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Abstract The X-ray crystal structure has revealed two similar
o/f domains of aspartate racemase (AspR) from Pyrococcus
hovikoshii OT3, and identified a pseudo mirror-symmetric dis-
tribution of the residues around its active site [Liu et al. (2002)
J. Mol. Biol. 319, 479-489]. Structural homology and function-
al similarity between the two domains suggested that this en-
zyme evolved from an ancestral domain by gene duplication and
gene fusion. We have expressed solely the C-terminal domain of
this AspR and determined its three-dimensional structure by X-
ray crystallography. The high structural stability of this domain
supports the existence of the ancestral domain. In comparison
with other amino acid racemases (AARs), we suggest that gene
duplication and gene fusion are conventional ways in the evolu-
tion of pyridoxal 5’-phosphate-independent AARs. © 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

The mirror image of an enzymatic reaction can take place
under specific conditions. A good example of such a reaction
has occurred in the study of HIV-1 retroviral proteinases,
which has shown that the natural enzymes are active only
on L-peptides, whereas the p-enzymes (artificially synthesized
from p-amino acids) digest only p-peptides [1,2]. In contrast,
some enzymes such as racemases can interact with both - and
p-enantiomers despite the lack of mirror symmetry in enzymes
due to the homochiral evolutional selection. Thus, it should
be of interest to determine how racemases have evolutionally
adapted themselves to the mirror-symmetrical reactions that
they catalyze. As such, studies on amino acid racemases
(AARs) might provide direct insight into this question.

Amino acid racemizations are a class of proton-transfer
reactions that provide the p-amino acid substrates for some
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Abbreviations: PLP, pyridoxal 5’-phosphate; AAR, amino acid race-
mase; AspR, aspartate racemase; GluR, glutamate racemase; DapE,
diaminopimelate epimerase; C-domain, C-terminal domain of P.
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specific physiological functions such as mediation of the mam-
mal nervous transmission and maintenance of bacterial cell-
wall rigidity and strength [3-5]. Depending upon the existence
of cofactors, amino acid racemases can be divided into two
classes, pyridoxal 5’-phosphate (PLP)-dependent and -inde-
pendent types [6]. Aspartate racemase (AspR) [7], glutamate
racemase (GluR) [8], diaminopimelate epimerase (DapE) [9],
and proline racemase [10] catalyze the corresponding racemi-
zations in a PLP-independent manner, whereas alanine race-
mase [11] does so in a PLP-dependent manner. All of the
above-mentioned PLP-independent AARs have a pair of cys-
teine residues at their active sites as the catalytic acid-base
pair.

Among these PLP-independent AARs, Haemophilus influen-
zae DapE (H. DapE) appears to have two superimposable o/f3
domains composed primarily of B-strands [12], and Aquifex
pyrophilus GIuR (4. GluR) is made up of two o/ domains,
although the two domains are not equal in size, with one
having a four-stranded and the other a six-stranded B-sheet
[13]. We have recently determined the crystal structure of
Pyrococcus horikoshii OT3 AspR (P. AspR), which was found
to have two o/f domains. The P. AspR structure also exhibits
a pseudo mirror-symmetrical arrangement of the amino acid
residues in the active site, providing insight into how racemase
catalyzes a mirror-symmetric reaction [14].

In the present study, by examining the structural features of
the two domains of P. AspR and comparing these features
with those of other AARs, we have revealed an evolutional
aspect of PLP-independent AARs for gene duplication, gene
fusion, and domain swapping. We have also succeeded in
expressing the C-terminal domain of P. AspR (C-domain),
and determined the three-dimensional structure of this do-
main, which was found to be almost identical to that of the
monomer structure. The structural stability of the solely ex-
pressed domain supports the existence of the ancestral domain
and provides us with a rough structural image of that domain.

2. Materials and methods

2.1. Structural determination of P. AspR
Three-dimensional structure determination of the intact P. AspR
has been reported previously [14].

