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a b s t r a c t

L-Aspartate 4-decarboxylase catalyzes the conversion of aspartate to alanine and CO2. The wild-type
enzyme was observed as dodecamers at pH 5.0. The mutation of Ser298 into Arg resulted in an almost
complete loss of the enzyme activity, and caused regional structural distortion and defects in the enzyme
assembly, as shown in circular dichroism spectra and gel filtration profiles. Mutating Tyr207 and Pro257
into His also resulted in inactivation of the enzyme, but did not affect the overall structure. Computer
modeling suggests that Ser298 is located on the surface, and its mutation may result in enzyme disassem-
bly, whereas Tyr207 and Pro257 are near the active site, and their mutations may cause local structure
perturbation.

� 2008 Elsevier Inc. All rights reserved.
L-Aspartate 4-decarboxylase (Asd; EC 4.1.1.12) catalyzes the
decarboxylation of L-aspartate to produce L-alanine. This enzyme
has been found only in a limited number of microorganisms
including eubacteria, actinomycetes, and fungi [1–7]. Regardless
of the enzyme sources, the optimal pH for its activity is around
pH 5 [2,3,7] even when it catalyzes the desulfination reaction of
cysteine sulfinic acid [8]. This enzyme catalyzes not only the b-
elimination reactions, but also a low degree of transamination be-
tween several L-amino acids and a-keto acids [9]. Both reactions
exhibited the highest activity at pH 4.5–5.5 [3]. Proton concentra-
tion was shown to affect the quaternary structure of the enzyme
[10–12]. As derived from the previous results of sedimentation
experiments, six dimers of the Alcaligenes enzyme assembled into
a dodecamer at pH 5.0 [11], and this holoenzyme dissociated into
an apoenzyme at pH 8.0. The holoenzyme can also be restored by
treatment with its cofactor, pyridoxal 50-phosphate (PLP) [10]. Sim-
ilar re-association was also observed with the enzyme from Pseu-
domonas dacunhae [12].

The PLP-enzymes, with a great versatility, have been classified
into several families, according to the different protein folds [13].
Type I enzymes, to which Asd belongs, contain a PLP-binding do-
main with a central b-strand surrounded by several a-helices.
We have produced several mutants that exhibited altered bifunc-
tional catalytic activity [14]. Three of the single-site mutants at
Tyr207, Pro257, and Ser298 were completely inactive. To investi-
gate the cause of inactivation by these mutants, circular dichroism
ll rights reserved.
and gel filtration were used to characterize them. Furthermore, as
we have noted, Asd contains a region of the type I PLP-binding mo-
tif [15]. Based on a three-dimensional model constructed for this
region, the importance of the three inactivating amino acid resi-
dues is discussed.

Materials and methods

Strains, media, and chemicals. Escherichia coli XL1-Blue (Strata-
gene) and E. coli BL21(DE3)pLysS (Novagen) were used as hosts
for gene propagation and expression, respectively. Plasmids were
prepared by GenElute Plasmid Miniprep kit (Sigma). Escherichia coli
cells were grown aerobically at 35 �C in Luria–Bertani broth with
antibiotics as required (100 lg/ml ampicillin and 34 lg/ml chlor-
amphenicol). Chemicals used in this study were purchased mainly
from Sigma.

