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D-Amino acid aminotransferases (D-AATs) from Geobacillus toebii SK1 and Geobacillus sp. strain KLS1 were
cloned and characterized from a genetic, catalytic, and structural aspect. Although the enzymes were highly
thermostable, their catalytic capability was approximately one-third of that of highly active Bacilli enzymes,
with respective turnover rates of 47 and 55 s~' at 50°C. The Geobacillus enzymes were unique and shared
limited sequence identities of below 45% with D-AATs from mesophilic and thermophilic Bacillus spp., except
for a hypothetical protein with a 72% identity from the G. kaustophilus genome. Structural alignments showed
that most key residues were conserved in the Geobacillus enzymes, although the conservative residues just
before the catalytic lysine were distinctively changed: the 140-LRcD-143 sequence in Bacillus p-AATs was
144-EYcY-147 in the Geobacillus p-AATs. When the EYcY sequence from the SK1 enzyme was mutated into
LRcD, a 68% increase in catalytic activity was observed, while the binding affinity toward «-ketoglutarate
decreased by half. The mutant was very close to the wild-type in thermal stability, indicating that the mutations
did not disturb the overall structure of the enzyme. Homology modeling also suggested that the two tyrosine
residues in the EYcY sequence from the Geobacillus p-AATs had a =/w interaction that was replaceable with

the salt bridge interaction between the arginine and aspartate residues in the LRcD sequence.

D-Amino acid aminotransferase (D-AAT; EC 2.6.1.21) cata-
lyzes the conversion of various a-keto acid substrates into their
respective b-amino acids, some of which are indispensable for
bacteria as peptidoglycan components of the cell wall (25). As
such, the enzyme has been applied as a catalyst to produce
optically pure p-amino acids (1, 3, 30) that act as intermediates
of semisynthetic antibiotics, bioactive peptides, and other phys-
iologically active compounds (20, 21).

D-AAT activity is found in various gram-positive bacteria,
including Bacillus (8, 28, 29), Staphylococcus (22), and Listeria
(31), and yet recent biotechnology studies have mainly focused
on thermophilic or mesophilic Bacillus enzymes due to their
high catalytic activity and broad substrate specificity (4, 9, 10,
23). For example, the D-AAT from thermophilic Bacillus sp.
strain YM1 was remarkable in its activity and thermal stability
and showed a high identity of 67% with a mesophilic Bacillus
sphaericus enzyme, while representing a limited identity of less
than 50% with other Bacillus enzymes.

16S rRNA analyses are useful for comparing phenotypically
close and yet genetically different microorganisms (6). For
instance, in the phylogenetic analysis of bacilli, the thermo-
philic YM1 has been assigned to genetic group II, together
with B. sphaericus, whereas most other thermophilic bacillus
species, such as B. stearothermophilus, B. thermodenitrificans,
and B. kaustophilus, have been positioned in genetic group V
(2), recently renamed as the genus Geobacillus (17, 19).
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Consequently, Geobacillus species would seem to be a re-
markable resource for new p-AATSs with unique sequences and
enzymatic properties. Accordingly, the present study presents
new thermostable D-AATS from the genus Geobacillus, includ-
ing a characterization of their genetic and catalytic properties,
and mutational studies of the conservative 35-a5 loop (bearing
the cofactor-binding lysine) (26). In addition, homology mod-
eling is conducted to analyze the functional relevance of the
distinctive loop structure of the Geobacillus b-AATs.

MATERIALS AND METHODS

Strains and plasmids. The thermophilic bacillus collections, including Bacillus
sp. strain YM1 and different soil isolates, was cultivated at 55 or at 65°C in a MY
medium, as specified previously (12). The E. coli WM335 strain (leu pro his arg
thyA met lac gal rspL hsdM hsdR murl), a D-glutamate auxotroph, was used as the
host strain for the genetic complementation method (13). The plasmid pBlue
script II SK and E. coli XL1-Blue were purchased from Stratagene; plasmids
pUC118 and pUC119 were purchased from Takara Shuzo, Japan; and plasmid
pHCE IIB purchased from Bohan Biomedicals (South Korea).

