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ABSTRACT: Activation of fumarase by high concentrations of either malate or fumarate, often referred to 
as negative cooperativity, can be explained without assuming additional sites of substrate action or subunit- 
subunit interactions. The following observations support a model based on a rate-dependent recycling of 
free enzyme through a sequence of conformational states that differ in substrate specificity and catalytic 
activity: (1) Displacement from equilibrium of a radiolabeled malate/fumarate probe is readily induced 
by moderate concentrations of either substrate. This phenomenon, called substrate-induced countertransport, 
indicates that the steady-state ratio of free enzyme forms is very dependent on substrate concentration. (2) 
Related to this, the back-labeling that can be observed with either 14C product with either substrate in the 
steady state is more rapid than expected for a single free enzyme state model. (3) Fumarate, more strongly 
than malate, shows competitive effects as a product. This may reflect a higher affinity of fumarate for an 
isoform that also reacts with malate. (4) Pi, an activator of fumarase at  midrange substrate concentration, 
overcomes strong competitive inhibition by fumarate of the M -, F reaction and increases recycling as 
shown by its effect on counterflow. To the extent that these effects are due to buffer activation, they suggest 
that proton transfer between solvent and the enzyme site is important in determining the recycling rate. 
( 5 )  Transaconitate, a competitive inhibitor, overcomes counterflow induced by either substrate, indicating 
that recycling events occur in the enzyme-transaconitate complex. 

Fumarase, a homotetrameric protein, is significant among 
simple enzymes (a one substratelone product reaction without 
cofactors) in the many ad hoc adjustments that have been 
required to explain aspects of its initial rate behavior. 
Additional sites have been proposed for both substrates to 
explain higher than expected rates at high concentrations, 
negative cooperativity (Alberty & Bock, 1953; Alberty et al., 
1954; Hasinoff & Davey, 1986; Keruchenko et al., 1992), 
although binding studies have failed to detect more than one 
site per subunit (Teipel & Hill, 1968). Furthermore, a number 
of small anions such as inorganic phosphate (Massey, 1953; 
Alberty et al., 1954) have the unusual property of acting both 
as weak competitive inhibitors at low substrate concentration 
and as activators at high substrate concentration. Anion 
activation discovered for fumarase from Escherichia coli 
(Mann & Woolf, 1930), liver andmuscle (Clutterbuck, 1928), 
and yeast enzymes (Keruchenko et al., 1992) appears to 
supplement the cooperative effect of high substrate, lowering 
the apparent Km of substrate needed for activation. The 
present paper offers an explanation for these phenomena based 
on the observation that interconversion of substrate- and 
product-free enzyme forms is stepwise and rate-limiting for 
the reaction cycle. We conclude that the apparent negative 
cooperativity is not due to multiple binding sites for substrates 
but rather to changes in the interconversion steps that become 
rate-determining at different substrate concentrations. A 
similar explanation for apparent negative cooperativity with 
monomeric enzymes has been proposed by Cornish-Bowden 
and Cardenas (1 987) and may explain supersaturation effects 
observed with other multimeric enzymes. 
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The concept that substrates induce structural changes in 
the course of binding to an enzyme and that different 
conformations result when products bind has often been 
verified by a variety of structural methods. Less clear in 
general is whether there are enzyme conformations in solution 
that are specific for the binding of substrate and others for 
the binding of product. The interconversion of these free 
enzyme forms would have to occur in each catalytic cycle. It 
seems likely that if substrate-specific conformers exist, their 
spontaneous interconversion might be slower than thechanges 
that occur after the substrate is bound, lacking the inducing 
interactions that are provided by substrates. Rapidly reversible 
interactions at the active site with a variety of compounds 
might increase the rate of critical interconversion steps and 
therefore activate the catalytic cycle. Such substrate mim- 
icking effects might be likened to substrate-induced transitions. 

The fact that the fumarase reaction is close to being 
substrate-diffusion-limited at low substrate concentration 
(Alberty & Pierce, 1957), true for many enzymes, provides 
no information about the rate of the overall cycle, Vmax, which 
must include the rate constants for the recycling steps. Isotope 
exchange studies with fumarase (Hansen et al., 1969; Berman 
et al., 1971) indicate that the reaction chemistry is rapid, a 
conclusion supported by failure to find kinetic isotope effects 
as the enzyme is usually studied (Anderson, 1991; Cleland, 
1977; Blanchard & Cleland, 1980; Rose, 1970). Without 
evidence to suggest slow recycling it is usual in such cases to 
assume that product release steps are rate-limiting for Vmax. 

Recent studies (Rose et al., 1992) have concluded that both 
the donor-protonated, EH, and unprotonated forms of fumarase 
are able to form competent complexes with either malate or 
fumarate (Scheme I).' The pathway using steps a-d, in the 
square, should be dominant at low substrate concentrations. 