Mutant construction and purification of the recombinant enzyme.
The asd gene that encodes Pseudomonas sp. ATCC 19121 Asd was
constructed in a pET expression system as described previously
[15]. This gene was mutated with the QuikChange Site-Directed
Mutagenesis kit (Stratagene) and then expressed in E. coli
BL21(DE3)pLysS. Forward mutagenic primers used to generate
asd mutants are: Y207H 50-GGTGTTCACGCCGCATATCGAGATCCC-30,
P256H 50-GTGAACCCCAGCAACATGCCGTCCGTGAAGATG-30, S298R
50-GCCGATGAATTCCAGCGCCTTTTCTCGGTCTGC-30 (mutated codons
are underlined). The isopropyl-b-D-thiogalactopyranoside induced
cells were disrupted by ultrasonication (model XL2020, Misonix). Cell
extracts were clarified by centrifugation, and the resulting superna-
tants were purified with a HiTrap Chelating column (GE) as described
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Fig. 1. Characterization of the native and mutant Asds. (A) Western analysis of the
cell lysate and purified fractions of mutated His-tagged Asd. Lanes: 1 and 6, native
Asd; 2 and 7, Y207H; 3 and 8, P257H; 4 and 9, S298R; 1–4, cell lysate; 5, molecular
weight marker; 6–9, purified fractions. (B) Circular dichroism spectra in the far UV
region. The protein concentration used was 2 lM in 10 mM phosphate buffer (pH
6.0) containing 0.1 mM PLP. In the peptide backbone region (205–230 nm), a-helix
content increases for S298R as compared to the native enzyme. (C) Gel filtration
profiles. Two milligrams of each protein was injected and eluted at a rate of
0.5 ml min�1. Native Asd, Y207H, and P257H existed as dodecamers, where as
S298R was seen as the dimer form, even at pH 5.0.
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previously [15]. The purified enzyme was analyzed by sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and veri-
fied by Western blot analysis using polyclonal anti-Asd antisera as in
our previous study [14]. Amino acid residues are numbered according
to the sequence of Asd from Alcaligenes faecalis CCRC 11585 (Acces-
sion No. AAK58507) [16].

Enzyme assays. Five micrograms of purified enzyme was added
to a reaction mixture (500 ll) containing 40 mM a-ketoglutarate,
0.5 mM PLP, and 40 mM L-aspartate in 0.3 M acetate buffer (pH
5.0) to start the enzyme reaction, which was then stopped by boil-
ing after 20 min. Protein was precipitated by treatment with 5-sul-
fosalicylic acid (2%), cooling at 4 �C for 30 min, and centrifuging at
15,000 rpm for 20 min. Amino acids in the supernatant were deriv-
atized with o-phthaldialdehyde (OPA) reagent solution (Sigma) and
analyzed with a LichroCART RP-18 column (5 lm, 250 � 4.6 mm,
Merck) by high-performance liquid chromatography (HPLC) as
described by Jones and Gilligan [17]. Protein concentration was
determined by the Bradford method using bovine serum albumin
as the standard [18]. One unit of Asd activity was defined as the
amount of enzyme that catalyzes the production of 1 lmol of ala-
nine (or glutamate for transaminase activity) per min at 37 �C.

Circular dichroism spectroscopy. The purified enzyme was con-
centrated with Amicon Ultra (10,000 MWCO) (Millipore) and ex-
changed into 10 mM sodium phosphate buffer (pH 6.0) in a final
concentration of 2 lM. CD spectra were taken over a range of
190–250 nm at 0.1 nm increments and a 0.25 s acquisition time
on a Jasco J-715 CD spectropolarimeter (Japan). Each protein sam-
ple with 0.1 mM PLP was scanned in a 1-mm quartz cuvette three
times with 10 mdeg sensitivity. The CD spectra were analyzed by
CDSSTR method at Dichroweb [19].

Gel filtration analysis. The purified Asd was eluted at the rate of
0.5–0.8 ml/min with 0.1 M sodium acetate buffer (pH 5.0) contain-
ing 0.2 M NaCl, with a HiPrep 16/60 Sephacryl S-300 HR column
(GE Healthcare) by fast protein liquid chromatography (AKTA FPLC,
GE Healthcare) to determine the oligomeric state of the Asd.
Molecular weights of eluted proteins were calculated according
to the regression curve of log (molecular weight) vs. retention time
of each protein standard (MW-GF-1000, Sigma), and ranged from
29 to 2000 kDa, as measured.

