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The kinetic mechanism of Hafiria ahvei aspartase in the amination direction has been determined in the absence
of metal. The initial velocity pattern obtained by varying the concentration of furnarate at several fixed concen-
trations of NH,". shows an intersection on the left of the ordinate at pH 7.0. indicating that the kinetic mecha-
nism is a sequential mechanism in which substrate inhibition by fumarate is observed. The dead-end inhibition
pattern by varying the concentration of NH;" at several fixed concentration of succinate shows an intersection
on the left of the ordinate. These data are consistent with random addition of NH.", or fumarate. The Haldane
relationship gives a K, of 1.18 x 107 M at pH 7.0. which is in agreement with the values obtained from the
direct determination of reaction concentrations at equilibrium (6.0 = 0.2 x 107 M).
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Introduction

L-aspartase [L-aspartate ammomnia-lvase] from Hafriar advei
catalvzes the reversible deanunation of L-aspartic acid to
fumarate and ammonia.

O H
+  NH'
H Ccoo
Fumarate Ammonium ion L-Aspartate

This enzvme represents a case of absolute substrate speci-
ficity since no alternative substrates have been found to sub-
stitute for L-aspartate.’ Aspartase has been regarded as a
catabolic enzyme in both bactena and plants, but its reaction
15 reversible and favors aspartate formation with AG°=3.2
keal/mol for aspartate deamination.- Gawron and Fondy*
showed that ammonia is added trans-across the double bond
of fumarate. The enzyme 1s specific for L-asparate and
fumarate. but NH~OH can substitute for ammonia as a sub-
strate.” A variety of divalent metal ions can activate the reac-
tion including Mg=", Mn-". Zn-* and Co~", but not Ca***%’
Mn-" has 80% the maximum rate of activation of Mg, but
Zn-" and Co~™ activate only to a slight extent.

Dougherty, et a/.¥ suggested a uni-bi rapid equilibrium
random mechanism for the £ c¢ofi aspartase Kinetic mecha-
nisni, neglecting any role for the metal 1on. Later, Nuiry, ef
«l.” using a divalent metal ion as a pseudo reactant, carried
out a complete kinetic mechanism study for Hafiria alves
aspartase using initial velocity and prunary and secondary
Kinetic isotope effects. Primary deuterium. N and the secon-
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dary deuterium isotope effect data are consistent with the
formation of a carbamon intermediate following the abstrac-
tion of the C-3R proton, and this 1s followed by a ratedeter-
mining C-N bond cleavage. They suggested a rapid equili-
brium ordered addition of Mg~* prior to aspartate, but a com-
pletely random release of Mg~". NH;™. or fumarate.

Yoon, et af..'“has studied the pH dependence of the kinetic
parameters in both direction reactions. Two enzvme groups
with pK values of 6.6 and 7.2 are necessary for catalysis. An
enzvme group that must be deprotonated has been identified.
Another enzvme group must be protonated for substrate
binding. Both the general base and general acid groups are in
a protonation state opposite that in which they started when
the aspartate was bound. A proton is abstracted from C-3 of
the monoanionic form of the aspartate by the general base
with a pK value of 6.3-6.6 1n the absence and presence of
Mg™. Ammonia is then expelled with the assistance of a
general acid group. leaving NH,™ as the product.

Aspartase origally catalyzes the divalent metal depen-
dent deamination of L-aspartate to vield fumarate and ammo-
nia in bacteria and some plants.! Aspartase reaction takes
place in vitro without the divalent metal.!* The role of metal
is not known with regard to 7# vive regulation. Because of
our mterest in the mechamsm of these aspartate-utilizing
enzymes, we have undertaken many studies.’” %>~ Although
abundant mformation 1s available on many aspects of the
aspartase reaction. little 1s known of the kinetic mechanism.
In these studies, we present data on the kinetic mechanism
the amination direction of aspartase from Hafiria alvei m the
absence of metal and equilibrium constant.

Material and Methods
Chemicals. Hafiria afvel (ATCC 9760) was purchased from

ATCC (Amerncan Type Culture Collection). L-aspartic acid
(L-aspartate). 4-(2-hydroxyethyl)-piperazine- | -ethanesulfonic
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acid (HEPES), ethvlenediaminetetraacetic acid (EDTA). and
fumanc acid were purchased from Sigma Chenucal Co. (St.
Lows, USA). Ammonium sulfate. N.N-methvlene-bis-acrvl-
amide. acrvlamide and N,N,N.N-tetramethyvlenediamine
(TEMED) were purchased from Bio-Rad (Richmond. USA).
All other chemiicals were commercially available pure or
extra pure grade.