Abbreviations: M, L-malate; F, fumarate; M*, [I4C]malate; F*, 
[I4C]fumarate; T, 3H; S, substrate, P, product; S*, labeled substrate; P*, 
labeled product. 
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Scheme I 

At very low substrate concentration product forms of the 
enzyme will have time to equilibrate before the next reaction 
cycle. From intermolecular tritium-transfer experiments, the 
dissociation of ETwas found to be only - 1 .5kat or -600 s-l 
which is much too low to account for the turnover rates that 
are achieved at supersaturating levels of either substrate. With 
( V / &  = lo7 M-l s-l (earlier estimates were done before 
fumarase was known to be a homotetramer), EH.M would be 
formed from EH at >0.1 mM malate. If such a complex were 
formed, it would have to be competent since neither substrate 
shows inhibition at very high concentration (Scott & Powell, 
1948). The pathway efbc was indeed shown to occur when 
malate was found to compete with fumarate for ET, resulting 
in diversion to [Tlwater rather than to [Tlmalate. The 
partition of ET was consistent with the Haldane equation; 
i.e., it was based on the relative V / K ,  values of the two 
substrates. From this it was presumed that the malate- 
activated deprotonation is a component of the M - F 
conversion pathway at high malate. Both the efbc and hgba 
pathways are high substrate pathways in which proton 
dissociation/association occurs from liganded enzyme com- 
plexes. Scheme I does not explain activation by high substrate 
however. After all, Michaelis-Menten kinetics is commonly 
observed in random order pathways. 

As is true for all reversible reactions, the central complex 
of reactants, in this case EH.F and E.M, must partition in 
forming product and re-forming substrate. In the case of 
fumarase, malate and fumarate are formed in a ratio of - 2/ 1 
(Rose et al., 1992) as determined from the partition of enzyme- 
bound 14C-labeled reactants dissociating into a mixture of 
unlabeled substrates. This partition is similar to that reported 
for l 8 0  exchange from C-2 of malate relative to fumarate 
formation (Hansen et al., 1969; Berman et al., 197 l ) ,  implying 
that -OH isotope exchange with water from E-malate is 
virtually complete before the 2 to 1 partition of the intermediate 
to free malate and fumarate occurs. These observations have 
led us to expect that instead of product release the recycling 
of nonliganded enzyme conformers, isoforms, may contribute 
substantially in determining Vm,, of reaction. 

Three properties of the fumarase reaction cycle suggest the 
occurrence and importance of conformational isomerization 
in the recycling step(s) of the heart muscle enzyme. The first 
of these, substrate-induced countertransport (Britton, 1973), 
requires that substrate-specific isoforms of free enzyme in the 
reaction paths interconvert slowly enough for their relative 
concentration to be driven out of equilibrium by the passage 
of substrate to product. Countertransport will be demonstrated 
if when a probe solution of labeled substrates, malate and 
fumarate in this case at equilibrium, is added to a solution of 
enzyme that is catalyzing net product formation, the isotope 
ratio changes in reverse of the mass flow. Displacement of 
the tracer ratio from its equilibrium requires that the product 

and substrate react with different enzyme forms and that 
these forms are displaced from their equilibrium position by 
the net flux. Therefore, when studied under conditions that 
depend on the complete reaction sequence, it would seem that 
M* and F* are competing for different enzyme forms in the 
recycling process. The basis for this difference is not contained 
within the processes shown in Scheme I in which E and EH 
are shown to react with both M and F. 

The observation of isotopic counterflow not only depends 
on slow recycling but also anticipates that the interconverting 
species are specific or relatively specific with respect to the 
two substrates. Real specificity would be shown if either M 
or For  both acted as noncompetitive inhibitors (Segel, 1975). 
In all the extensive kinetic literature on fumarase, one report 
(Taraszka & Alberty, 1964), not further pursued, suggests 
the importance of product accumulation terms other than 
V / K ,  of product to the rate equation. The relevance of this 
study is difficult to evaluate on the basis of the data to be 
presented and in view of the low concentration range over 
which inhibition effects were studied by these researchers. As 
will be shown, the demonstration of conformational isomer- 
ization by absolute free enzyme specificity is not trivial in 
cases of apparent negative cooperativity. Nevertheless, 
evidence is offered that both fumarate and malate are 
noncompetitive product inhibitors by demonstrating that they 
cause back-labeling of substrates malate and fumarate, 
respectively, that cannot be prevented by substrate at high 
concentration. Changes in the ratio of back-labeling to net 
flux normalized for reactant concentration are suggestive of 
additional isoforms with differing substrate specificity ratios. 

A consequence of the slow rate of conformational isomer- 
ization that occurs in every cycle is the observation that both 
V,,, and V/Km values associated with fumarate and malate 
depend on the concentration ranges over which these param- 
eters are measured. This property will be interpreted as a 
reflection of changes in the distribution of free enzyme isoforms 
away from their equilibrium ratio and toward different steady- 
state distributions depending on the concentration of substrate 
and activators that are present. 

METHODS 

Theory 

Isotope Counterflow Method of H .  G.  Britton (1973).  It 
may be suggested in some cases that among the multiple forms 
of an enzyme in solution, varying in conformation, hydration, 
proton distribution, etc., that different forms are generated 
in the forward and reverse directions of the reaction at the 
time of formation of product. In the case of fumarase, name 
the families Ef and E, arising from the conversions M - F 
and F - M, respectively. This assumption is not inconsistent 
with conformational changes that may be synchronous with 
binding of either substrate. These same induced changes, 
also occurring during free product formation, together with 
the steps of catalysis make up the steps that are used for M / F  
isotope exchange at equilibrium. The isotope countertransport 
method of Britton (1973) depends on the possibility that in 
the direction F - M the ratio (E,/Ef)ss may be significantly 
greater than (E,/E& as would be the case when the first- 
order recycling rate E, - Ef is not very much more rapid 
than the second-order counterflow rate E, + M* - Ef + F*. 
This is illustrated in simplified form in Scheme 11. As long 
as F/M is greater than the solution equilibrium ratio, 0.22/1, 
and the recycling rate constants are not too rapid, eq 1 should 
bevalid, and k-lM*E, will be greater than klF*Ef. Therefore, 
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Scheme I1 
F M 

