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lent metal ions have long been known to play a role in
Aspartase from Escherichia coli is activated by pro- the catalytic activity of this enzyme (4,5). NMR relax-

teolysis at the carboxy-terminal. A systematic study ation studies have established the site of metal ion
has been undertaken with the goal of identifying the binding as being separate and distinct from the enzyme
amino acids in this region that influence the catalytic active site (6), and kinetic studies have shown the pres-activity of aspartase. Stop codons have been intro- ence of a separate site on the enzyme that binds theduced at various positions to prematurely truncate the

substrate, aspartic acid, as an activator (7,8). In addi-aspA gene that encodes for aspartase by sequentially
tion to this non-covalent activation, aspartase is alsoeliminating each of the polar and charged amino acids
activated by proteolytic cleavage (9,10). Cleavage of onein this region. The affinity of the enzyme for its sub-
or more peptide bonds near the carboxy-terminal re-strate aspartic acid decreases systematically as each
sults in a several-fold activation of aspartase activityfunctionally significant amino acid is eliminated. How-
(11). This proteolytic activation has been shown to beever, enhanced catalytic activity (up to 2.5 times the
non-specific, with the action of several different prote-kcat for native aspartase) is observed for those trunca-
ases leading to enhanced catalysis by aspartase (12).tion mutants that end in a positively charged carboxy-

This study has been undertaken to precisely defineterminal amino acid. The precise position of the pro-
teolytic activation of aspartase has been defined, and the sites of covalent activation, to determine the kinet-
this covalent activation has been shown to be indepen- ics of the activated enzyme, and to examine any rela-
dent of the allosteric activation of aspartase that is tionship between proteolytic activation and allosteric
also observed. q 1997 Academic Press activation of aspartase. Site-directed mutagenesis has

been used to truncate the aspA gene at several sites
located near the carboxy-terminal. The resulting modi-
fied enzymes have been overexpressed, purified, andAspartase (L-aspartate ammonia-lyase, EC 4.3.1.1) examined.catalyzes the reversible deamination of L-aspartic acid

to yield fumarate and ammonium ion. The high-resolu-
EXPERIMENTAL PROCEDUREStion structure of the enzyme from Escherichia coli has

recently been determined, and reveals an elongated
Materials. L-Aspartic acid, fumaric acid, and substrate analogssubunit consisting of three distinct domains (1). Site-

were obtained from Sigma-Aldrich. The enzyme aspartase was puri-directed mutagenesis studies (2) have identified an in-
fied by the procedure of Karsten et al. (13) from an overproducingtersubunit cleft as the location of the enzyme active strain of Escherichia coli (3). The Y467stop mutant has low affinity

site, and a putative set of active site amino acid func- for the red-A agarose column that was used as the final purification
tional groups have been identified (2,3). There are, step. This mutant was purified by a modified procedure that incorpo-

rates a KCl gradient elution from DEAE-sepharose and a Sephacryl-however, some important features of aspartase that
300 gel filtration step (14). DNA polymerase and the PCR optimiza-have not yet been revealed by structural studies. Diva-
tion kit were obtained from Stratagene.

Production of mutants. The preliminary mutants that defined the
region of aspartase activation were produced by the method of Kun-1 Present address: Department of Biology, University of Pennsylva-

nia, Philadelphia, PA 19104. kel (15). Subsequent site-directed mutagenesis was carried out by
using the recombinant circle PCR (RC-PCR) method (16,17). This2 Corresponding author: Department of Chemistry, University of

Akron, 190 East Buchtel Commons, Akron, OH 44325-3601. Fax: method gives a high mutation efficiency and requires little DNA
template. The primers are designed so that after PCR the products(330) 972-370. E-mail: rviola@uakron.edu.

Abbreviations used: Aspartase, L-aspartate ammonia-lyase; PCR, are double-stranded, linear DNA molecules. The linear DNA mole-
cules are then combined, denatured and reannealed to form double-polymerase chain reaction; RC-PCR, recombinant circle-polymerase

chain reaction; YT, yeast-tryptone growth media. stranded DNA molecules with discrete, cohesive, single stranded
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cantly weaker affinity for its substrate and with de-
creased catalytic efficiency. Extending this truncated
enzyme by two amino acids to a C-terminal lysine

FIG. 1. Carboxy-terminal sequence of aspartase with the trunca- (A469stop) leads to recovery of the catalytic activity to
tion sites (f) and the proposed sites of proteolytic cleavage by trypsin native enzyme levels, but leaves an elevated Michaelis
(M) and by subtilisin ( ) indicated. constant for aspartic acid. Addition of another dipep-

tide keeps the C-terminal amino acid as lysine, but
results in an enzyme (R471stop) with significantly en-

ends. These DNA molecules will form recombinant circles that mimic hanced catalytic activity over that of native aspartasecircular DNA which were then transformed into either TG-1 or the
(Table 1). Extending the enzyme by a single arginineJRG-1476 (aspA0) cell line (18).