Enzyme purification. Aspartase was punfied from Hafiice
afvei as previously described.” Briefly, aspartase was obtained
from a combination of diethvlaminoethyvl cellulose (DEAE
cellulose), Red A-agarose. and Sepharose 6B chromato-
graphy. The purified enzyvme was divided into aliquots and
stored at -70 °C until use. The catalvtic function of the
enzyme remained stable for at least 1 month at 4 °C without
appreciable loss of enzyvmatic activity. Protein concentration
was determined by Bradford method.’®

Enzyme assay. The activity of aspartase was determined
by measuring the disappearance of fumarate following the
decrease in absorbance at 240 nm (£2;=2.255 M~'em™) at
25 °C, with a Hewlett Packard 8432 Diode Armav spectro-
photometer equipped with a constant-temperature cell hous-
ing. All reactions were carried out in a 1 mL cuvette with a ]
cm light path. or 0.5 mL cuvette with a 0.5 cm light path.
which were incubated for at least 10 min in the cell compart-
ment prior to initiation of the reaction by the addition of
aspartase. The standard assay mixture contained 100 mM
HEPES (pH 7.0) buffer. | mM EDTA. variable concentra-
tions of fumarate at fixed concentrations of an ammoniwn
101, and the enzvme. One unit of enzyme activity was defin-
ed as the amount of | tmol of fumarate consumed per
minute under the standard assay conditions.

Initial velocity studies. For the initial velocity studies of
Hafhia afvel aspartase in the amination direction in the
absence of metal. reactions were carried out in cuvettes of |-
¢m path length i a final volume of 0.5 mL which contained
the following: 100 mM HEPES, pH 7.0, 1.0 mM EDTA.
variable concentrations of fumarate at several fixed concen-
trations of NH;" and an appropriate amount of the enzyme.
Rates were calculated using an extinction coefficient for
fumarate at 240 nm of 2.255 M~ cm™. The temperature was
maintained at 23 °C using a circulating water bath to heat the
thermospacers of the cuvette compartments.

Production inhibition studies. The production inhibition
patterns were obtained by measuring the initial rate of the
reaction mixmnure containing 100 mM HEPES (pH 7.0) and
1.0 mM EDTA with varving the concentrations of one sub-
strate and using several fixed concentrations of the product
at a constant concentration of the other substrate. For the
inhibition patterns with respect to fumarate. the constant
concentration of the other substrate was 120 mM of NH"
Conversely. for the inhibition patterns with respect to NH,",
it was 16 mM of fiumarate. Rates were determined in the
same manner as described in the initial velocity studies.

Dead-end inhibition studies. The dead end inhibition
patterns for succinate were measured in a constant concen-
tration of one substrate. while varying the concentrations of
the other substrate and using several fixed concentrations of
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succmate. Conditions were as described above. with the
exception of the substitution of succinate for aspartate. For
studies of succinate as an mhibitor, the constant concentra-
tion of the substrate was 5 mM of fumarate.

Equilibrium constant determination. The equilibrium con-
stant (K.,) for aspartase in the absence of metal was deter-
mined at pH 7.0 (100 mM HEPES) as follows. Reaction
mixtures were prepared at different ratios of [fumarate]/
[aspartate] and a constant concentration of NH,;* at 100 mM.
The enzyme was added and. after a 2-hr incubation period,
aspartase was denatured by vortexing the nuxture with a few
drop of perchlonc acid. The final fumarate concentration
was determuned enzymatically as descnbed by Qamar. et
al'’ The change in the fumarate concentration is plotted
against the initial [fumarate]/[aspartate] ratio, with K., being
taken as the pomnt where the resulting curve crosses the Afu-
marate axis. The pomt at which the curve crosses the
abscissa 1s equal to the equilibrium constant.

Data processing. Reciprocal mnitial velocities were plotted
as a function of reciprocal substrate concentrations. The data
were fitted using the appropnate rate equations and Fortran
programs of Cleland."”® Data conforming to a sequential
mechamism were fitted using Eq. (1). Data for competitive
and noncompetitive inhibition were fitted using Eqs. (2) and
(3), respectively.

v=VAB /(KB + Kud + AB + K..K;) ()
v=VA/[KL +1/Ky)+A] (2)
v=VA/ (KA +T1K;)+ A(L +1/ K] 3

In Egs. (1)-(3). v and F represent mmtial and maximum
velocities. respectively; K, and K; are K, values for 4 and B,
respectively. K and K;; are slope and intercept inhibition
constants, respectively while A. B, and 7 represent reactant
and mlubitor concentrations.