(M*/F*),, should be less than (M*/F*)q An equation was 
derived by Britton (1973) and later by Albery and Knowles 

(Em/Ef)Bs = (k1F + k-&/(k-,M + kJ ’ (Em/Ef)q (1) 

(1987) that relates the changes in the two measurable ratios 
product/substrate and labeled product/labeled substrate to 
a characteristic constant, a, that can be used to calculate the 
slower of the rate constants, kz or k-2, of Scheme 11. Equation 
2 is a reformulation of these equations to give prominence to 

(S* /So*)  - 1 = Kq( 1 -A [ 1 - (1 -fiO*so’(K~+l)] (2) 

the parameterfthat represents the fraction to which substrate 
has progressed toward equilibrium at the time of sampling, 
where K, = (P/S),, Sois theinitial concentration of substrate, 
S*/So* is the fold increase in label in S over that present in 
the equilibrium, and a-I K,  is a characteristic complex 
partition constant defined in eq 3. These equations apply to 

(3) 

an idealized model in which cross complexes ESP and Ep.S 
are either not formed or formed but not inhibitory. A variant 
of Scheme I1 in which more than two free enzyme states occur 
in a recycling sequence will result in a more complex 
counterllow equation as new states result in additional 
recycling pathways. This more complex model seems to apply 
to fumarase, and is responsible for very large extents of 
substrate activation such as -%fold with fumarase of 
Saccharomyces cerevisiae using high fumarate (Keruchenko 
et al., 1992). 

It is not the purpose of the present investigation to develop 
a detailed model for the recycling pathways in either direction 
as a function of substrate concentration but rather to establish 
the presence of ligand-free enzyme states that are functional 
in the reaction cycle and differ in substrate specificity. Product 
inhibition is the classical approach to this kind of question 
using an equation such as eq 4 that defines competitive and 

VM+F = V/  [ 1 + (Kg/M) (1 + F/K:) + F/K!] (4) 

noncompetitive binding constants for product fumarate, 
K! and Ki. Given the apparent cooperative activation by 
substrate concentration, both inhibition constants will be a 
function of substrate concentration except under the limiting 
conditions of low and infinite substrate at which unique Ki, 
and Kii values may be established, respectively. For the slow 
recycling model it will be important to eventually establish 
affinities for substrate, product, and allosteric effectors for 
each state and determine if any interconversions are subject 
to buffer catalysis.2 

This standard equation can be applied only to limited ranges of 
substrate concentrations. It is preferred to equations second order in 
substrate that are inconsistent with the model for activation based on 
action of a single substrate molecule with alternative enzyme isoforms 
in the steady state. 

Reactions with Fumarase. The enzyme (EC 4.2.1.2) and 
the labeled reagents were the same as described in Rose et al. 
(1992). When assayed at 25 OC at pH 7.9 the enzyme from 
Sigma Chemical Co. gave a rate of 450 units/mg. The amount 
of enzyme was determined from = 0.51 which was 
confirmed by dialysis equilibrium with excess [ 14C]fumarate 
of known specific activity. This corresponds to a turnover 
rate of 363 s-1. Standard conditions for assay in a l-cm- 
path-length cuvette in the Gilford Response spectrophotometer 
maintained at 25 OC used malate (50 mM) and potassium 
phosphate (50 mM, pH 7.9). Results, similar to the ones 
presented with the Sigma enzyme were obtained with enzyme 
prepared by the method of Kanarek and Hill (1964), turnover 
rate of -480 s-l. Enzyme crystals, stored in ammonium 
sulfate, were dissolved in low buffer concentration medium, 
and passed twice through Sephadex G25 equilibrated with 
the same buffer. Reproducible results often depended on using 
the enzyme on the day of the desalting. Initial rate mea- 
surements were also madein [TI water in the F-. M direction. 
A standard sample of [14C]malate (500 cpm) was added after 
quenching with TCA. Labeled malates were recovered by 
elutionfromDowex-1-acetate (1-mLcolumn) withO.l N HCl 
from well-washed columns. Counts were determined after 
the eluates were dried in vacuo. The enzyme rate was 
calculated from the specific activity of the water, there being 
no T-isotope effect. All experiments reported were done at 
25 O C .  

Counterfow experiments were done at 25 OC in cuvettes 
of path length 0.1, 0.2, or 1 cm as required by the initial 
concentration of F used, Fo, or the amount to be formed in 
the reaction. A probe solution of M*/F* in tracer amounts 
at equilibrium was prepared when required by briefly 
incubating fumarase plus [ 14C] fumarate, quenching with acid, 
and adjusting by buffer base to the desired pH. The forward 
reaction, usually F - M, was initiated by adding unlabeled 
substrate to a cuvette containing enzyme, buffer, and the probe. 
Theabsorbance at 250 nm was recorded with time as a measure 
of F using e250 = 1450 M-l cm-I. Samples were taken at 
varying degrees of approach to solution equilibrium and total 
counts in fumarate determined. 

Analysis of Fc. In all cases, the label in fumarate was 
determined in the TCA-quenched solutions after the addition 
of 120 pmol of carrier fumarate and three sequential 
crystallizations and dissolutions in warm water. The amount 
of fumarate recovered, dissolved in 10 mM NaOH, was 
determined at 250 nm. Total counts in fumarate were 
calculated from its specific activity, and the carrier was added. 
This method was found to give very reproducible assays of the 
equilibrium isotope ratio which at both zero time and infinite 
time was found to have 18.5 f 0.3% of the 14C counts present 
as fumarate. Recovery of fumarate was usually -50%. 