DNA manipulation and mutagenesis. The genomic DNA of the Geobacillus
strains was partially digested with Sau3Al. DNA fragments of 3 to 10 kb were
then isolated by centrifugation on a sucrose gradient (5 to 40% [wt/vol]) for 20 h
at 25,000 rpm in a Beckman SW40 rotor and ligated into the BamHI site of
pUC118 at 16°C for 12 h with a T4 DNA ligase. Thereafter, the E. coli WM335
was transformed with the ligation mixture with electroporation.

The site specific mutagenesis to introduce the desired mutations into the target
DNA sequences was performed by using the megaprimer PCR method. The
mutagenic internal primer 5-ACAAGAGATGTCCGCTGGCTACGTTGC
GATATTAAGAGTTTAAATCTTCTA-3 is designed to bear an LRcD residue
(underlined) instead of the wild-type sequence, EYcY, whereas the C-terminal
primer 5-GCCGGATCCTTATTTTGCGTTTTTGACAGC-3 is designed to
have a BamHI site (underlined). The product of the first PCR with the muta-
genic primer and C-terminal primer was purified and then used as a megaprimer
for a second PCR, along with the N-terminal primer 5-GCATTAAAGCTGTAC
GTACTA-3. The final PCR product contained the desired mutation and 3-ter-
minal BamHI site in the DNA sequence. Plasmid pHCE19T(II) was used for the
expression of the LRcD mutant: the plasmid vector was digested with Ncol, blunt
ended by Klenow treatment, and sequentially digested with BamHI. The result-
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FIG. 1. Comparison of D-amino acid aminotransferases from thermophilic Bacilli strains using Western blotting analyses. Lanes 1 to 7 are the
immunostains for the cell extracts from different Bacillus strains: 1, YM1; 2, LK1; 3, LK2; 4, SK1; 5, KLS1; 6, KL1; and 7, SD1. The polyclonal
antibody was prepared from an antiserum boosted by the YM1 D-AAT. Lanes 8 to 11 are the purified D-AATSs: 8 and 10, Bacillus sp. strain YM1,;
9 and 11, G. toebii SK1. Lanes 10 and 11 are the sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the purified YM1 and SK1

proteins.

ing vector was ligated with the second PCR product by a blunt-cohesive ligation
at 16°C with a T4 DNA ligase.

Expression and purification. E. coli XL1-Blue cells bearing the plasmid
pDSK2 or pHKLS23 were cultivated at 37°C for 16 h in 1 liter of LB medium
containing 100 pg of ampicillin/ml. After being harvested by centrifugation, the
cells were disrupted by sonification in a standard buffer, including 30 mM Tris-
HCI (pH 8.0), 0.01% B-mercaptoethanol, and 0.05 mM pyridoxal-5'-phosphate.
The active b-AAT was recovered from the supernatant of the cell lysate and
incubated at 60°C for 20 min to remove heat-labile E. coli proteins. The resulting
enzyme solution was then loaded onto a Resource Q ion exchange (Pharmacia,
Sweden), washed with the standard buffer, and eluted by using a potassium
chloride gradient from 0 to 0.5 M. Next, the active fractions were collected,
adjusted to include 1.7 M ammonium sulfate, and loaded onto a Phenyl Superose
(Pharmacia, Sweden). The elution was carried out by using a reverse gradient of
ammonium sulfate from 1.7 to 0 M, and then the active fractions were pooled
and dialyzed against the standard buffer and stored in a deep freezer. All of the
column procedures were carried out by using an AKTA System (Amersham
Bioscience, Sweden) at room temperature.

Sequence analysis. The nucleotide sequences of the p-AAT and 16S rRNA
genes were determined at Solgent Co. (Daejon, South Korea) by primer walking
on both DNA strands and then analyzed by using the Vector NTT suite (Infor-
max, Maryland).

