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The temperature dependence of the kinetic parameters of the aspartase-catalyzed reaction has been examined
in the direction of deamination. The pK, values at 37 °C, 25°C, 16 "Cand 7 "C were 6.2+ 0.1,6.3£0.1,6.7 =
0.3 and 6.9 £ 0.3, respectively. On the other hand, the pK; values at 37 °C. 25 °C, 16 °C and 7 °C were 8.1 +
0.2.83+0.2,8.2+0.3 and 8.0 £ 0.2, respectively. The enthalpy of ionization, AH;q,, calculated from the slope
of pK,. are 6.0 = 0.3 kcal/mol. These results validate the prediction that aspartase requires a histidine residue
for a general base, and a cysteine {or having a carboxyl functional group) tor a general acid.

Introduction

L-aspartate ammonia-lvase [EC 4.3.1.1] (aspartase) cata-
lyzes the reversible deamination of L-aspartate to fumarate
and ammonia.' The enzyime is specific for aspartate and
fumarate, but NH>OH can be substituted for ammonia as a
substrate.” Aspartase has been regarded as a catabolic
enzyme in both bacteria and plants, but the reaction is
reversible and favors aspartate formation with AG®—3.2
keal/mol for fumarate amination. The equilibrium constant
for the aspartase reaction, measured directly at 25 °C was 5
x10™ M.* A variety of divalent metal ions, such as Mg*',
Mn?", Zn*' and Co®' activate the reaction."” [nitial velocity
studies obtained for the enzyme from Hafnia aivei are con-
sistent with a rapid equilibrium kinetic mechanism in which
Mg”" binds prior to aspartate. but with a random release of
Mg” ', NH,'. or fumarate.”

Yoon ¢t al. has proposed an acid-base chemical mecha-
nism for Hafhia alvei aspartase using pH studies and deute-
rium wash-in (Scheme 1).* Data are consistent with a proton
which is abstracted from C-3 of the monoanionic form of
aspartate by an enzyme general base with a pK of 6.3-6.6 in
the absence and presence of Mg> . The resulting carbanion is
presumably stabilized by delocalization of electrons into the
B-carboxyl with the assistance of a protonated enzyme group
in the vicinity of the B-carboxyl. Ammonia is then expelled
with the assistance of a general acid group that traps an ini-
tially expelled NHs as the final NHy~ product. The pK for the
general acid is about 7 in the absence of Mg®'. but is
increased by about a pH unit in the presence of Mg*'. Since
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Scheme 1

the same pK values are observed in the pK, wecinee and VK
pH protile, both enzyme groups must be in their optimum
protonation state for efficient binding of reactant in the pres-
ence of Mg®'. At the end of a catalytic cycle. both the gen-
eral base and general acid groups are in a protonation state
opposite that in which they started when aspartate was
bound. When the aspartase reaction is run in D;O to greater
than 50% completion no deuterium is found in the remaining
aspartate. indicating that the site is inaccessible to solvent
during the catalytic cycle.

A study using an organic solvent perturbation method has
shown that a possible candidate for the acidic residue in the
active site is a histidine, and another possible candiate for the
basic residue in the active site is a cysteine.® A chemical
modification study using N-ethylmaleimide and 5.5’-dithio-
bis-(2-nitrobenzoic acid) which is specific to cysteine has
confirmed the requirement of a cysteine residue for catalytic
activity."' In an attempt to determine whether additional resi-
dues are necessary. 1 carry out a kinetic study using a tem-
perature dependence.

Material and Methods

Chemicals. Hafnic alvei (ATCC 9760) was purchased from
ATCC (American Type Culture Collection). L-aspartic acid
(L-aspartate). 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic
acid (HEPES), 2-(N-morpholino)ethanesulfonic acid {(MES),
2-(N-cyclohexylamino)ethanesulfonic acid (CHES), ethyl-
enediaminetetraacetic acid (EDTA). and fumaric acid were
purchased from Sigma Chemical Co. (St. Louis, USA).
Ammonium sulfate. N.N-methylene-bis-acrylamide. acryla-
mide and N.N.N,N-tetramethylenediamine (TEMED) were
purchased from Bio-Rad (Richmond. USA). All other chem-
icals were commercially available pure or extra pure grade.