Analysis of M*. To determine small amounts of label in 
malate in the presence of 100-fold larger amount of F*, three 
of four successive crystallizations of F* were done in -0.3 
mL of TCA (- 1 M) with additions of fumaric acid (170 
pmol) before each crystallization. Label in the final super- 
natant was compared with a suitable zero time control. 

Determinations of Inhibition Constants. Inhibition was 
measured by following the decline in the rate of formation of 
product as the reaction progressed far from equilibrium or by 
measuring the initial rate with varying substrate. Both sets 
of data were interpreted using eq 4. A third method used in 
an attempt to distinguish between competitive and noncom- 
petitive inhibition at high substrate concentration was to study 
back-labeling, F* - M*, in the presence of varying M and 
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FIGURE 1: Displacement of F* from equilibrium with reaction 
progress due to counterflow in the M - F direction. M*/F* at 
equilibrium (1.5 X lo5 cpm/mL) was added to 10 mM malate in 10 
mM Tris-acetate, pH 7.8, at 25 OC and monitored at 250 nm. 
Samples were taken at various fractions, f, toward equilibrium and 
quenched with TCA, and the label in F was determined. 

constant F*, or M* - F*, in the presence of varying F and 
constant M*. Such experiments were brief enough to preserve 
the initial concentration conditions. Failure to eliminate back- 
labeling in the limit of infinite substrate is taken as evidence 
for a product-specific isoform. 

Radiolabeled Substrates. [ 14C] Malate was prepared from 
~ , ~ - [ l - ' ~ C ] a s p a r t a t e  ( 5  X lo6 cpm/pm from New England 
Nuclear) with glutamic-oxalacetic transaminase (Sigma) and 
a-ketoglutarate, NADH, and malate dehydrogenase (Sigma). 
[ 14C] Malate was recovered on Dowex-1-chloride by elution 
with 50 mM HCl. It was deemed to be isotopically pure from 
the fraction of isotope appearing as fumarate (isolated by 
crystallization) after treatment with fumarase. [ 1 ,4-14C]fu- 
maric acid, 3.8 X 106 cpm/pm (Isotopes, Inc.), was purified 
by ether extraction from acid solution. Both 14C-labeled 
substrates, upon incubation with fumarase, resulted in the 
same, equilibrium, fraction of label in fumarate of 18% at 25 
"C. 

RESULTS 

Demonstration and Properties of Isotope Counterflow. TO 
determine whether recycling of ligand-free enzyme, formed 
under conditions of net product formation, is slow relative to 
malate/fumarate interconversion, probe solutions, M*/F* = 
4.4, were added to a reacting solution of enzyme plus substrate 
and samples taken to determine if changes in the amount of 
label in fumarate had occurred. In Figure 1 the radioactivity 
in fumarate is shown to decrease from its initial equilibrium 
even as the overall flux is in the direction of producing net 
fumarate from the 10 mM malate present initially. The 
opposite result is seen in Figure 2 in experiments initiated by 
Fo at 1 and 100 mM and imidazole acetate at 10 and 50 mM, 
pH 7.0. In both experiments the isotope distribution returned 
to equilibrium when net flux reached equilibrium. Two 
exceptions appear in trying to relate the progress curve of 
Figure 2 to Britton's equation. Firstly, the displacement of 
F*/Fo* is surprisingly insensitive to progress toward equi- 
librium from the F - M direction. Secondly, values of the 
displacement with Fo = 100 mM are significantly greater 
than the limit KW( 1 -A above which eq 2 cannot be applied. 

5' 
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FIGURE 2: Effect of fumarate concentration and buffer on coun- 
terflow: M*/F* at equilibrium (2.5 X lo5 cpm/mL), Fo at 1 mM 
(X) or 100 mM (e), pH 7.0 (imidazole acetate, 10 mM), or to 1 mM 
Fo in 50 mM buffer (0). Samples were analyzed for F* during 
approach to F/M equilibrium. 

Table I: Changes in the Back-Labeling/Net Flux Ratio with 
Reactant Concentration and Direction of Reaction" 