The PCR amplification of the 16S rRNA gene was performed with two uni-
versal primers, as previously described (33). The 16S rRNA gene sequences were
then aligned with reference sequences from related taxa by using CLUSTAL W
software (32). Gaps at the 5" and 3’ ends of the alignment were omitted from
further analyses. A phylogenetic tree was constructed by using the neighbor-
joining method (as implemented with the NEIGHBOR program of the PHYLIP
package) (24).

Homology modeling and structural analysis. The p-AAT structures of the PDB
entries IDAA, 2DAA, and 3DAA were aligned with the 3-D Align module from DS
modeling 1.1 (Accelrys, San Diego, CA). The resulting consensus structure was then
used as the template for the 2-D Align with the p-AAT sequences. Three-dimen-
sional homology models of the SK1 p-AAT were generated by using the Modeler
module (7), and the model with the best loop conformations determined by using the
Profiles-3-D verification method of the Protein Health module for further modeling
(14). A coenzyme analog, p-cycloserine pyridoxalphosphate, was extracted from the
2DAA and fitted to the PLP-binding site of each monomer. Energy minimization
and molecular dynamics (MD) to optimize the structure were carried out by using
the DS CHARMm module in vacuo, using the steepest descent method first, fol-
lowed by the conjugate gradient method (15). During the minimization process, the
protein backbone was restrained by a harmonic constraint. The lowest energy con-
former resulting from the MD run was then finally relaxed without restraints.

Enzyme and protein assay. The D-AAT activity was calculated from the pyruvate
formation rate using a coupling assay with lactate dehydrogenase (Roche Diagnos-
tics, Switzerland) or the salicylaldehyde method (5). The assay mixture contained
0.05 mM pyridoxal-5'-phosphate, 0.5 mM NADH, 10 pg of lactate dehydrogenase/
ml, and various concentrations of p-alanine and a-ketoglutarate in a 100 mM
Tris-HCl buffer (pH 8.5). One unit of enzyme was defined as the activity catalyzing
the formation of 1 wmol of pyruvate per min at 50°C. The protein concentration was
determined by the Bradford method with bovine serum albumin as the standard.

RESULTS

Thermostable pD-AATs from Geobacillus species. A collection
of thermophilic isolates from South Korean soil was examined
for b-AAT activity using D-alanine and a-ketoglutarate as the
substrates. The screening of D-AAT activity at 55°C identified
two strains with the highest activity, subsequently designated
LK1 and LK2. However, these highly active strains were un-
able to grow at 65°C, the temperature at which most Geoba-
cillus species grow, and in microscopic and physiological ex-
aminations were found to be very close to the well studied
Bacillus sp. strain YM1 (12). Thus, three p-AAT-producers
(SK1, KLS1, and SD1) growing at 65°C were selected for
further experiments. The average activity of the selected
strains, 0.02 U/mg of protein, was approximately one-fifth the
level of the highly active Bacillus enzymes growing at 55°C.

A Western blotting analysis with a polyclonal YM1 p-AAT
antibody exhibited strong immuno-signals toward the LK1 and
LK2 proteins (Fig. 1, lanes 1 to 3), coinciding with their mi-
crobial similarity to the YM1 strain. However, no immuno-
signals were detected against SK1, KLS1, and SD1 (lanes 4 to
7 in Fig. 1). Since the depth of the immunoblotting reflects the
relevancy between the primary sequences, the three p-AATS
isolated at 65°C were determined as sequentially distant from
the YM1 p-AAT.

Based on the genetic and chemotaxonomic analyses, the SK1
strain was identified as a new species from the genus Geoba-
cillus (27). In addition, the complete 16S rRNA sequences of
strain YM1 (gb: DQ100073) and KLS1 (gb: DQ100071) were
determined, and imported to the PHYLIP program, as de-
scribed in Materials and Methods. A phylogenetic analysis of
the 16S rRNA sequences also revealed that SK1 and KLS1
were related and belonged to genetic group V, namely, Geoba-
cillus (see Fig. S1 in the supplemental material). Meanwhile,
YM1 was positioned in group II, which includes mesophilic B.
sphaericus.