Enzyme purification. Aspartase was purified from Hafria
alvei as previously described.'® Briefly, aspartase was obtained
from a combination of diethylaminoethy! cellulose (DEAE



380  Bull. Korean Chem. Soc¢. 2000, Vol. 21, No. 4

cellulose), Red A-agarose. and Sepharose 6B chromatogra-
phy. The purified enzyme was divided into aliquots and stored
at -70 °C until vse. The catalytic function of the enzyme
remained stable for at least | month at 4 °C without appre-
ciable loss of cnzymatic activity. Protein concentration was
determined by Bradford method.

Enzyme assay. The activity of aspariase was determined
by measuring the disappearance ol fumarate following the
decrease in absorbance at 240 nm (£240-2.255 M 'em ') at
25 °C. with a Hewlett Packard 8452 Diode Array spectro-
photometer equipped with a constant-temperature cell hous-
ing. All reactions were carried outin a | mL cuvcetie witha |
cm light path. or 0.5 mL cuvette with a 0.5 em light path,
which were incubaled for at least 10 min in the cell companrt-

ment prior to initation of the reaction by the addition of

aspartase. The standard assay mixtwre contained 100 mM
1[EPES (pl1 7.0) bulter, | mM EDTA, variable concentra-
tions ol fumarate at fixed concentrations of an ammonium
ion, and the enzyme. Assay (or temperature dependence was
performed at 7 °C. 16 °C, 25 °C and 37 °C. One unit ol enzyme
aclivity was defined as the amount of 1 gmol of lumarate
consumed per minute under the standard assay conditions.

pH studies. Determination of V and V/K values for aspar-
tate were catried out by varying the levels of aspartate at sat-
urating concentrations of Mg®'. All assays rellected the
initial velocity conditions with less than 10% ol the limiting
reactant used over the time course of the reaction. Bulfers
used at 100 mM concentration were MES at pll 5.5-6.5,
1[EPES at pl1 6.5-8.5, CIIES at plI 8.5-9.5. All buflers were
titrated to the appropriated ptl level with KOE. The pl was
measuted before and aller the reactions. Several of the
assays were repeated at a given pll using diflerent buflers to
climinate the possibility of activation by the buflers. At the
pl extremes the concentration of Mg®™ was doubled in sepa-
rale assays 1o be sure that they were still saturated. No signif-
icant rate change was detected.

Data analysis. All data were fitted by the computer pro-
gram ol Cleland. converted 1o BASIC, and adapted for use
on a microcompulet, which assume cqual variance for the
velocities of the logarithm of the litted parameter. Data was
analyzed according o the appropriate rate equation by using
the Fortran programs of Cleland (1979)." Reciprocal plots
at cach pll with the fixed substrate saturating were fit to Eq.
(1), where v is the experimentally determined velocity. V is
the maximum velocity. A is the variable substrate concentra-
tion, and K is the Michaelis constant. All data to determine
pK values were fit to the approciate equation listed below
where y is equal 10 Vi or VK. These data are [itted by
assuming that the variance of the velocitics is proportional to
the square of the velocity.™ Eq. (2) was used to fit ptl pro-
files in which activity decreases were observed in both the
acidic and the basic regions, and Eq. (3) lor pll profiles in
which activity decreases were observed in wave form.

v=VA/K+A ()
logy = log{C/(1 + [H /Ky + K/[H' ]} )
logy —log{(Y. + Yalll'/KsA(L t |11 JPK3)} (3)
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Results and Discussion