In the Direction F - M 
F/M (mM/mM) Rb R.P/SC 

10/10* 
20/10* 
40/10* 

1.41 1.41 
1.69 0.84 
1.95 0.49 

~~~~~ ~ ~ 

In the Direction M - F 
M/F (mM/mM) Rb R.P/SC 

loo/ 10* 
200/10* 
400/10* 

1.21 0.12 
1.38 0.07 
1.63 0.04 

(1 Incubations at 23 O C  contained thenoted concentrationsof substrate 
and 10 mM ["Clmalate or fumarate (lo*), the products. Tris-acetate 
(20mM, pH 8.5) wasused. Reaction was followed at 250nmand stopped 
with acid when net product formation of 0.14 mM occurred using 0.24.4 
U of fumarase. The back-labeling rate was determined from the total 
counts in the substrate and the initial specific activity of the product. The 
ratio of fluxes normalized tojnitial concentrations (R-PIS) indicates the 
extent to which substrate is able to suppress back-labeling in both directions 
of net flux relative to the values expected for a single free enzyme form 
in both directions. R = [(S - P)ot. + (P* -. S*)]/(P* - S*) is the 
partition ratio of free enzyme between reaction with S and P*. The true 
S - P conversion is given by the loss of S corrected for the S formed from 
P * .  For a reaction in which S and P react with the same free enzyme 
species R.(P/S) should equal K,, Le., 4.4 with F - M and 4.4-' or 0.22 
with M - F. 

Another approach, more commonly used to determine if 
the enzyme liberated in the forward and reverse directions of 
the reaction are the same, is based on a comparison of the 
ratios of back-labeling to the forward rate under the same 
conditions in both directions. In such an experiment, Table 
I, the partition ratios, normalized to the concentrations of 
reactants used, are seen to differ by at least 5-10-fold (0.22/ 
0.04 and 4.4/0.49) in the direction of preferential back- 
labeling, from the predictions of a competitive model such as 
Scheme I. 

In the counterflow experiment any competitive inhibitor 
could have the effect of decreasing the counterflow of the 
isotopic reactants without increasing the recycling rate. Net 
counterflow depends on the ratio of the functional enzyme 
families, Efand E,, in the steady state. Any changein reaction 
conditions may alter this ratio by its effect on either recycling 
or the chemical interconversion rate or both. A competitive 
inhibitor would appear to decrease counterflow without 
increasing the recycling rate if the change required for recycling 
could occur while the inhibitor was bound. The inhibitor would 
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Table 11: Sensitivity of Counterflow to Solutes Depends on the 
Concentration of Substrate Used" 

(F0.5* - Fo*)/Fo* 
substrate none Pi transaconitate NaCl 

M (1 mM) -0.3 -0.02 -0.04 -0.23 
M(200mM) -0.45 -0.35 -0.27 -0.45 
F (0.2 mM) 1.05 .048 .055 0.44 
F (40 mM) 1.26 0.56 0.58 1.02 

0 Counterflow experiments similar to those of Figures 1 and 2 were 
done at pH 7.8 (Tris-acetate, 20 mM) and pH 7.0 (imidazole acetate, 
20 mM) with the noted initial concentrations of malate and fumarate, 
respectively, 0.1-0.6 unit of fumarase either with no further additions 
(none) or with Pi (10 mM), transaconitate (1 mM), or NaCl(50 mM). 
Samples were taken to determine the distribution of radioactivity at 50% 
toward reaction equilibrium, determined by following the absorbance at 
250 nm. No counterflow corresponds to a value (Fo.s* - Fo*)/Fo* of 0.0. 

0.25  T 

- - 0.1 i 
I 

0 '  
0 0.005 0 .01  0 015 0 0 2  0025 

(Fumarate, mM)-1 

FIGURE 3: Malate is a noncompetitive product inhibitor at pH 7.0. 
Interconversion M* - F* as a function of F concentration: Tris- 
acetate (50 mM, pH 8.5), [14C]malate (20 mM, 33 000 cpm/pmol), 
fumarate (50,100,200 mM), and fumarase (0.83 U/mL). Pi, when 
present, (O) ,  was 20 mM. Each reaction was followed at 298 nm 
and quenched after formation of 1.7 mM malate. F* was determined 
by crystallization with carrier in acid. 

appear to be a catalyst of recycling when, in fact, it was 
preventing reaction with substrate (being bound to the active 
site) while allowing equilibration of conformational variants 
to occur. This mechanism might provide the best explanation 
for the anticounterflow effects of the factors shown in Table 
11. Note that counterflow is significantly less sensitive to 
these factors at high substrate concentrations. 

Inhibition Studies. The observation of counterflow raises 
the possibility that one or both of the slowly interconverting 
isoforms is substrate-specific. Studies were therefore con- 
ducted in both directions over the pH range 7.0-8.5, to search 
for malate-specific and fumarate-specific enzyme states. When 
assayed as an inhibitor at pH 7.0, malate appeared to be strictly 
competitive: Using 100 mM fumarate in [Tlwater and 
following malate formation by T incorporation, there was no 
evidence for a decrease in rate up to an accumulated 
concentration of 15 mM malate. At pH 7.8 and 25 "C 
comparing initial rates in the range F = 50-200 mM, with 
malate at 20 mM there was the suggestion of a weak intercept 
difference in the u-'/F-' plot: Kii = 127 mM, Ki, = 4.2 mM, 
and KZ = 18 mM. This very high K,, at least lOOX greater 
than the classical Kmr is typical of the substrate-activated, 
supersaturated state. A more sensitive measure of malate- 
specific inhibition would be obtained by following the loss of 
reverse reaction, M* - F*, by increasing concentrations of 
fumarate. The result of such a back-labeling experiment at 
pH 8.5 (Figure 3) clearly indicates the presence of a product 
form of enzyme E,, with which malate at 20 mM but not 
fumarate can react. The intercept value indicates that the 
partition of E, between return to fumarate with 20 mM malate 
and recycling is 0.1 / 1. On the basis of eq 4, this would give 
K r  200 mM, implying a malate-specific isoform of low 

T *PI - 

T 

2 
I 

0 4  
0 0 1  0 2  0 3  0 4  0 5  0 6  0 7  

Fumarate, mM 

2 5 T  