Cloning and expression of p-AATs. For a genetic comple-
mentation assay, Escherichia coli WM335 cells containing the
genomic DNA of the Geobacillus strains were spread on LB-
ampicillin plates without the supplementation of p-glutamate
(13). After being incubated overnight, one or two colonies
were picked from each plate and transferred to fresh culture



1590 LEE ET AL.

in 20 30
G.5K1 1 EKQFLP--RHEVTYPM
G.KLS1 1 EKQFLP--RHEVTYPM
G.kau 1 DRGIFR--YEQVTYPM
B.YMI 1 QIVK--DEEVKIDK]
B.sph 1 QIVE--EGSITISP
B.sub 1 GRLIG--RSEASIDL
B.lie 1 NGRLME--RSECAVDI
B.cer 1 DEVIDTTEQQTYIEL
EB.ant 1 DAIIDTTEQKETYIEL
B.hal 1 QDQLVP--REQLKIDP
L.mon 1 HLVE--REDATVDI
S.hae E INGEFID--QNEAKVSY,
G.5K1 75
G.KL5s1 75
G.kau 75
B.YMI 71
B.sph 72
B.sub 71
B.lie 71
B.cer T4
B.ant 81
B.hal Tz
L.mon T1
5. hae 72

170 180 190

T | | . i
G.5K1 152
G.KLS1 152
G.kau 152
B.YMI1 148
B.sph 149
B.sub 147
B.liec 147
B.cer 154
B.ant 158
B.hal 145
L.mon 150
S. hae 149

250 260 270
G. 5K1 232 IQV!EQLIRD P
G.KLS1 232 ITQVEEQVVGDGKP
G.kau 232 IIQ TVIRSGAP
B.¥YMI 228 IE LIRDBKV
B. sph 229 ID QIG. P
B.sub 227 SIGSEKP
B.lic 227 TIGSGAP
B.cer 234 AIQDEQV
B.ant 238 AIQDEQV
B.hal 225 ETAHFP
L.mon 230 QVAD
5. hae 229 QVGDE

APPL. ENVIRON. MICROBIOL.

.l
=1

0

=1

FEKD

FGCEELI
ITIPYTKDKFH
LVIPYTKD
ISLBFSIED

IDLSFSEAE
FSKAE

FSKAE

KLD MLYSTD

IBYSKEE
LGYTVEE

151
151
151
147
148
TTEYTFTVKKPEQEQAY 146
vr TFPIQKPEKEQON 146
ITKKERPALWIEY 153
ITKKERPALWIEY 157
144
REVP 149
AKSYD 148
200 210 220 230 240
] (| [ o) PATT R Leee ey Ly sl encamea] e
1 KVKEFCDLFHIBFV 231
KVKQFCSELGIBLI 231
KVKQFCAELGIBFV 231
VVIACANEINMBVK 227
VILKCAAEINLBVI 228
NILGLIEKNGIKLD 226
KVLQLCEENGLNYE 226
YVLSLANTLHIBVQ 233
Y?LSLAKTLRII&Q 1 237
ITIRLAKAKGYTVV 224
VIIDVAKKNGIBVK 229
VIKWISEDEDII;K 228

280 290 30
| vl ha e v e )

0

AYEKAAGLAVKNAK--- 288
AYEKAAGLAVKSGK--- 288
AYROQATQRETQNI--~-- 287

I'QFETKIPKPLHI -----

ALQNSILSETAKTV---
KSFNKILLQSNMSSS---
SFSQSLLQSNMSSS---
QAFAEETIAKHSQTAMKQ-
QYFVEEITRACGELEFAK

EGFNKYIESRSS------

282
283
282
283
290
294
283
289

FIG. 2. Sequence alignment of Bacillus D-AATs. Abbreviations: G.SK1, G. toebii SK1; G.KLS1, Geobacillus sp. strain KLS1; G.kau, G.