Eflorts to identify the amino acid or other residucs involved
in the catalytic [unction of an enzyme on the basis of pK val-
ues of ionizing groups derived from kinctic measurements
arc valid, and no conformational changes occur in the enzyme
under the conditions ol the experiment. IT such changes
oceur, then it can be argued that an ionization, which afteets
Vinax Or Ky or both, docs so by changing the conformation of
the enzyme and docs not involve any residue that direetly
participates in the catalytic process. No such conformational
changes have been shown to oceur in the case ol aspartase in
the pll range 5.0 (o 9.5.% Thus, absorption spectra of the
enzyme in the 225 nm 1o 330 nm range under these condi-
tions (data not shown) have been lound 1o be identical and
superimposable, indicating a lack ol alteration cither in the
cnvironment of aromatic residue or in the peptide backbone
structure of the enzyme. An estimate of the variation ol the
kinctic mechanism over the pl range to be studied is
required in order to ensure that the enzyme complex is being
titrated. [nitial veloeity patterns were obtained at pll 5.0 and
ptl 6.0 by varying aspartalc at a fixed level of Mg® . These
results are in agreement with the kinetic mechanism data
(rapid equilibrium ordered addition of Mg®' prior 1o aspar-
tate) of Nuiry ef al.’ Absence of disturbance in the cnviron-
ment ol aromatic chromophores in solvent-water and the
kinetic mechanism detailed above, indicates the direction of
shifts in pK values by temperature at the active site and no
denaturation by temperature.

One method for identilying the (unctional group of residue
at the active site ol an enzyme is based on the temperature
dependent method of pK values.” The method of tempera-
ture dependence of pK values depends on the different
cnthalpy ol ionization (AtTi.,) values of'a functional group of
the residues involved in catalysis and /or binding, and as
long as the ionizations arc not accompanicd by conforma-
tional changes in the enzyme which have large Allip, values
that arc often 15-25 keal/mol. The carboxyl group shows
almost no temperature dependence. On the other hand. the
imidazolc group shows 6-7.5 Kcal/mol.”

Figure 1A shows the log V'K versus ptl plots for the
enzyme in 37 °C (top curve). in 25 °C {sccond curve). in 16
°C (third curve). and in 7 °C (bottom curve). The 1og Vi
K plots implies the effects ol temperatute on the pK values
of the ionizing groups on the free enzyme. The ptl depen-
dent hydrolyses over the entire temperature range werc
shown by a kinetic scheme requiring minimally two critical
ionization ol the Iree enzyme (EI: and E). Consider the fol-
lowing mechanism:

EH:

!
]

E
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Figure 1. pH dependence of the kinetic parameters for Aspartase
on (he Temperatwre ellect. (A) pll dependence of V,,/Ku, { )
Kinetic parameters at 37 °C. { @ ) Kinetic parameters at 25 °C.
( a ) Kinctic paramcters at 16 'C. ( ' ) Kinctic paramcters at 7 °C.
The data were fitted to Fq (2). (B) pH dependence of V.. ()
Kinetic parameter al 37 °C. ( @ ) Kinetic parameters al 23 °C.{ 4 )
Kinetic parameters at 16 °C. ( ¥ ) Kinctic parameters at 7 °C. The
data were fitted 10 Eq (3). The points shown are experimentally
determined values.

The pK; values in the acidic side were changed in propot-
tion 1o the decrease of temperature. The pK; values at 37 °C,
25°C.16°C and 7°C were 6.2 L 0.1. 63 L 0.1.6.7 £ 0.3 and
6.9 = 0.3, respectively in Table 1. On the other hand, the pK
values in the basic side were not changed in proportion Lo
the decrease of temperature within crror. pKs values in 37
°C,25°C,16°Cand 7°C werc 8.1 L 0.2,84 1 0.1,82 1 0.1
and 8.0 1 0.2. respectively in Table 1. The V/K prolile
decreases on either acidic or basic side to a limiting slope ol
one, indicating that a change in the lonization state ol a sin-
gle group on cach side ol the profile is involved in the loss of
activity. Figure 1B shows the log Vi versus pll plots for
the enzyme at 37 °C (top curve). at 25 °C (sccond curve). at
16 °C (third curve). and at 7 °C (bottom cutve). The log Vi
is ptl independent above pll 8.5 and decrcases to become
constant below pll 5.5. The log Vi plots implics the eflect
ol these temperatures on the pK values of the ionizing
groups on the enzyme-substrate complex responsible com-
plex responsible for its catalytic activity. Two groups were
observed in V'K profile (vide ante). On the other hand.
ncither of the two groups is observed in V profiles. These
results indicate that the two catalytic groups are cnvironmen-
tally perturbed when aspartate and Mg'® are bound, or a
combination of both.®