The four primers that are required for this method are incubated (Y472stop) causes a further enhancement in catalysis,
in sets of two, with two of the primers required for each mutation and a tightening of the Km for aspartic acid, to yield a
consisting of two to three base pair mismatches, located close to the modified aspartase with a kcat/Km that has been opti-
5* end. These primers generate the stop codons and also, to facilitate mized beyond that which has been achieved by the na-screening, generate an alteration in a restriction enzyme site at that

tive enzyme. Extending the C-terminal by another di-loci. For the mutation at position 469 these changes resulted in the
destruction of a BspWI site. The mutations at 471 and 472 resulted peptide leads to an enzyme form (D474stop) that termi-
in the creation of an AccI site, however, the mutation at 472 required nates in a threonine and has returned to native-like
the creation of a silent mutation, one residue away from the mutated kinetic parameters.
site. The mutations at positions 467 and 474 involved the creation
of an AflII site. Initial screening for the presence of mutagenic colo- Activation by aspartic acid and divalent metal ions.
nies was accomplished by restriction enzyme mapping, with the sub- At pH values above neutrality aspartase must be acti-
sequent DNA sequencing of the mutated region. vated by aspartic acid and by divalent metal ions in

Enzyme assay. The activity of aspartase was determined spectro- order to catalyze the addition of ammonium ion across
photometrically by measuring the formation of fumarate at 240 nm the double bond of fumarate (9,10). The truncation mu-(E240 Å 2.53 mM01 cm01). A standard assay mix contained 30 mM

tants were examined for their affinity for Mg2/ as theHepes buffer, pH 7.0, 10 mM Mg acetate, and varying concentrations
of L-aspartic acid at 307C. For the examination of activation by sub- divalent metal ion activator. Native aspartase had pre-
strate and metal ions the enzyme was assayed in the amination viously been determined to have a Ka for Mg2/ of 5 mM
direction as previously described (8). The kinetic data were fitted by at pH 7.0 (6). All of the truncation mutants have Kausing the Enzyme Kinetics Package software (SciTech International,

values for Mg2/ in the range of 3 to 6 mM, with noChicago, IL) to obtain the kinetic parameters.
obvious trend that correlates with either the identity of
the C-terminal amino acid or with the kinetic parame-RESULTS
ters for the mutants. Activation by aspartic acid was
examined in the concentration range from 0.1 to 5 mMAspartase has previously been shown to be activated
and appears to be similar, for all of the truncation mu-by several different proteases acting to remove one or
tants, to the activation observed with the native enzyme.more small peptides from the carboxy-terminal (11,12).

Several primary and secondary sites of proteolysis have
been identified (Fig. 1), however it is not clear whether DISCUSSION
cleavage at a single site is responsible for the enhanced
catalytic activity of aspartase. We have undertaken a Proteolytic activation is a common means for con-
systematic study of the carboxy-terminal region of verting an inactive precursor to a catalytically active
aspartase with the goal of identifying the amino acids enzyme. While there are numerous examples of the
in this region that influence the activity of the enzyme. non-covalent activation of enzymes by various ef-

fectors, enhancement of the catalytic potential of anKinetic characterization of the truncation mutants.
already active enzyme by proteolytic cleavage is un-Stop codons have been introduced at specific positions

in the carboxy-terminal region that had previously
been identified, from peptide mapping studies of par-

TABLE 1tially proteolyzed aspartase, as affecting enzyme activ-
ity. The position of these truncation mutations was de- Kinetic Parameters of Truncated Aspartases
signed to sequentially eliminate a single charged or

kcat Percentpolar amino acid when compared to an adjacent muta-
Mutant (min01) kcat Km (mM) kcat/Kmtion site. Each of these truncation mutants was ex-

pressed, purified and characterized in order to ascer- Wild-type 40.5 { 1.6 100 1.8 { 0.1 22.6 { 0.9
tain the role of the amino acid that has been elimi- D474stop 42.7 { 7.6 105 2.8 { 1.1 15.3 { 2.9
nated. The kinetic parameters of this family of Y472stop 97.2 { 6.1 240 3.3 { 0.8 29.5 { 1.8

