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Abstract—Based on the sequence homology, we have modeled the three-dimensional structure of Bacillus licheniformis alde-
hyde dehydrogenase (B/ALDH) and identified two different residues, Glu255 and Cys289, that might be responsible for the
catalytic function of the enzyme. The role of these residues was further investigated by site-directed mutagenesis and bio-
physical analysis. The expressed parental and mutant proteins were purified by nickel-chelate chromatography, and their
molecular masses were determined to be approximately 53 kDa by SDS-PAGE. As compared with the parental BIALDH, a
dramatic decrease or even complete loss of the dehydrogenase activity was observed for the mutant enzymes. Structural
analysis showed that the intrinsic fluorescence and circular dichroism spectra of the mutant proteins were similar to the
parental enzyme, but most of the variants exhibited a different sensitivity towards thermal- and guanidine hydrochloride-
induced denaturation. These observations indicate that residues Glu255 and Cys289 play an important role in the dehydro-

genase activity of BJALDH, and the rigidity of the enzyme has been changed as a consequence of the mutations.
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circular dichroism

The extended family of aldehyde dehydrogenases
(ALDHs) contains well over 150 different proteins com-
posed of polypeptides approximately 50-55 kDa in
molecular mass [1]. These enzymes are known to cat-
alyze the irreversible NAD(P)*-dependent oxidation of a
wide variety of aliphatic and aromatic aldehydes to their
corresponding acids. Aldehydes are cytotoxic and muta-
genic compounds that are present in the environment as
a result of industrial activity [2] and are formed endoge-
nously during the metabolism of amino acids, vitamins,

Abbreviations: AEW, average emission wavelength; ALDH,
aldehyde dehydrogenase; IPTG, isopropyl $-D-thiogalactopy-
ranoside; LB, Luria—Bertani medium.

* To whom correspondence should be addressed.

lipids, and carbohydrates [3]. Since the dehydrogenase
activity plays an important role as the detoxifying agent
to overcome the harmful effects of aldehydic com-
pounds, the biochemical properties of a variety of
eukaryotic, archaeal, and prokaryotic ALDHs has been
determined [4-11]. Furthermore, the ALDH gene and
protein families have been analyzed and updated [12-
14]. Based on the sequences, the extended ALDH fami-
ly can be divided into at least 13 different classes, some
of which have quite specific and others broad substrate
preferences.

Several crystal structures of the ALDH proteins have
been determined, starting with Rattus norvegicus ALDH3
(RnALDH3) [15] and extending to Bos taurus ALDH?2
(BtALDH?2) [16], Gadus callarias ALDH9 (GcALDH9)
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Fig. 1. Proposed catalytic mechanism of the dehydrogenase reaction.

[17], Ovis aries ALDH1 (OaALDH1) [18], Mus musculus
ALDH (MmALDH) [19], Streptococcus mutans ALDH
(SmALDH) [20], and Pseudomonas aeruginosa betaine
aldehyde dehydrogenase (PaBADH) [21]. Structural and
other evidence reveals that the catalytic mechanism of the
ALDH family involves acylation and deacylation steps
(Fig. 1). In the acylation step the active site cysteine sul-
fur makes a nucleophilic attack on the carbonyl carbon of
the aldehyde. Then the hydrogen leaves as a hydride and
attacks NAD(P)™ to yield NAD(P)H. The enzyme active
site then undergoes a rearrangement wherein the
NAD(P)H molecule is moved, creating space for a water
molecule to access the substrate. In the deacylation step,
the nucleophilic water molecule at glutamate in the active
site and attacks the carbonyl carbon to generate sulthydryl
as a leaving group.

Bacillus licheniformis is a Gram-positive, spore-
forming soil bacterium that is closely related to the well-
studied model organism Bacillus subtilis [22, 23]. This

species produces an assortment of extracellular enzymes
that may contribute to nutrient cycling in nature.
Commercially, B. licheniformis is employed extensively
for the production of exoenzymes [24] as well as smaller
compounds like the antibiotic bacitracin [25, 26] and var-
ious organic metabolites [27, 28]. More than 10 ALDH
genes have been identified in this bacterium [29], and one
of these genes, ybcD, encodes an ALDH enzyme consist-
ing of 488 amino acid residues. Very recently, the ybcD
gene has been cloned and overexpressed in Escherichia
coli [30]. The recombinant enzyme prefers NAD™ as a
cofactor in the oxidation of aliphatic aldehydes.