kaustophilus; B.YM1, Bacillus sp. strain YM1, B.sph, B. sphaericus; B.sub, B. subtilis; B.lic, B. licheniformis; B.cer, B. cereus; B.ant, B. anthracis;
B.hal, B. halodurans; L.mon, Listeria monocytogenes; S.hae, Staphylococcus haemolyticus. The conserved residues are shaded dark, while similar
residues are shaded light. The asterisk indicates the lysine residue that forms a sciff base with pyridoxal 5’-phosphate.

media to isolate the plasmids. The resulting pUC118 plasmids
were retransformed into E. coli XL1-Blue cells to examine the
D-AAT activity. A clone pDSK2 (insert size 3.6 kb) from the
SK1 library showed the highest activity of 35 U per mg of
protein (1,750-fold increase from the original activity of the
SK1 strain), the activity attributed to the 1.7-kb EcoRI-Xhol
fragment based on a restriction analysis. Thus, the 1.7-kb frag-

ment was subcloned into pBluescript II SK to construct
pDSK231. Meanwhile, a clone pKLS1 was selected from the
KLS1 library, and restriction analyses attributed the enzyme
activity to the 1.86-kb HindIII-Sacl fragment. Thus, the
1.86-kb fragment was subcloned into pBluescript II SK to con-
struct pHKLS23.

Nucleotide sequencing of the 1.7-kb insert in pDSK231
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TABLE 1. Kinetic parameters of D-AATs

Mean = SD

koo K.y oAl ket Ko kG

Enzyme wXXceXIK cat/ ™ m,p- éld cat/ ™ m,« E(J

ewe (57 Ko ata (mM) K (mM) (mM-5) ™" (mM-5)™"
YM1 140-LRcD-143 134 =2 25+0.2 3.1 +0.1 52 42
SK1 144-EYcY-147 47 + 2 25 +0.1 0.71 = 0.1 18 63
KLS1 144-EYcY-147 55+3 1.4 +02 0.26 = 0.1 38 203
Mutant SK1 144-LRcD-147 79 =6 34+03 14 +03 22 53

showed an 864-bp open reading frame (gb: DQ100074) that
encoded a protein of 288 amino acid residues with a molecular
weight of 33,198. These results were in accordance with the
results from sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The 1.86-kb insert in pHKLS23 was also se-
quenced and the open-reading frame (gb: DQ100075) homol-
ogous to the SK1 D-AAT was designated KLS1 p-AAT.

Sequence analysis and structural alignment. The alignment
of the p-AAT sequences showed that almost all of the residues
with key roles in the YM1 enzyme (26) were conserved in the
Geobacillus enzymes, including the catalytic K145 (K149 in the
SK1 p-AAT), carboxylate traps that define the position and
orientation of the substrate-binding Y31 (Y35), R98 (R103),
and H100 (H105), and cofactor-binding residues R50 (R54),
1204 (1208), T241 (T245), E177 (E181), and R138 (R142), all
shown in Fig. 2. The loop from Ser240 to Ser243, thought to be
important in substrate specificity, was also conserved.

The most interesting feature in the alignment was the dif-
ference in the loop between B5 and a5 covering the catalytic
Lys residue (26). Although the sequence of the loop, 138-
RWLRCDIKSLNLL-150, has been well conserved in the D-
AAT sequences identified to date, it was distinctively changed
in the Geobacillus D-AATs, where L140, R141, and D143 in the
YMI1 p-AAT were substituted with residues 144E, 145Y, and
147Y, respectively (Fig. 2).

The overall sequence of the SK1 p-AAT exhibited a 90.2%
identity with the KLS1 enzyme and 71.5% identity with a
hypothetical correspondent from the G. kaustophilus genome.
However, the identity level with other b-AATS, including Ba-
cillus sp. strain YM1, was lower than 45%.