0 0.002 0.004 0,006 0.008 0.01 0.012 

(Malate, mM)-1 

FIGURE 4: Fumarate is a non-competitive inhibitor. (A, top) Progress 
curve of fumarate formation: malate (50 mM), Tris-acetate (10 
mM, pH 7.8), and fumarase (0.11 U), apparent Kg = 0.65 mM; 
effect of Pi (50 mM, pH 7.8), Kii = 2.9 mM. (B, bottom) Back- 
labeling by F* is both competitive and noncompetitive in the M - 
F reaction: Tris-acetate (50 mM, pH 8.5), ["Clfumarate (5 mM, 
IO5 cpm/pmol), malate (60, 120, 240 mM), and fumarase (0.70 
U/mL). Pi, when present (a), was 50 mM. Reactionwas terminated 
in all cases after the net formation of 0.7 pmol/mL fumarate. M* 
was determined after several successive removals of labeled fumarate 
by acid crystallization as specified in the Methods. 

steady-state concentration. Pi at 20 mM decreases the lifetime 
of all recycling species that react with malate, either exclusively 
or in competition with fumarate by 2-3-fold as shown by its 
effect on the intercept and slope in the back-labeling 
experiment. 

Apparent noncompetitive inhibition by fumarate was 
observed in the presence of 100 mM malate. The reaction 
rate, followed at 250 nm, was found to decrease continuously 
when no more than 0.1 mM fumarate had been formed. Figure 
4A shows a replot of such a progress curve, u-l us the amount 
of F formed. Unexpectedly, the value of the inhibition 
constant, 1.2 mM in this case, was significantly a function of 
malate concentration even at 100 mM malate; Le., it was not 
safe to conclude that K E / G  was negligible with respect to 
100 mM concentration of substrate in eq 4. 

To estimate whether a truly fumarate-specific enzyme form 
exists, it was necessary to overtake the considerable competitive 
interaction. This was done most sensitively not by measuring 
the forward rate as a function of malate in the presence of 
fumarate but by determining the ability of [I4C]fumarate to 
label malate in the limit as malate - a. The experiment 
shown in Figure 4B with F* = 5 mM shows a positive intercept 
[(F* - M*)/(M - F)]M-- > 0. With Pi present the 
competitive aspect of back-labeling by fumarate is greatly 
diminished without changing the malate-insensitive ratio. 
From this it seems reliable to infer the presence of fumarate- 
specific Ef and EF isoforms with a limiting value of apparent 
affinity for fumarate of - 17 mM, eq 4. 

DISCUSSION 

A model, believed to be sufficient to explain substrate- 
dependent activation, is given in Scheme III.3,4 This model 
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Scheme 111 
r- 

L 

H+l 
H E *  F 72 E. 

kH+ 

provides an expansion of the specificity properties of E and 
EH of Scheme I which does not predict counterflow and of 
Scheme I1 which does not predict activation by high con- 
centration of substrate. In this model, degrees of substrate 
specificity are proposed that depend on the conformation of 
the active site as well as its state of protonation. Shown in 
Scheme I11 are the liganded species EH.M and E-F that occur 
when malate reacts with a member of the EH family and 
fumarate reacts with a member of the E family. In this model, 
these are functional intermediates; i.e., they undergo proton 
loss or gain, respectively, before contributing to the central 
equilibrium E-M s EH*F (Rose et al., 1992). The substrate 
reactivity of each free isoform of the two families may differ 
because of conformational factors such as the accessibility of 
interacting residues of the active site, or kinetic factors such 
as the rate of proton transfer required to join the central 
equilibrium. In cases in which affinity and rate do not increase 
together this model would be responsible for positive coop- 
erativity. Depending on these properties the steady-state 
distribution of isoforms in each family will change with 
substrate concentrations. With increasing substrate the 
absolute concentration of all nonliganded forms will decrease, 
of course, and in the case of apparent negative cooperativity 
their distribution will shift toward members of each family 
that will require higher concentration for reaction with 
substrate and are more reactive with product. 

The central complexes, E-M s EH-F, assumed to be the 
same when formed in either direction and believed to be at 

All reactions are reversible. M-specific and F-specific forms L a n d  
E;, at low buffer concentration, are generated -2/1 from the central 
complex with either F or M as substrate. Initially the E! was defined 
as the form of the enzyme produced in the reaction M - F. With the 
need to designate states in terms of relative specificity as well as source 
terms, E: are used interchangeably, indicating nonspecificity only, 
although with further information this could change. Conformational 
descriptors may be misleading if not applied in context. Species derived 
from E? such as Ef and EY-F are not expected to be conformationally 
identical. Thus, it would be grossly incorrect to assume that the rapid 
interconversion EH.F s E,,,.M is driven by the same change that occurs 
in the sequence E!-. + H+. For this reason descriptors are not used 
for liganded enzyme forms. 

No mention is made of loss of the C-2 hydroxyl group which is known 
to exchange rapidly probably by net dissociation, before fumarate is 
released. Since the ratio of [1*0]malate:H20/['4C]fumarate:malate 
exchange ratios is -2/1 (Hansen et al., 1969; Berman et al., 1979), 
similar to the M/F partition ratio of the central complexes, it must follow 
that the C-2-derived hydroxyl of malate exchanges from the enzyme 
almost completely prior to its return to malate. This conclusion may not 
hold at high pH where the exchange ratios become the same (Berman 
et al., 1971). 

equilibrium in the steady state, are known to dissociate to M 
and F in a ratio of -2 to 1 (Rose et al., 1992). The two 
enzyme families, E and EH, formed by this dissociation need 