The enthalpy of ionization was obtained [rom the Van’t
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Table 1. Summary of pK values obtained from the pH dependence
()f \IJTIQXJ;KI')"I

Vi Kin
Temp (°C) pKy £ Sl pKa 2SI
37 6.2+0.1 K.1+0.2
25 6.3 0.1 83102
16 6.7 0.3 82103
7 69103 8002

pKi indicates that the group must be protonated for enzyme activity and
pK: indlicated that the group must be deprotonated.

9
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Figure 2. Temperature data from pH profiles for aspartase. ( @ )
pKs of the general acid enzyme group. ( B} pKs of the general
base enzyme group. [eats of ionization are obtained from Van't
Hoff equation. (dInkdT=AHie {(RT?).

HolY equation. (dInk)/dT — Al}io/RT?. The value of Al is
determined from a plot of pK versus reciprocal absolute
temperature, which has a slope of Alli,/2.303R. Figure 2
shows pK versus 1/T plots that are from Table 1. These pK
values vary lincarly with the reciprocal of absolute tempera-
turc. The enthalpy of ionization, Alli. calculated from the
slope of pKjand pKas. are 6.0 L 0.3 Keal/mol and 0.0 L 0.3
Kcal/mol, respectively. The value for pK; closcly resembles
that of an imidazole group of (ree histidine (Alion—6.0 Keal/
mol}. The enthalpy of the jonization which control a general
acid (pK>) is similar to it for caboxyl residue of [ree amino
acid (AHigm—0.0 Kcal/mol).

A chemical modification study using diethylpyrocarbon-
ate which is specilic 1o histidine has speculated about partic-
ipation in an essential siep of the catalytic reaction.'” Another
chemical modilication using N-cthylmaleimide and 5,5°-
Dithiobis-(2-nitrobenzoic acid) which are specilic to cys-
teine and pli profile studics has speculated about the require-
ment ol a cysteine residue for catalytic activity.'"™" Tow-
ever. site-dirccted mutagenesis of a highly conserved cys-
teine. which is present throughout the fumarasc-aspartase
family. did not conlirm the essentiality ol this functional
group.'*'" Peptide mapping has identified a cysteinyl and a
lysy| residuc of E. coli aspartase that have been modilied by
a mechanism based inactivator.'” A study using an organic
solvent perturbation method has recently shown that a possi-
ble candidate for the acidic residue of pK, in the active site
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of aspartasc from Hafhia afver is the cationic type. and
another possible candidate for the basic residuc of pK in the
active site is the neutral type.® Chemical modification and
scquence homology studies have suggested the potential
involvement of a number of residues in the activity of aspar-
tasc. However. in most of these cases. replacement of these
amino acids by sitc-dirccted mutagenesis has cither elimi-
nated them from consideration or relegated them to an indi-
rect role in binding or catalysis in aspartasc.

In summary. the current work supports the previously sug-
gested location of the active site.*!"1*1% The deamination
of aspartatc is proposcd to involve acid-base catalvsis by
Hafnia alvei aspartasc. with basc catalyzed removal of the
pro-R proton on carbon 3 followed by protonation and
cxpulsion of ammonium ion (Scheme 1). Among the prelim-
inary candidates for the role of the gencral base catalyst that
is responsible for removal of the proton at carbon 3 of the
substratc. the most likely candidale cnzyme group is a histi-
dine residue. The possible candidate for the role of the gen-
cral acid catalvst that is responsible for prolonation and
expulsion of ammonium ion is a ¢ysleing or an amino acid
having a carbexyl functional group. In regard to the gencral
acid. the final conclusion cannot be drawn on the basis ol the
presently available data.
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