Results and Discussion

In the direction of aspartate deamination. when Mg™ is
varied and aspartate is maintained at a fixed concentration.
apparent complete substrate inhibition is observed.® A reci-
procal experiment results in a hyperbolic increase in rate
with an increase in aspartate concentration. The lag in the
time course was alleviated in all cases by the addition of 1
mM aspartate to the reaction mixture. These data suggested
that Mg™ and aspartate are reactants but not the Mg-
aspartate complex (f.e. not as the chelate complex). In the
direction of flunarate amination in the absence of metal. time
courses obtained at varied fumarate concentrations and
saturated concentrations of NHy" were complicated by the
appearance of a lag in the time course followed by a linear
steady state rate (data not shown). This behavior is similar to
that reported for the presence of Mg °

When fumarate in the direction of fumarate amination is
varied at different fixed levels of NH4", the initial velocity
pattern shown in Figure 1 is obtained. When fumarate is var-
ied and NH4™ is maintained at a fixed concentration. appar-
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Figure 1. Initial velocity pattem in the direction of fumarate
amination in the absence of metal. Fumarate was varied at several
fixed levels of [NHy7) including 30 (W), 67 (@), 100 ( 4 ), and
200 ¢ v )ymM. Assay were carried out in 100 mM HEPES (pH 7.0)
at 23 °C. The pomts are expermmental values, while the sohid lines
are from a fit of the data using Eq. 1.

ent substrate inhibition is observed. Intersection on the left
of the ordinate is indicative of a sequential mechanism (if a
parallel line is observed, the mechanism represents ping-
pong). The kinetic mechanism observed in the absence of
metal could be either random or ordered. On the other hand.
when uncomplexed aspartate is varied at different fixed lev-
els of uncomplexed Mg™*. the initial velocity pattern inter-
sects on the ordinate.” The latter is diagnostic for an equili-
brium-ordered mechanism where Mg™ must bind to the
enzyme prior to the aspartate. The kinetic parameters are
listed in Table 1. A maximum velocity in the absence of
metal 15 250% of that in the presence of metal. It 15 ascribed
that optimum pH in the absence of metal and in the presence
of metal is pH 7.0 and pH 8.0, respectively. When the metal
15 present in comparison with absence. the K, for asparate

Im-Jung La et al.

Table 1. Kinetic parameters for aspartase mn the presence of
metal® and in the absence of metal at pH 7.0

value” = SE

Mg~ No metal
Fnay (Hmol/min) 0.02 £0.001 0.03 £0.003
Kasparrate (M) 0.38 £ (.03 1.73£0.31
Kaumarate (M) 0.2 £0.06 0.76 £0.24
Kygas (mM) 98 £ 20 31.82+10.39
Ki fumarate (M) 0.163 £ (.06 283+129
Kixga- (mM) 220+0.04 1.19 0.3
VAR fumarate (min™") 0.1 +0.02 0.007 £ 0.002

VK- (min™) 0.0002 = 0.00004

“Data were abtained by using under Materials and Methods and fitted as
discussed under data processing. ‘Data were from Yoon et af.'*

0.0002 £ 0.00003

and fumarate both decrease by a factor of 3. The K, for
aspartate and fumarate decreased when the metal 1s used as a
pseudo-substrate. mteraction of the metal with asparate and
fumarate 1s suggested (vide ante). This may be a coordina-
tion of the divalent metal with the S-carboxyl group. On the
other hand, the K., for NH;™ increased by a factor of 3. Qccu-
pancy of the metal binding site on the aspartase by Mg~
results in an increase (about 3 fold) m affimty of the enzyme
for aspartate and fumarate. These results indicate that thus
increase in affinity is obtained when the Mg~ bound to the
B-carboxyl of aspartate as well as to residues on the enzyme.
Aspartate 1s tested as a product inlubitor against the two
possible substrates, fumarate and NHy™. An mlubition pattern
for aspartate vis. fumarate and aspartate vis. NH," is shown in
Figures 2A and 2B. Product mlubition patterns obtained
using aspartate. were competitive vs. fumarate at nonsaturat-
g NHy™ with K; values of 7.95 + 1.20 mM, and were com-
petitive vs. NH," at nonsaturating fumarate with X; values of
8.00+ 1.82 mM. Inhibition by the aspartate products of the
reaction was competitive with both fumarate and NH,™, ndi-
cating that the products combine to the same enzyme form,
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Figure 2. Product inhibition by aspartate with respect to fumarate and NH;* as the variable substrate. (panel A) Fumarate is competitive
with [aspartate] of 0( ¥ ), 4( & ), 8 ( @), and 12 (@ YmM, and (panel B) NH;* is competitive with [aspartate] of (( & ), 4 (@), and S (W)
mM in the direction of fumarate amination. All other conditions are as described under “Materials and Methods™ The points are
experimental values, and the solid lines are from a fit of the data using Eq. 2.
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Figure 3. Dead-end mhibition by succmate with fnmarate as the
variable substrate. Assavs were obtained from 100 mM HEPES
(pH 7.0)at 23 °C. The [succinate] were 0 ( & ), 4 (@), and 8 (W)
mM as a dead-end mhibitor of fumarate. All other conditions are as
described under “Materials and Methods™ The pomts are
experimental values, and the solid lines are trom a fit of the data
using Eq. 3.