To understand the structure—function relationship of
the cloned B. licheniformis ALDH (BIALDH) [30], a
directed evolution strategy was pursued in this study to
elucidate the role of the conserved Glu255 and Cys289
residues. The data presented herein indicate that these
two residues are important for the dehydrogenase activity
of the enzyme.
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MATERIALS AND METHODS

Materials, bacterial strains, and growth conditions.
Luria—Bertani (LB) medium was purchased from Difco
Laboratories (USA). The oligonucleotides used in site-
directed mutagenesis were synthesized by Mission
Biotechnology Inc. (Taiwan). Ni*'-nitrilotriacetate
(Ni**-NTA) resin was acquired from Qiagen Inc. (USA).
Protein assay reagents, acrylamide, bis-acrylamide,
TEMED, and ammonium persulfate were from Bio-Rad
Laboratories (USA). NAD*, NADH, propionaldehyde,
and guanidine hydrochloride (GdnHCIl) were from
Sigma-Aldrich (USA). Unless indicated otherwise, all
other chemicals were commercial products of analytical
or molecular biological grade.

Escherichia coli NovaBlue (Novagen Inc., USA) was
used in the preparation of plasmids, and E. coli XL-1 Blue
(Stratagene, USA) was used for site-directed mutagene-
sis.

T5 RNA-polymerase-mediated gene expression was
performed in E. coli M15 (pRep4) (Qiagen). Escherichia
coli strains were grown aerobically with shaking in LB
medium at 37°C. As required, ampicillin and kanamycin
were supplemented to a final concentration of 100 and
25 pg/ml, respectively.

Computer modeling. Construction of molecular
models, structure optimization, and conformational
analysis were carried out with Discovery Studio 1.7
(Accelrys Inc., USA) using the CHARMM empirical
force field [31]. The structure of BIALDH was simulated
using PaBADH structure (PDB code: 2wme) as the tem-
plate. The energy minimization of the model was iterated
500 cycles by the steepest descent method and finally
convergence at 0.002 kcal/mol A.

Site-directed mutagenesis. Mutations were introduced
into pQE-ybcD plasmid [30] using the QuikChange™ XL
site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s protocol. Two overlapping complementary
primers containing the desired nucleotide changes were
designated for each mutation (table). The mutagenic PCR
reaction mixture consisted of 20 mM Tris-HCI (pH 8.8),
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10 mM KCI, 10 mM (NH,),SO,, 2 mM MgSO,, 0.1%
Triton X-100, 0.1 mg/ml nuclease-free bovine serum albu-
min (BSA), 12 ng of template DNA, 0.5 mM dNTPs,
1 uM each of the complementary primers, and 3.6 units of
Pfu DNA polymerase. Mutant DNA was generated with a
thermal cycling program of 2 min at 95°C and 16 cycles of
30 sec at 95°C, 60 sec at 55°C, and 12 min at 68°C on an
Applied Biosystems (USA) thermal cycler. The amplified
products were digested with 10 units of Dpnl at 37°C for 1 h
prior to their use for transformation into E. coli XL-1 blue
cells. Mutations were confirmed by DNA sequencing with
a dye terminator cycle sequencing kit and an automatic
DNA sequencer (Applied Biosystems).

Expression and purification of the parental and
mutant enzymes. To express the parental and mutant
BIALDHS, E. coli M15 cells harboring pQE-ybcD or each
of the mutated plasmids were cultivated in 100 ml of LB
media containing 100 pg/ml ampicillin and 25 pg/ml
kanamycin to Agy, of 0.5 and then induced with 50 uM
isopropyl B-D-thiogalactopyranoside (IPTG). After an
additional incubation at 37°C for 12 h, the cells were col-
lected by centrifugation and resuspended in 3 ml of bind-
ing buffer (5 mM imidazole, 0.5 M NaCl, and 50 mM
NaH,PO,, pH 7.9). The resuspended cells were cooled on
ice and disrupted by sonication (30-sec bursts and pauses
for 5 min). The resulting extracts were clarified by cen-
trifugation at 12,000g for 20 min to remove cell debris,
and the supernatants were subsequently mixed with Ni**-
NTA resin pre-equilibrated with the binding buffer. After
extensive washing with the binding buffer, the His¢-tagged
proteins were eluted from the resin by buffer containing
0.5 M imidazole, 0.5 M NaCl, and 50 mM NaH,PO,
(pH 7.9).