When the alignments of the Bacilli D-AATs were imported
into the PHYLIP program, the Geobacillus enzymes from the
present study were located in the same branch of the tree
phenogram (Fig. S2 in the supplemental material). The en-
zymes from YM1 and B. sphaericus in group II were located in
the same group, revealing a 67% identity with each other,
whereas the enzymes from B. cereus and B. anthracis, with an
89.7%-identity, formed a separate branch to the enzymes from
B. subtilis and B. licheniformis that belong to the same genetic
group L.

Purification and characterization of Kinetic properties. The
E. coli XL1-Blue cells bearing the plasmid pDSK2 exhibited a
thick protein band with a molecular mass of 34 kDa. The
expressed protein was estimated to be more than 30% of the
total E. coli proteins when quantified with an image analyzer
(Bio-Rad, California). After heat treatment at 60°C for 20 min
and two sequential chromatographies (ion exchange and hy-
drophobic), the SK1 p-AAT was purified to homogeneity (lane
11 in Fig. 1) at a recovery yield of 59%. The purification
protocols were also successfully applied to the site-directed

mutant of the SK1 p-AAT, the KLS1 enzyme, and YM1 en-
zyme expressed in E. coli XL1-Blue (23).

The purified D-AATs from the SK1 and KLS1 strains
showed absorption maxima at 330 and 415 nm, corresponding
to pyridoxal-5-phosphate bound to the active site lysine residue
(23). The molecular masses of the enzymes were also estimated
to be around 70 kDa by gel permeation chromatography on a
Superose 12 column (Pharmacia), indicating that the enzymes
consisted of two identical subunits.

The kinetic characterization of the purified enzymes was per-
formed based on triplicate experiments at 50°C, while changing
the concentrations of p-alanine and a-ketoglutarate from 1 to 40
mM. Lineweaver-Burk plots of the bi-reactant reaction showed
characteristic parallel lines for a ping-pong-bi-bi reaction. The
catalytic rate of the p-AATS from SK1 and KLS1 was determined
to be 47 and 55 s~ !, respectively, which was close to one-third of
the highly active YM1 pD-AAT (Table 1).

The Michaelis constants with p-alanine were all similar for
the b-AATs from SK1, KLS1, and YMI, and yet the K, , ks
values were remarkably smaller for the Geobacillus enzymes.
In particular, the K, , g for the KLS1 enzyme was 12 times
smaller than that for the YM1 enzyme. Meanwhile, for the
Geobacillus enzymes, the K, . A;, values were much larger
than the K., , x values, in distinct contrast to the same con-
stants for the YM1 enzyme.

Investigations of the substrate preference of the SK1 p-AAT
revealed that p-alanine, D-aminobutyrate, and D-aspartate were
the best amino donors for a-ketoglutarate (Table 2), whereas
D-serine, D-asparagine, and D-norvaline also served as amino do-

TABLE 2. Substrate specificity of D-AAT from
Geobacillus toebii SK1

. Relative . Relative
Amino donor activity (%)° Amino acceptors activity (%)°

D-Alanine 100 a-Ketoglutarate 100
D-a-Aminobutyrate 89 a-Ketobutyrate 110
D-Aspartate 70 a-Ketoisovalerate 13
D-Serine 12 Phenyl pyruvate 2
D-Asparagine 11

