conclusion, based on the effect of
glycerol, that recycling of Em is limited by a conformational
change, not a proton transfer.

Weaver and Banaszak (1996), using X-ray data forE. coli
fumarase C complexed with citrate to model in M, have
identified H188 acting through an active-site H2O molecule
as the base for abstraction of the methylene H of M. This
would be consistent with the pKa of ∼6.7 for recycling of
the neutral His residue but requires that T, that is abstracted
from 3T-malate, reside on a water that is hydrogen-bonded
to His H+. The high extent of T transfer, exceeding 80% at
high F, is more readily explained using the monoprotonic
T-carrier that would result with His itself as the abstracting
base.

One should consider whether the existence of two enzyme
isoforms to which M can bind may have evolutionary
significance. Since F cannot bind to Em, it seems unlikely
that the major uneclipsed conformation of M, with the
carboxyls anti to each other, would bind either. By this
argument the M formed from F would undergo a rapid
rearrangement to the more stable, unbindable conformation
after and possibly during its release from Em. Thus, a
conformational distortion of the active site would serve the
function of improving the desorption of the product. This
strategy would not interfere with binding of M in the Mf
F direction inasmuch as nonspecific Emf occurs earlier in the
cycle in that direction.

To study the nature of the Em f Emf conformational
change requires an analysis of structures that are stabilized
in different states. For this a more complete understanding
of the specificities of inhibitors will be useful. The
conformation of bound mesotartarate might serve to crys-
tallographically distinguish between protein in the Em and
Emf forms, reflecting their different affinities for M and F.
In addition, a specific inhibitor for Ef would be useful to
identify that form. A greater access to solvent of theâ site,
probably H188, in Em than Emf should serve to distinguish
these structures in crystals.

Identification of the binding site of Pi, competitive with
N3

- and SCN-, the most chaotropic anions (Melander &
Horvath, 1977; Brzovic et al., 1994) might clarify its role in
facilitating Em f Emf. Continuing their earlier X-ray analysis
of E. coli fumarase C, Weaver et al. (1995, 1996) may have
identified a possible regulatory site,∼12 Å from the active
site, based on binding of a small molecule at the entrance of
the pocket in which substrate binds. This region, unlike the
substrate binding site, is not conserved in other members of
the fumarase superfamily, nor was it essential for activity
(Weaver et al., 1997).

The present study should have significance for enzymes
other than fumarase. The chemical phase of any enzymatic
reaction imposes changes on the enzyme as the enzyme
changes the substrate. For some types of reactions, loosely
termed rearrangements, reconstruction of the initial active-
site configuration may occur in a subsequent half-reaction.
For most hydrolases, hydratases, kinases, dehydrogenases,
and other transferases, active-site reconstruction must occur
after the reaction chemistry. Reconstruction may be slow
as indicated by isomechanism kinetics, by counterflow
exchange, by D2O and buffer effects, or by the ability to
capture a transferred proton or-OH group before dissocia-
tion, or reconstruction may be rapid. In either case, processes
have been developed in the evolution of the complete enzyme
reaction cycle within the constraints of protein structure and
the parameters that determine rates of proton transfer that
we do not understand in most cases. A dedicated analysis
of recycling kinetics combined with structural studies of a
variety of enzymes will be required before general principles
will become discernible.
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