Gel electrophoresis and determination of protein con-
centration. SDS-PAGE was performed with a Bio-Rad
Protean I1I Dual Slab Cell (Bio-Rad) using a discontinu-
ous buffer system [32]. The protein samples were sus-
pended in SDS-PAGE loading buffer (5% 2-mercap-
toethanol, 2% SDS, 0.1% bromophenol blue, and 10%
glycerol in 50 mM Tris-HCI buffer, pH 6.8) and applied
to 12% separating gel. After electrophoresis, the gels were

Oligonucleotide primers used for site-directed mutagenesis

Protein Nucleotide sequence (5'—3')* Codon change
E255D GCGAAGTACCAGCTTGACATGGGCGGCAAA GAG — GAC
E255K GCGAAGTACCAGCTTAAGATGGGCGGCAAA GAG — AAG
C289R TCGACAGGCCAAAAGCGTACAGCGACAAGC TGT - CGT
C289P TCGACAGGCCAAAAGTTTACAGCGACAAGC TGT > TTT
C289D TCGACAGGCCAAAAGGATACAGCGACAAGC TGT —» GAT

* Only sense sequences are shown and mismatches with the original sequence of the ybcD gene are underlined.
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stained with 0.25% Coomassie brilliant blue dissolved in
50% methanol/10% acetic acid and then destained in a
solution of 30% methanol/10% acetic acid. The protein
size markers were phosphorylase b (97.4 kDa), BSA
(66.3 kDa), ovalbumin (45.0 kDa), carbonic anhydrase
(31.0 kDa), trypsin inhibitor (21.5 kDa), and hen egg
lysozyme (14.4 kDa).

Protein concentrations were determined by the
Coomassie G dye binding technique of Bradford [33]
using BSA as the standard.

Enzymatic assay. B/IALDH activity was assayed
according to the method previously described [34]. The
assay mixture contained 50 mM sodium phosphate buffer
(pH 7.0), 1 mM dithiothreitol, and the enzyme solution
at a suitable dilution. The reaction was initiated by addi-
tion of 2 mM propionaldehyde and 4 mM NAD™ into the
reaction mixture. After incubation at 37°C for 10 min, the
reaction was terminated by heating at 80°C for 5 min.
Enzymatic activity was calculated from the reduction of
NAD™* to NADH at 340 nm, using the NADH extinction
coefficient of 6.22 mM~'cm~!. One unit of B/ALDH
activity was defined as the amount of enzyme that
reduced 1 pmol of NAD™ to NADH per minute.

Circular dichroism (CD) spectroscopy. CD spectra in
the far UV-region (190-240 nm) were recorded on a
JASCO model J-815 equipped with a Peltier thermostat-
ted cuvette holder under constant nitrogen flow. The pho-
tomultiplier voltage was always below 600 V in the ana-
lyzed region. Each scanning was repeated 10 times and
the average was reported. Data were corrected for the
buffer effect, and the experimental results were expressed
as molar ellipticity [0] in units of deg-cm?*dmol~' accord-
ing to Eq. (1):

0
TNGA )

where [ represents the light path length (cm), C is the
molar concentration of protein, and 6 denotes the
observed ellipticity (mdeg).

The unfolding transition curves for the parental and
mutant B/ALDHs were obtained by monitoring the ellip-
ticity at 222 nm in a 1-mm cell. The temperature was
increased with a heating rate of 4°C/min from 20 to 100°C
and the transition midpoint (7,,) was recorded.

Fluorescence spectroscopy. Fluorescence spectra of
the recombinant enzymes were monitored at 30°C in a
JASCO FP-6500 fluorescence spectrophotometer with
excitation wavelength of 280 nm. All spectra were cor-
rected for buffer absorption. The fluorescence emission
spectra of protein samples were recorded from 300 to
400 nm at a scanning speed of 240 nm/min. The maximal
peak of the fluorescence spectrum and the change in flu-
orescence intensity were used in monitoring the unfold-
ing processes of the enzyme. Both the red shift and the
change in fluorescence intensity were analyzed together
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using the average emission wavelength (AEW) (&)
according to Eq. (2) [35]:

D(F-A)
(A)="2—
2 F

i=A

; 2

where F; is the fluorescence intensity at the specific emis-
sion wavelength (A;).

Unfolding of recombinant enzymes by GdnHCI. The
unfolding experiments of parental and mutant enzymes
were examined in different concentrations of GdnHCI in
50 mM sodium phosphate buffer (pH 7.0) at room temper-
ature. The preliminary experiments showed that 30-min
incubation time was sufficient for the unfolding to achieve
equilibrium at all denaturant concentrations.