D-Norvaline 8.2

D-Tryptophan 4.9

D-Valine 1.9

D-Histidine 1.9

D-Threonine 0.9

D-Methionine 0.7

“ The relative activity was calculated by analyzing the formation of p-glutamate
from a-ketoglutarate using an automatic amino acid analyzer. The amino accep-
tor specificity was assayed by measuring the formation of pyruvate from p-
alanine as an amino group donor. All reactions were carried out at 50°C in the
standard assay mixture containing 10 mM substrates. Inert amino acceptors
included benzyl formate, hydroxylphenyl pyruvate, and indole pyruvate.
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FIG. 3. Effect of temperature and pH on SK1 b-AAT. The open symbols indicate the native enzyme, while the closed symbols with dotted lines
indicate the mutant enzyme with an LRcD sequence instead of 144-EYcY-147. (A) The native and mutant enzymes were incubated at different
temperatures for 20 min in a 0.1 M Tris-HCI buffer (pH 8.5), and the remaining activities determined at 50°C to evaluate the respective thermal
stabilities. (B) The native and mutant enzymes were assayed at different reaction temperatures for 20 min. The concentrations of pyruvate from
D-alanine were measured by using the salicylaldehyde method. (C) The native enzyme was incubated in different buffers for 1 h at 50°C, and the
remaining activities were assayed to evaluate the pH stability. (D) The native enzyme was assayed for 20 min at different pHs with the following
0.1 M buffers: sodium acetate buffer (pH 4.0 to 6.0), potassium phosphate buffer (pH 6.0 to 8.0), Tris-HCI buffer (pH 7.5 to 9.0), and

N-cyclohexyl-3-aminopropanesulfonic acid buffer (pH 9.0 to 12.0).

nors, but to a lesser extent. Moreover, investigation of the amino
acceptors showed that a-ketoglutarate, a-ketobutyrate, and
a-ketoisovalrate were the preferred amino acceptors.

The SK1 p-AAT was further investigated for its stability and
the maximum activity at different temperatures. The remaining
activity after heat treatment for 20 min confirmed that the
enzyme was fully stable up to 65°C (Fig. 3A). The enzyme
activity under the assay conditions also increased with temper-
ature up to the stability limit, and the maximum activity was
observed at 65°C (Fig. 3B). When incubated in different pH
buffers, the SK1 D-AAT remained stable within a pH range of
6.0 to 10.5 (Fig. 3C), and the optimal pH was around pH 8.5
(Fig. 3D).

Mutational studies on 35-a5 loop sequence. As mentioned
in the kinetic characterization, the catalytic rate of the SK1
D-AAT was three times slower than that of the YM1 enzyme.
To investigate the relationship between the 144-EYcY-147 se-
quence and the low activity of the SK1 enzyme, the EYcY
sequence was mutated to LRcD, making the loop identical to
other Bacillus enzymes. Interestingly, the mutated enzyme ex-
hibited a 68% increase in catalytic activity, whereas the
Michaelis constant for o-ketoglutarate increased twofold
(Table 1). Although the thermal stability of the mutant did not
change very much, its maximum activity was identified at 60°C,
and the change in activity with temperature was less steep than
that for the native enzyme, as represented in Fig. 3A and B
(solid symbols for the mutant). The increase in enzyme activity

with temperature was interpreted by the Arrhenius equation
[In(k) = In(4) — (E,/RT)] to compare the activation energies
(E,) for the native and mutant enzymes (Fig. S3 in the sup-
plemental material). From the slope of In(k) versus 1/7, the
activation energies for the native and mutant enzymes were
calculated as 29 and 16 kJ/mol, respectively.

Homology modeling of SK1 p-AAT. Comparative modeling
with DS Modeling 1.1 generated hypothetical structures for the
wild and mutant type SK1-DAATSs (Fig. 4A), which only dif-
fered in the nonaligned loop region. The models displaying the
highest stereochemical quality were then determined by using
the Protein Health module. The resulting model contained no
cis-proline, and the final RMS values for the C, trace of the
wild and mutant enzymes after 200 ps of MD were 1.2 and 1.0
A, respectively. The estimated structures were very stable dur-
ing the MD simulations, and at least 95% of the backbone ¢
and s dihedral angles for the residues were located within the
allowed regions of the Ramachadran plot (70% core).