not be present in this same ratio if the proton transfers between 
the donor site and the solvent in either direction are concurrent 
with product release. This is clearly not the case in the direction 
M + F where EH not E + H+ is produced as shown by virtually 
complete intermolecular proton transfer, TM* + F - TM + 
F* (Rose et al., 1992). However, E.M in addition to releasing 
malate directly may do so by a path E-M + H+ -. EH-M -. 
EH + M to the extent that the donor site is maintained in the 
protonated state. Evidence for the reverse reaction EH-M -. 
E-M + H has already been discussed (Rose et al., 1992). 

If EH is formed as part of the process of dissociating malate 
from E-M, we can say that it differs from EH formed in the 
dissociation of F of EH.F. This latter EH, designated E:, is 
specific for fumarate. This was difficult to demonstrate for 
two reasons: E: must have a short lifetime in the steady state, 
changing rapidly to a species with which malate can also react. 
This new form, E L  or E L  appears to accept fumarate very 
well in competition with malate, causing the great sensitivity 
of the M - F progress curve to product inhibition (Figure 
4A). It is interesting that malate has almost no effect as a 
competitive inhibitor.5 This difference may reflect the above- 
mentioned difference in affinities for Emf but also may mean 
that the concentration of an isoform with good affinity for 
malate is low in the F - M steady state. On the other hand, 
the ease with which malate discharges T from ET in apparent 
competition with its capture by fumarate (Rose et al., 1992) 
provides evidence for isoforms such as E& derived from 
[Tlmalate and implies that they are significant components 
of the M-. F steadystate.6 This combination of observations 
suggests that the slow step in recycling may be the intercon- 
version of E d  and E,. 

A very sensitive way of looking for intercept effects is based 
on back-labeling in the steady state. If both reactants bind 
functionally to the same free enzyme form, the ratio R = [(S 
-P)/(P* -.S*)] which represents the partition of the product 
form of the enzyme between reaction with S or P* should be 
given by ( V/K,)&/( V/K)pP. After correcting for back- 
reaction to calculate S - P, and normalizing the partition 
ratio for the concentrations of reactants used, R(P/S) should 
be the same when determined in the two directions and should 
equal P/S at equilibrium. This result should be expected for 
Scheme I but not for Scheme 11. If the substrate-specific 
isoforms such as E: and E: are not rapidly interconverted, 
back-labeling by product should reach a finite limit as S - 

This can be seen by reference to Scheme I1 and to eq 1: 
The ratio of fluxes through step 1 will be klS%/k-lP*E, = 
(klS/k-lP)(k-lP + k~) / (k lS  + k-2) which at klS > k-2 - 1 
+ kz/k_lP. The high values of K i  and KF are probably not 
the result of low affinity but rather the low concentrations of 
Efand E,, respectively, in the steady state which can be related 
to the ratio of the counterflow/recycling rates.' 

Fumarase is probably the first enzyme found to be fully 
rate-limited for k,,, by recycling of the liberated enzyme. A 
number of enzymes have been studied since Britton introduced 
the counterflow method. Except for proline racemase (Fisher 

One might think of developing this concept further by using the 
symbol hm to designate a state derived from b i n  an M - F steady state. 
The isostate model for substrate activation requires the reactivity toward 
product us substrate to decrease the sequence Ep > Ep > E,. 

It may be important to distinguish data derived from competition 
experiments based on inhibition or reactant exchange rates from results 
of T-exchange if the tritium requires processing through a proton relay. 
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et al., 1986a) and triose-P isomerase (Raines & Knowles, 
1987), free enzyme interconversion had not been demonstrable, 
allowingonly lower limits to be set for a number of phosphoryl 
transfer enzymes (Britton & Clarke, 1968, 1972; Britton et 
al., 197 1,1972). Counterflow with proline racemase required 
proline concentration -5OX the substrate K m ,  producing a - 1 .Cfold displacement of the initial 1 / 1 ratio of label in the 
D,L-proline probe; krmyclinglkcat was estimated to be -50. A 
variety of studies (Cardinale & Abeles, 1968; Fisher et a., 
1985b) indicate that two proton transfers are required to 
readjust the acid/base state of the substrate-specific form in 
each cycle. Although two proton transfers are believed to be 
required to recycle proline racemase, the high ratio of recycling 
to kat would rule out the possibility of large effects of D2O 
or buffers on kcat. 

Fumarase, on the other hand, with rate-limiting recycling 
should show clear isotope effects on k,, if proton transfers 
were important for recycling. Significant D20 effects have 
been found in cases of rate-limiting proton relays in carbonic 
anhydrase (Steiner et al., 1975; Pocker & Bjorkquist, 1977) 
and pyruvate kinase (Rose et al., 1991) as well as in proton 
transfer to solvent from ribonuclease (French & Hammes, 
1965). That D20 effects with fumarase are reportedly small 
(Thomson, 1960; Srere et al., 196 1) and discrimination against 
T in [Tlwater is not seen are arguments against rate-limiting 
proton transfer in the recycling interconversions. In the 
absence of evidence to the contrary there is no reason to exclude 
conformational isomerization alone as the critical factor in 
determining kat.  Perhaps the 3-fold inhibition of k,, seen 
with viscogens (Sweet & Blanchard, 1990) and the inhibitory 
effects of hyperbaric pressure (Butz et al., 1988) are related 
to the occurrence of shape and volume changes in free enzyme 
recycling. 