Unfolding curves of the parental and mutant
enzymes were used to calculate the thermodynamic
parameters by global fitting of the experimental data. The
two-state unfolding model (Scheme) was described by
Eq. (3) [36]:

Ky
Ne—U
Scheme

_ (yN +m, [D])+ (yU +m, [DD exp[— (AGHZ(J - m[D])/RT]
- 1+expl-(AG,,., - m[D])/RT]

,(3)

where y, is the observed biophysical signal, yy and y; are
the intercepts, m;and m, are the slopes of the pre- and
post-transition baselines, 7 is temperature, R is the uni-
versal gas constant, [ D] is the concentration of GdnHCI,
AGy,o represents an estimate of the conformational sta-
bility of the protein in the absence of denaturant, and m is
a measure of the dependence of AG.

RESULTS AND DISCUSSION

Sequence comparison and homology modeling. Using
the CLUSTALW program from ExPASy Proteomics serv-
er (http://tw.expasy.org), we observed that B/IALDH
sequence shares 40, 40, 38, 36, 35, and 20% identity with
the primary sequence of PaBADH (Swiss-Prot QOHTIJ1),
OaALDHI1 (Swiss-Prot P51977), BsSALDH2 (Swiss-Prot
P20000), GcALDH9 (Swiss-Prot P56533), SmALDH
(Swiss-Prot Q59931), and RnALDH (Swiss-Prot
P11883), respectively. Although the sequence identities
for the different ALDHSs can be as low as 20%, the struc-
tures determined so far adopt the same basic fold with one
dinucleotide-binding domain, one catalytic domain, and
one oligomerization domain [15-20]. Unlike the classical
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Rossmann fold, the nucleotide-binding domain of
ALDHs consists of only five parallel B-strands. The inter-
action between the pyrophosphate moiety of the
nucleotide and the enzyme occurs via the loop between
strand 3; and helix og. This arrangement results in a sig-
nificantly different conformation of the co-substrate
compared to proteins with the Rossmann fold. The cat-
alytic domain adopts an a/f fold and contains the con-
served active site cysteine (Cys286 in PaBADH, Cys303
in OgaALDHI1, Cys322 in BsALDH2, Cys297 in
GcALDHY9, Cys284 in SmALDH, and Cys244 in
RaALDH). Despite many biochemical and mutagenesis
studies, the mechanism and the role of putatively essen-
tial residues of this reaction remain to be elucidated at the
molecular level [37], especially the invariant glutamate
268 (numbering according to BSALDH?2). This glutamate
residue has been implied to function as a general base for
the deprotonation of the active site cysteine in BSALDH?2
[16]. The corresponding residue seems to be involved
only in co-substrate binding in RuALDH?3 [15]. However,
in the case of SmALDH it has been suggested to play an
essential role in deacylation by activating a water mole-
cule that hydrolyzes the intermediate [38].

In the lack of crystal structures, homology modeling
has been shown to be a valuable tool for gaining insight
into the active site pocket of a number of enzymes [39-
41]. As mentioned above, BIALDH has highest sequence
identity with PaBADH, and this fact guarantees a reliable
building of homology structure. Given that the conserved
Cys303 and Glu268 residues (numbering is for
BsALDH?2) are necessary for the catalytic mechanism of
ALDHSs, the location of the corresponding Glu255 and
Cys289 residues in the putative active site of BIALDH
warranted their exploration as the essential residues for
the enzyme (Fig. 2; see color insert).

Purification and characterization of parental and
mutant enzymes. Due to the potential importance of the
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conserved Glu255 and Cys289, these two residues were
selected for site-directed mutagenesis. After verification
of the altered sequences, pQE-B/ALDH and each of the
mutated plasmids were transformed into E. coli M15
(Prep4) for IPTG-induced gene expression. The overex-
pression of parental and mutant enzymes was assessed by
analyzing protein profiles of the whole cell lysate prepa-
rations, where all these proteins were expressed as a pre-
dominant band with an estimated molecular mass of
53 kDa (data not shown). The parental and mutant
enzymes in the crude extracts were further purified to
near homogeneity by Ni**-NTA resin (Fig. 3a). The
purification procedure resulted in a yield of 25-34% of
the ALDH activity for the recombinant enzymes.