In the three-dimensional structure of the YM1 p-AAT, the
arginine and aspartate side chains in the LRcD sequence have
a short salt-bridge. Meanwhile, the hypothetical model of the
SK1 enzyme suggested that the aromatic groups of tyrosine in
the EYcY sequence were apart by 3.7 A (Fig. 4B), allowing a
wr/m interaction between the aromatic rings (18). Plus, the
salt-bridge interaction between the arginine and aspartate was
reconstituted at a 2.7-A distance, using the molecular modeling
and dynamics for the LRcD mutant of the SK1 enzyme.
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FIG. 4. Homology model for G. foebii SK1 D-AAT. (A) 3-D Align analysis of the monomeric units of the wild and mutant enzymes;
(B) magnified structures of the 143-wEYcYik-149 loop. The loop structure bears the cofactor binding lysine (underlined) and is located at the
crevice between the N and C domains. The 143W is related to the intersubunit packing to form a catalytic dimer. The capital letters in EYcY
indicate the residues substituted for LRcD in the mutant enzyme. The structures of the native and mutant enzymes are represented in green and
blue, respectively. The gray molecule shows the structure of D-cycloserine pyridoxalphosphate, adopted from the PDB-entry 2DAA.

DISCUSSION

The p-AAT from G. toebii SK1 exhibited sequence identities
of <45.5% with the enzymes from mesophilic bacilli and ther-
mophilic YM1. However, BLAST searches of genome data-
bases revealed that the SK1 enzyme shared a 71% identity with
a hypothetical correspondent of the G. kaustophilus genome.
Meanwhile, the enzyme from Geobacillus sp. strain KLS ex-
hibited a 90% identity and close evolutionary relationship with
the SK1 enzyme (Fig. S2 in the supplemental material). As
such, these thermostable b-AATS with various identity levels
can provide a genetic base for evolutionary protein engineering
by DNA shuffling methods.

The sequence and structural alignments revealed that most of
the residues with key roles in the YM1 enzyme were conserved in
the SK1 pD-AAT, as described in Results. In previous structural
studies of the YM1 D-AAT, the 240-STTS-243 loop has been
interpreted as the substrate-binding pocket, and was conserved as
244-STTS-247 in the SK1 D-AAT. An mutational study per-
formed to broaden the substrate specificity by replacing the loop
with a SVSS sequence, as found in the B. sphaericus enzyme with
a broader substrate range, resulted in a 30% lower activity com-
pared to the original and no significant expansion in the substrate
specificity was observed (unpublished data).

In previous crystallographic studies of the YM1 p-AAT, the
long loop between B5 and a5 was located in a crevice between
the N and C domains and included the cofactor binding lysine
residue (26). Plus, mutational and biochemical analyses have
indicated that the 139W in the loop plays an important role in
subunit packing to form a catalytic dimer, and any mutations
replacing the 139W with a nonaromatic residue were detrimen-
tal to the enzyme activity (11, 16).

In the primary sequence of the SK1 D-AAT, the EYcY

sequence was located between the 143W (139W in YMI bp-
AAT) and the cofactor binding lysine residue, 149K (145K).
Therefore, substituting LRcD for EYcY was expected to lower
the activity and stability of the enzyme by disturbing the active
site or subunit interface. However, the mutant enzyme in the
present study maintained its stability and even increased its
activity up to 68%, while the Michaelis constant for a-ketoglu-
tarate increased twofold (Table 1). Therefore, these results
suggest that the LRcD sequence of highly active homologue is
recruited effectively and fitted into the structure of the SK1
enzyme. When the profiles in Fig. 3B were replotted based on
Arrhenius’ equation (Fig. S3 in the supplemental material), the
mutant enzyme showed a decreased activation energy (E, = 16
kJ/mol) compared to that of the wild type (E, = 29 kJ/mol).
The lower activation energy and decreased affinity to sub-
strates as exhibited by the mutant may imply an increased
flexibility in the local region adjacent to the active site.

The arginine and aspartate in the LRcD sequence of the
YM1 p-AAT were analyzed to form a stable salt bridge within
a 3-A distance (26), whereas homology modeling of the SK1
D-AAT suggested that the two tyrosine residues in the EYcY
sequence of the SK1 enzyme were located in a proximate
distance to form a r/m interaction (18). Accordingly, the cat-
alytic results and molecular simulation imply that the salt
bridge in the YM1 p-AAT and presumed aromatic interaction
in the Geobacillus D-AATs are interchangeable with each
other, despite the significant difference in molecular size and
chemical properties.
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