R471stop 70.7 { 2.9 175 4.5 { 0.5 15.7 { 0.6truncation mutants are summarized in Table 1. Elimi-
A469stop 39.6 { 1.0 98 10.2 { 0.7 3.9 { 0.1nation of a 12-amino acid peptide from the carboxy-
Y467stop 2.5 { 0.8 6.1 31 { 8.2 0.08 { 0.003terminal (Y467stop) lead to an enzyme with signifi-
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usual. Phenylalanine and tyrosine hydroxylases have
both been reported to be activated by partial proteoly-
sis. Activation of phenylalanine hydroxylase by chymo-
trypsin involves the removal of a 15 kDa domain (19),
while trypsin activation of tyrosine hydroxylase leads
to significant alteration in the size of the protein (20).
More recent studies have shown that deletion muta-
tions of up to 165 amino acids from the amino-terminal
results in over a 2-fold increase in the catalytic activity
of tyrosine hydroxylase (21). The chymotrypsin-cata-
lyzed activation of glutamate dehydrogenase leads to
a 3-fold enhancement of Vmax (22), while trypsin activa-
tion results in the removal of a 39 amino acid peptide
from the amino-terminal and an 8-fold activation of
glutamate dehydrogenase (23). In each of these cases FIG. 2. Relationship of the kinetic parameters of aspartase to

the identity and position of the carboxy-terminal amino acid. Theproteolytic activation has been achieved through the
Km values of the truncation mutants (l) are shown along with theremoval of a significant region of the protein.
associated standard errors, and the catalytic acitivity of the mutants
(%kcat) are compared in a bar graph to the activity of the nativeProteolytic activation of aspartase. In most cases
enzyme.when proteolytic enhancements of catalysis have been

observed the specificity and the site(s) of proteolysis
have not been established, and the structural and
mechanistic effects of these covalent changes have not 2). Extension of the enzyme by another dipeptide to a
been elucidated. This is also true for the proteolytic new C-terminal lysine causes a further 2-fold enhance-
activation of aspartase, where several different pep- ment in catalysis. The inclusion of an additional argi-
tides resulting from the partial proteolysis by trypsin nine at the C-terminal increases kcat by another 37%
and subtilisin have been identified (Fig. 1). However, to an enzyme form with 2.5 times the catalytic activity
errors in the earlier carboxy-terminal sequence, and of the native aspartase. In contrast to the results ob-
amino acid compositions for the released peptides that served with aspartase, the sequential removal of amino
do not match the terminal sequence, have hampered a acids from the carboxy-terminal of firefly luciferase
definitive assignment of how the amino acids in this leads to a stepwise loss of bioluminescent activity with-
region influence the catalytic activity of aspartase. out regard to the nature or identity of the amino acid

that is removed (24).Region of covalent activation of aspartase. The loca-
From an examination of these truncation mutantstion of the region of activation at the carboxy-terminal

we can conclude that the proteolytic activation thathas been defined by the boundaries of the truncation
was achieved upon treatment of aspartase with trypsinmutations at positions 467 and 474. The introduction
is caused by the cleavage of the peptide bond betweenof a stop codon at position 467 leads to an enzyme with
arg471 and tyr472 (Fig. 1). The resulting peptide issignificantly impaired catalytic function (Fig. 2). Fur-
the primary peptide product that was isolated afterther truncation of the enzyme is unlikely to lead to any
trypsin-activation (11). The proteolytic activation byimprovement in catalysis. Truncation at position 474
subtilisin results from the cleavage of the peptide bondhas only a modest effect on the catalytic parameters of
between lys470 and arg471, and this resulting peptideaspartase. Extending the gene from this point to the
is also the major peptide product that was isolated (12).native carboxy-terminal end would not be expected to

alter enzyme activity. Thus, these two positions define Mechanism of covalent activation. How these struc-
tural modifications in the carboxy-terminal regionthe boundaries of the region where altering the length

of the enzyme affects catalysis. The 7 amino acids in cause the observed alterations in the catalytic activity
of aspartase is as yet undetermined. The conformationthis region consist of three positively charged amino

acids, a polar amino acid, and two aromatic residues. of the C-terminal region of the native enzyme is highly
disordered, with no clearly identified electron densityTruncation mutations have been introduced that lead

to the sequential removal of each of the polar and posi- beyond amino acid 460 in the crystal structure (1). This
disorder may reflect a highly flexible region of the pro-tively charged amino acids.

It is apparent that the presence of a positively tein that can alter its conformation in response to bind-
ing at the active site of the enzyme. One possible expla-charged amino acid at the carboxy-terminal of aspar-

tase leads to a dramatic enhancement in catalytic activ- nation for the alterations in catalytic activity is that the
carboxy-terminal can directly participate in substrateity. The addition of a dipeptide ending in lysine to the

Y467stop mutant results in a 16-fold enhancement of binding or in catalysis. The affinity of the enzyme for
aspartic acid (as measured by the Km for aspartate)the kcat of this kinetically compromised mutant (Fig.
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