The assay of enzymatic activity with 2 mM propi-
onaldehyde showed that the purified BIJALDH had a spe-
cific activity of 8.3 = 0.2 U/mg protein (Fig. 3b).
Substitution of Glu255 with either Asp or Lys resulted in
mutant enzyme with diminished activity. Similarly, the
ALDH activity was nearly abolished in C289P, C289R,
and C289D mutant enzymes. These results indicate that
residues Glu255 and Cys289 play an important role in the
functionality of BIALDH.

Structural analysis of parental and mutant enzymes.
To determine whether the differences in catalytic activity
between the mutant enzymes and the parental BIALDH
were due to major structural changes of the variants, we
recorded their far-UV CD and tryptophan fluorescence
spectra (Fig. 4). The parental enzyme has two ellipticity
minima of almost equal amplitude at 208 and 218 nm,
whereas the negative ellipticity of E255K at 208 nm was
slightly more pronounced that at 218 nm (Fig. 4a). In
general, the CD spectra of the mutant enzymes were sim-
ilar to that of the parental BJALDH. The intrinsic trypto-
phan fluorescence spectrum of the parental BJALDH was
characterized by a peak centered at 336.1 nm (Fig. 4b).
Most of the mutant enzymes had tryptophan fluorescence
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Fig. 3. SDS-PAGE analysis (a) and specific activity (b) of parental and mutant enzymes. Lanes: M, protein size markers; /) BIALDH; 2)
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Fig. 4. Far-UV CD (a) and intrinsic tryptophan fluorescence (b) spectra of parental and mutant enzymes. An average of 10 spectra of each
protein was recorded. The protein concentration was approximately 0.25 mg/ml.

spectra similar to that of the parental BIALDH, with the
exception of E255D in which the spectrum slightly shift-
ed to the red with a peak centered at 338 nm. The relative
fluorescence intensity of the mutant enzymes also varied
appreciably from that of the parental B/ALDH. The
intensity of E255D, E255K, C289R, C289P, and C289D
was decreased 21-57% with respect to the parental
enzyme. These observations suggest that minor changes
in the protein structure have been occurred as a conse-
quence of E255 and C289 mutations.

To probe the structural integrity of the parental and
mutant enzymes, their thermal denaturation patterns
were determined by following the changes in ellipticity at
222 nm (Fig. 5). The denaturation curves of the parental
and mutant enzymes showed single sigmoidal transitions.
Midpoints of thermal transition, 7,,, were calculated to
be 51, 45, 55, 56, 50 and 54°C for parental B/ALDH,
E255D, E255K, C289R, C289P, and C289D, respective-
ly. The T,, of E255D was 6°C lower than the parental T,,.
However, substitution of this residue with lysine induced
an obvious effect on the thermal stability. The T, value
for C289R and C289D was also higher than that of the
parental BIALDH. These data clearly indicate that E255
and C289 mutations have a significant effect on the ther-
mal stability of the enzyme.

Unfolding of parental and mutant enzymes by
GdnHCI. The function of a protein depends on its ability
to acquire a unique three-dimensional structure [43].
GdnHCI is commonly used as a protein denaturant,
which generally brings about unfolding of proteins by dis-
rupting their secondary and tertiary structures. BJALDH
contains five tryptophanyl residues (Fig. 2a). Thus, the
GdnHCl-induced unfolding is very suitable for confor-

mational stability studies of this enzyme. Unfolding of the
parental and mutant enzymes at different concentrations
of GdnHCI was therefore performed, and the data are
shown in Fig. 6. The AEW that reports on the changes in
both fluorescence wavelength and fluorescence intensity
was used to calculate the thermodynamic parameters of
the unfolding process. As shown in Fig. 6a, BJALDH
started to unfold at a very low concentration of denatu-
rant with [GdnHCl], s y.y of 0.92 M. By fitting Eq. (3),
the calculated free energy change (AGy,o) for the N <» U
process was 2.98 kcal/mol. The fluorescence signals of

0 .
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Fig. 5. Thermal denaturation of parental and mutant enzymes dis-
solved in 50 mM sodium phosphate buffer (pH 7.0) as monitored
by CD signal at 222 nm. The protein concentration was approxi-
mately 0.25 mg/ml.
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according to a two-state unfolding model (Eq. (3)).