Computer modeling. The atomic coordinates of PDB 3TAT (A
chain) for E. coli tyrosine aminotransferase (TAT) [20] were used
as a template. Only the PLP-binding domain shows a significant
number of identical residues and no large gaps in the aligned se-
quences. The similarity of the entire sequences between Asd and
TAT is 28%. However, the similarity of the PLP-binding domains be-
tween Asd and TAT is 34%. The few regions of deletions and inser-
tions were manipulated using the program O [21], where the side
chains were also substituted and adjusted. The model was ex-
panded into a dimer similar to the TAT template and subjected
to molecular dynamics and energy minimization using the pro-
gram CNS [22].
Table 1
Specific activities of Asd proteins in acetate buffer (pH 5.0) at 40 �C

Asd Aspartate b-decarboxylation Aspartate aminotransferation

Specific activity
(U mg�1)

Relative
activity (%)

Specific activity
(U mg�1)

Relative
activity (%)

Native 20.3 ± 1.2 100 ± 6.0 0.100 ± 0.005 100 ± 4.6
Y207H 0.02 ± 0.01 0.10 ± 0.05 0.009 ± 0.0004 9.0 ± 0.4
P257H 0.02 ± 0.01 0.08 ± 0.05 0.008 ± 0.001 8.5 ± 1.0
S298R 0.02 ± 0.01 0.08 ± 0.05 0.006 ± 0.001 6.0 ± 0.9
Results

Enzyme inactivation by single-site mutations

To investigate important amino acid residues of the enzyme in
catalytic activity, we constructed more than 20 point mutations by
site-directed mutagenesis according to its sequence alignment
with some aminotransferases and L-aspartase 4-decarboxylase
[14]. All mutations were confirmed by sequencing, and the resul-
tant enzymes were verified by Western blot (Fig. 1A, which shows
only three of them). Three mutant enzymes, Y207H, P257H, and
S298R, lost 99.9% of their decarboxylase activity and retained only
about 10% of their aminotransferase activity (Table 1).
Influence of mutated amino acid residues on structure

The native and all three mutant enzymes were scanned for cir-
cular dichroism (CD) at the same protein concentration of 2 lM.



Table 2
Data analysis of circular dichroism spectra

Protein aR aD Total a bR bD Total b Turn Unordered NRMSD

Wild type 0.39 0.21 0.60 0.04 0.04 0.08 0.13 0.20 0.009
Y207H 0.37 0.20 0.57 0.06 0.04 0.10 0.11 0.21 0.013
P257H 0.39 0.21 0.60 0.04 0.03 0.07 0.12 0.22 0.012
S298R 0.32 0.19 0.51 0.04 0.04 0.08 0.15 0.27 0.014

aR, regular a-helix; aD, distorted a-helix; bR, regular b-strand; bD, distorted b-strand; NRMSD, normalized root mean square deviation.

Fig. 2. Partial sequence alignment. The PLP-binding domain of tyrosine aminotransferase from E. coli K-12 (TAT) shows mediocre sequence homology to the putative PLP-
domain of Asd from Pseudomonas sp. ATCC 19121 (Asd). Lines and colons denote identities and similarities, respectively. The three mutated sites and catalytically important
residues are number- and square-labeled, respectively.

Fig. 3. Positions of the mutated residues predicted by computer modeling. (A) A
model of the PLP-binding domains of Asd is shown as red and pink ribbons,
superimposed on the dimeric overall structure of the TAT template (green and
cyan). The active sites that contain bound PLP are indicated with arrows. The side
chains of Arg241 of TAT and the predicted Ser298 of Asd are also shown. (B) Possible
dispositions of the mutated residues of Tyr207 and Pro257 in Asd are shown as ball-
and-stick models with thick yellow bonds, in the context of other predicted active-
site residues (thin bonds). Blue bonds denote the equivalent residues in TAT. The
hydrogen bonds observed in TAT are shown as dashed lines. The ribbons are colored
as in (A). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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According to the CD spectra (Fig. 1B), the only mutation that af-
fected enzyme structure was S298R. Since all these three mutants
inactivated the enzyme, gel filtration analysis at pH 5.0 was carried
out to verify if the lost activity was due to its assembly number of
subunits. As shown in Fig. 1C, both native enzyme and the P257H
mutant existed only as dodecamers at pH 5.0, whereas some disso-
ciated dimers were observed in Y207H. The most striking phenom-
enon was observed for the S298R mutant protein, which existed
only in dimeric form. The activity loss of S298R was probably
due to overall structural changes as reflected in the CD spectra (Ta-
ble 2).