Counterflow is not particularly sensitive to ionic strength 
at high or low substrate as shown with 50 mM NaCl (Table 
11). However, transaconitateand Pi which inhibit and activate, 
respectively, promote recycling relative to counterflow at low 
but much less so at high fumarate and malate. Competitive 
inhibition per se by transaconitate cannot explain this since 
counterflow is dependent on the ratio of free enzyme forms. 
Bound transaconitate would not allow access of the active site 
to either M* of F*. Apparently when transaconitate disso- 
ciates, it leaves the free enzyme states closer to the equilibrium 
distribution. Using 0.4 mM fumarate, as in Table 11, it was 
found that 1 mM transaconitate was sufficient to decrease 
the counterflow ratio by -95% or increase the apparent 
recycling rate 20-fold. Under these conditions the rate 
inhibitory effect of the inhibitor was about 80%. Therefore, 
the effect of transaconitate on recycling may be somewhat 
catalytic, not only passive. The lower sensitivity of counterflow 
to transaconitate at high concentration of malate or fumarate 
is not surprising since transaconitate is a competitive inhibitor. 
Pi is an activator of the initial rate at 1 mM malate and strongly 
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decreases the counterflow/recycling ratio. The net effect 
requires Pi to activate the recycling rate. Since Pi affects the 
slope and not the intercept in Figure 4B, its interaction should 
be with E:f and not E: (see footnote 5). The nature of the 
activation of Emf+ E, could be similar to that considered for 
transaconitate, by transient binding that facilitates confor- 
mational mobility. Pi is after all a weak competitive inhibitor 
(Alberty et al., 1954). It will be of interest to determine 
whether the variety of anion activators such as citrate and 
borate (Massey, 1954) do so by promoting recycling. Oth- 
erwise one may propose a special buffer effect of Pi. 

Recovery of counterflow in the presence of Pi at high malate 
(Table 11) is predictable since EEf + M ---* EH.M becomes the 
preferred path of recycling, so that whether Pi acts in the 
conversion Emf - E,,, as a buffer or as described for 
transaconitate, the high malate steady state would continue 
to show counterflow and back-labeling with F* due to the 
specificity of E: for fumarate. Similar considerations may 
apply to the loss of counterflow in the F - M direction. As 
shown in Figure 3, Pi interacts with Em,  decreasing the back- 
labeling with M*. At 40 mM fumarate the reaction cycle 
becomes depleted of Ef and the E,/Ef ratio should increase, 
becoming further displaced from equilibrium, increasing 
counterflow. 

The possibility that nonclassical kinetic effects might result 
from a heterogeneity in the fumarase population such as 
reported by Lin et al. (1 97 1) and Penner and Cohen (1 97 1) 
on the basis of isoelectric separation experiments should be 
considered. Clearly this would not alter conclusions derived 
from the counterflow results or affect the observation of 
noncompetitive inhibition by fumarate by back-labeling 
experiments. It seems likely that microheterogeneity could 
lead to the appearance of substrate activation resulting from 
species with different kinetic constants. However, the finding 
of activation by Pi and high substrate effects with yeast 
fumarase (Keruchenko et al., 1992) makes this seem unlikely. 
In experiments (not shown) fumarase of yeast showed 
substrate-induced counterflow characteristics similar to those 
of the muscle enzyme. Several studies have established the 
single gene origin of mitochondrial and cytosolic fumarase 
with protein heterogeneity introduced in processing the 
N-terminal sequence (Wu & Tzagoloff, 1987; Boonyarat & 
Doonan, 1988). 

Activation by high substrate concentration is not a rare 
phenomenon. Some examples are aspartase (Williams & 
Lartigue, 1967), argininosuccinase (Carvajal et al., 1982), 
and phosphoglycerate kinase (Scopes, 1978; Sherman et al., 
1992). These enzymes should be examined for occurrence of 
slow recycling of ligand-free enzyme isoforms. In addition as 
mentioned already, slow recycling may be the basis for positive 
cooperativity. This would result if the lower affinity isoforms 
were less reactive in product formation. A few convenient 
ways that slow recycling can be identified and distinguished 
from slow product release are the following: (1) Changes in 
the ratio of back-labeling to forward flux as a function of 
substrate concentration and direction of reaction. This method 
is perhaps more easily interpreted and capable of experimental 
manipulation than is the counterflow method. (2) True 
noncompetitive inhibition by the last product formed. This 
approach may be ambiguous in the presence of strong 
competitive inhibition and may be subject to medium or 
nonspecific binding effects and so is generally less reliable 
than the back-labeling method which depends on comparisons 
of rate ratios. (3) Substrate-induced isotope counterflow. 
Counterflow should be unambiguous evidence for slow 

7 K[ defined in eq 4 as M - is related to the counterflow/recycling 
ratio (CF/Re) and the dissociation constant of EH-F. For Scheme IV 

where E-X represents all liganded intermediates, K: = (k2 + k3)/k-2 and 
KF = (k-I  + k-3)/kl (Segel, 1975). Using thevalue for k-l/k2 = 2 (Rose 
et al., 1992) (CF/Re)m = k-zF.Er(2/3)/kyEf = 2k-z.F/3k,. In Figure 
4B as M - at 5 mM fumarate, (CF/Re)m = 0.4 from which k,/k-Z 
= 8 mM. (CF/Re)e, = kl.M.E,/3k&,, = kl.M/3k-3. In Figure 3 as 
F - at 20 mM malate, CF/Re = 0.1 from which k-3/kl = 70 mM. 
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recycling. It should be studied over a range of substrate 
concentrations in view of likely complication of cross reaction 
of substrate with product forms. 
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