GdnHCl-induced E255D, E255K, C289R, C289P, and
C289D were also monophasic processes, which showed
[GdnHCl]ysn.y of 0.91, 0.95, 1.37, 0.97, and 0.96 M,
corresponding to AGy o of 2.05, 2.71, 4.29, 2.92, and
2.80 kcal/mol, respectively, for the N <> U process.
Similar results were observed with CD spectra (Fig. 6b).
BIALDH, E255D, E255K, C289R, C289P, and C289D
showed [GdnHCl],5 .y of 0.60, 0.22, 0.52, 1.10, 0.57,
and 0.67 M, corresponding to free energy change of 2.14,
2.01, 1.18, 3.84, 1.41, and 3.70 kcal/mol, respectively, for
the N <> U process. Based on these observations, it can
be concluded that a lower concentration of GdnHCI was
required to start the unfolding of BIALDH. This allows
one to distinguish the conformation stabilities between
the parental and mutant enzymes and reflects that the
protein structure of BJALDH has been changed as a con-
sequence of mutations.

Influence of mutations on the reaction mechanism.
The reaction mechanism of ALDHSs involves three main
steps (Fig. 1) [44]: (i) nucleophilic attack of the catalytic
cysteine (Cys302 in BsSALDH?2) on the carbonyl carbon
of the aldehyde, which forms a tetrahedral hemithioacetal
intermediate covalently bound to the enzyme; (ii) hydride
transfer from the tetrahedral hemithioacetal to the pyri-
dine ring of NAD(P)", which produces a thioester inter-
mediate; and (iii) nucleophilic attack of a water molecule
on the thioester, which generates a second tetrahedral
intermediate and results in the release of the acid product.
It is well accepted that Glu268 (numbering according to
BsALDH?2) is the general base in the activation of the
hydrolytic water molecule [38, 45, 46]. In fact, residues
Cys302 and G1u268 corresponding to Cys289 and Glu255
of BIALDH are strictly conserved among the ALDH pro-
teins with dehydrogenase activity.

BIOCHEMISTRY (Moscow) Vol. 76 No. 11 2011

Crystal structures of several ALDHs from different
organisms have been determined in the absence and pres-
ence of NAD(P)*, NAD(P)H, aldehydes, or acid prod-
ucts, and the residues involved in each step of the catalyt-
ic mechanism have been elucidated at the atomic level. It
was soon realized that the ALDH proteins do not under-
go major conformational changes upon the binding of the
cofactors [16], but that there is a conformational flexibil-
ity in the catalytic Cys302 [20, 47-49] and Glu268
residues [21, 48-51]. Cys302 has been proposed to adopt
two different conformations: one, located far away from
the carbonyl carbon of the bound aldehyde, is called the
resting conformation [21, 37, 47-50], and the other one,
situated close to this carbon in the correct position to per-
form the nucleophilic attack, is called attacking confor-
mation [16, 37, 48-50, 52]. Glu268 has been observed to
adopt three stable conformations: inside, intermediate,
and outside. The inside conformation is sterically incom-
patible with the bound oxidized cofactor, and it has been
proposed that Glu268 in this conformation can activate
Cys302 for the nucleophilic attack because the carbonyl
group is close to the thiol [37, 48-50, 53]. The intermedi-
ate conformation is sterically compatible with the oxi-
dized cofactor and is thought to the one suited for the
activation of the hydrolytic water molecule [15, 48-50,
54-56]. In the outside conformation, Glu268 releases the
proton that was previously taken from either the catalytic
Cys or the hydrolytic water molecule through a proton
relay mechanism [21].

As shown in Fig. 7 (see color insert), two conforma-
tions for Cys289 and three conformations for Glu255 can
be observed in the modeled active site of BIALDH. Given
that Cys302 is the catalytic residue, and that the confor-
mational flexibility of Glu268 plays an important role in
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the deacylation step of the ALDH-catalyzed reaction, the
corresponding Glu255 and Cys289 residues of BJALDH
might play similar roles to those of other ALDH enzymes.

In summary, sequence alignment showed that
residues Glu255 and Cys289 of BIALDH are conserved in
the ALDH family. Computer modeling and site-directed
mutagenesis results provided definitive evidence that
Glu255 and Cys289 are critical for the function of
BIALDH. Glutamate 255 may function as a general base
necessary for the initial activation of cysteine 289. The
conservation of these two residues suggests that their roles
can be extended to the entire ALDH family.

The authors are very grateful to the National Science
Council of Taiwan for the financial supports (NSC 95-
2313-B-415-012-MY3 and NSC 95-2313-B-415-001).
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