The PLP-binding domain

The amino acid sequences of Asd from Pseudomonas sp. ATCC
19121 and Tyr aminotransferase (TAT) from E. coli K-12 have 18%
identity and 34% similarity in the PLP-binding domain (Fig. 2),
including the class I attachment site [14]. The e-value between
PLP-binding domain of Asd from Pseudomonas sp. ATCC 19121
and that of TAT from E. coli sequence is 0.014. As shown in Fig.
3A, the model superimposes well with the TAT dimer, with an
RMSD of 1.002 Å for 362 matched Ca atom. The Z-score calculated
by the DALI server (http://www.ebi.ac.uk/dali) is 24.6. Configura-
tion in the active site is mostly conserved, including the PLP-bind-
ing motif where Lys315 (258 in TAT) is covalently attached to the
PLP, the charged Arg323 (266) and Asp286 (222), and a number of
other polar residues that make direct hydrogen bonds with the PLP
group, as shown in Fig. 3B. This model allowed us to derive possi-
ble locations of the three mutated amino acid residues of Tyr207,
Pro257, and Ser298.

Discussion

The three inactivated mutants (Y207H, P257H, and S298R) have
varied effects on the enzyme assembly. By analyzing the CD spec-
tra and gel filtration profiles of the mutants (Fig. 1), we found that
the S298R mutation altered the protein’s secondary structure (see
also Table 2). The results of computer modeling suggested that
Ser298 is probably located on a distal surface of the dimer (Fig.
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3A), which might contribute to the packaging into dodecamers. The
large positively charged side chain of Arg should have a significant
structural impact on this interface. A previously studied mutant of
D360P also showed comparable large changes in secondary struc-
ture, but it was observed as dodecamer at pH 5 and retained signif-
icant activity [14]. In contrast, the mutation of S298R in the
enzyme rendered the dodecameric Asd enzyme disassembly, and
caused inactivation. There seems to be a correlation among the
proton concentration, the dodecamer assembly and the enzyme
activity. In retrospect, an early elution was observed in the purifi-
cation profile of S298R mutant with a nickel affinity column, which
implied that there might be some structural impact of this mutant.
However, further work is necessary to clarify the relationship.

On the other hand, Tyr207 and Pro257 are likely located in the
vicinity of the active site (Fig. 3B). Although these two residues
turned out to be quite important for catalytic activity, their muta-
tions did not obviously affect the overall structure, as shown by the
CD spectra (Fig. 1B). His143 in TAT does not interact directly with
PLP; nor is it involved in catalysis, but mutating the equivalent
Tyr207 in Asd to His resulted in loss of both decarboxylase and
aminotransferase activities. Perhaps the phenolic oxygen is impor-
tant in the maintenance of the active-site structure. It is notewor-
thy that Pro195 in TAT, which corresponds to Pro257 in Asd, has a
cis-peptide configuration that is less common for non-proline res-
idues (Fig. 3B).

The homology model of the PLP-binding domain of Asd from
Pseudomonas sp. ATCC 19121 shows a conserved active-site config-
uration as in those of the well-studied aminotransferases. It pro-
vides a starting point for understanding the catalytic properties
of the enzyme. According to CD spectral analysis, the entire protein
structure of Asd has 60% a-helix and only 8% b-sheet (Table 2).
Interestingly, the secondary structure contents of a-helices and
b-strands in this PLP-binding domain region (Fig. 3B) are 40% and
30%, respectively. We found that deviate significantly from those
estimated by the CD spectra for the total protein structure (Table
2). Probably, the other regions of the molecule contain more a-
helices and fewer b-strands. Besides, the level of aminotransferase
activity decreased less than that of the decarboxylase activity dur-
ing the disrupted mutations (Table 1). These results indicated that
the decarboxylase reaction would require a more stringent envi-
ronment for catalysis, whereas the aminotransferase catalysis
may still occur without the optimal environment (Fig. 3). We have
used this model to explain the altered decarboxylase and amino-
transferase activities in a recent study [14]. Regarding which ami-
no acid residues are involved in subunit assembly, a more precise
approach should be based on the crystalline structure of the en-
zyme. Although crystallization of Asd was first published in 1963
[2], its three-dimensional structure has not been determined by
X-ray crystallography. Therefore, we have crystallized the Asd en-
zyme, and we are going to solve its structure in the near future.
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