the free enzvme (E). These results suggest that no significant
concentrations of E-aspartate accumulate in the steady-state
(if the complex even form) and the off-rate for the product is
much faster than the catalvtic rate.

Succnate is tested as a dead-end analog against the sub-
strate. fumarate. The dead-end inhibition pattem for succi-
nate vs. NH;" 1s shown in Figure 3. The dead-end mhibition
pattern by varving the concentration of NH4" at several fixed
concentrations of succinate shows an intersection on the left
of the ordinate. This means that succinate 1s noncompetitive
vs. NHy” with a K of 109+ 595 mM and a K;; of 29.15 +
14.90 mM. The noncompetitive inhibition pattern obtained
with the succinate vs. NH,™ 1s diagnostic for a random mech-
amism with both pathwavs allowed, /.¢. the pathway in which
fumarate binds to the enzyme prior to NH;" and the pathway
in which NH;" binds to the enzyme prior to fumarate. In
order to show that the inhibition data are quantitatively mnter-
nally consistent and thus support the qualitative interpreta-
tion suggested above. the observed K; values were comected
for the concentration of the fixed reactant to give an estimate
of the true X; values. The apparent K, value, obtained from
the noncompetitive mhibition of the succinate vy NHy™. can
be corrected using the equation appK;, = Ki(1 + fumarate/
K fumare)  and  appK; = K1 + fumarate/Kimarae).  which
gives corrected K; values of 4.536 mM and 4.65 mM. respec-
tively. These values are in agreement with X; ccinae Obtained
from the succinate vs fuiarate inhibition.

Therefore. the mechanism in the direction of fumarate
amination appeared to be a random addition as shown in
Scheme 1.

where A, P. and Q) represent aspartate, fumarate. and NH,™,
respectivelv. Dougherty, er «f.® postulated a uni-bi rapid
equilibrium random mechanism with the metal 10n at a satu-
rating concentration. The overall kinetic mechanmism for
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aspartase which icludes the divalent metal 1on as a pseudo
reactant 1s consistent with the rapid equilibrium ordered
addition of Mg~ prior to the aspartate but a completely ran-
dom release of Mg, NH,*, or fumarate.” The enzyme fS-
methylaspartase and fumarase have an identical kinetic
mechamism to that catalvzed by aspartase in the amination
reaction, ™!

The equilibrium constant for the reaction catalyzed by the
aspartase has been determined using the enzymatic methods:
varving the [fumarate]/[aspartate] ratio at a fixed NH;™ con-
centration and measuring the change m fumarate concentra-
tion after equilibrium 1s reached as shown in Figure 4. The
change n the fumarate concentration is plotted agamst the
mnitial [aspartate]/[fumarate] ratio. with K., being taken as
the pomnt where the resulting curve crosses the Dfumarate
axis. The K., value ([fumarate][NH,")/[aspartate]) obtained
from these methods at pH 7.0 and 25 °C is 6.0+ 0.2 x 107
M. The equilibrium constant for the reversible reaction can
be measured using the Haldane relationship. It 1s necessary
for the initial velocity data to adhere to the Haldane relation-
ship."” The Haldane relationship for the aspartase mecha-
nism in the absence of metal 1s as follows:

Keq = (l’yff Kaspanate)JKz fomarate / [I’:""I KI\'H-i]-

A [Fumarate]
o

PE— | " 1 : 1 1 I 1 | i 1 x 1

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
[Fumarate]/[Aspartate]

Figure 4. Equilibrium constant for aspartase in the absence of
metal. The [fumarate]/[aspartate] ratio was varied at a constant
NH,)" of pH 7.0. All other conditions are as described under
“Materials and Methods™
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A value of 1.18x 10 M at pH 7.0 is calculated for K.,
This is in excellent agreement with the value of 5 x 107> M.
which was determined by Bada and Miller.
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