2.2. Structure determination of the C-domain

2.2.1. Cloning, expression, and purification. PCR amplification
was performed with the oligonucleotide primers, 5'-AACATATGA-
TAGAAGAAACTGCAAA-3" and 5'-AAGGATCCTTAAGGATC-
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TATGAGGGGAACTT-3’, using pPHO670E [15] as a template to
obtain a DNA fragment encoding the C-domain encompassing the
residues from Metl03 to Pro213 with restriction digestion sites at
both ends. The amplified DNA fragment was subcloned into the
pT7Blue T vector (Novagen). After sequence confirmation, the gene
was excised by Ndel and BamHI, and introduced into pET23a (No-
vagen) to construct a plasmid, pPHO670d2E. Escherichia coli
BL21(DE3) transformed with pPH0670d2E was cultured at 37°C in
a Luria—Bertani medium containing 100 ug ml™!' of ampicillin. The E.
coli cells were collected by centrifugation and disrupted by sonication.
The crude extract was heated at 70 °C for 30 min to denature host
proteins. After removal of most host proteins by centrifugation, the
extract was applied onto a Butyl-Toyopearl column (Tosoh, Japan)
equilibrated with buffer A (50 mM Tris-HCI, pH 8.0, 1 mM 2-mer-
captoethanol) containing 1.6 M ammonium sulfate, and the column
was then eluted with a linear ammonium sulfate gradient from 1.6 to
0 M. Fractions containing the C-domain were merged, concentrated,
equilibrated with buffer A by ultrafiltration (Centriprep YM10, Milli-
pore, USA), and then applied to a UnoQ6 column (Bio-Rad, USA)
equilibrated with buffer A. Finally the column was eluted with buffer
A in which a linear NaCl gradient from 0 to 500 mM was introduced,
and the fractions containing the solely expressed C-terminal domain
(SC-domain) were merged and concentrated to 30 mg ml~! in buffer
A for crystallization.

2.2.2. Crystallization. The concentration of the SC-domain for
crystallization was 30 mg ml~' in the purification buffer (50 mM
Tris—-HCI, pH 8.0, 2 mM mercaptoethanol). Crystallization was car-
ried out at 20°C by vapor-diffusion sitting-drop method. Initial crys-
tallization trials were carried out by Hampton Research Crystal
Screen kits, and microcrystals were obtained within 2 days. The res-
ervoir solution condition was finally optimized to 16% polyethylene
glycol 8000, 0.10 M MES, pH 6.5, 0.20 M calcium acetate. The crys-
tallization drop was prepared by mixing 3 pl of protein solution and
3 ul of reservoir, equilibrated against 0.8 ml of reservoir. Within
3 days, tetragonal plate-like crystals could be harvested at a maximum
size of 0.2X0.2X0.04 mm.

2.2.3. Diffraction data collection and processing. X-ray diffraction
data were collected at 100 K using a MARCCD detector on BL44B2
at SPring-8 (Harima, Japan) at 2.04 A resolution. Crystals were di-
rectly flash-frozen in a nitrogen stream, and 20% glycerol was used as
a cryoprotectant. The X-ray wavelength was 1.000 A. Date were pro-
cessed with MOSFLM [16] and subsequently merged with SCALA of
the CCP4 suite [17]. The statistics for data collection and processing
are shown in Table 1.

2.2.4. Structure determination and refinement. The molecular re-
placement method was employed for phasing. The primary solution
was obtained with AmoRe [18] with a model of the C-domain of the
intact P. AspR structure [14]. The structure was initially refined by a
rigid-body treatment, followed by simulated annealing using CNS
[19]. Thereafter, the manual graphical rebuilding using O [20] was
performed and the structure was subsequently refined using CNS.
The final model was refined by the individual B-factor refinement at
2.04 A resolution. The atomic coordinates of the domain structure
have been deposited in the Protein Data Bank with an accession code
of 1iu9. The statistics for structure determination and refinement are
also shown in Table 1.

3. Results

3.1. Pseudo symmetry between two domains of P. AspR

The three-dimensional structure of the P. AspR monomer
consists of two compact o/f domains; the active site of this
enzyme is located in the cleft between the two domains where
two strictly conserved cysteine residues serve as a catalytic
acid-base (Fig. 1A) [14]. A pseudo mirror symmetry has
also been identified in the active site, by which the active
site could be regarded as two moieties, each of which selec-
tively binds one enantiomeric substrate [14].

Structurally, the two P. AspR domains are hinged by do-
main swapping with two a-helices, o7 and o13. Because heli-
ces 07 and o13 are located at a pair of perfectly superimpos-
able positions, superimpositions of the two P. AspR domains
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before and after domain swapping give essentially the same
RMS deviation of Co atoms of 1.9 A, based on the secondary
structures, which implies a two-fold pseudo symmetry be-
tween the two domains (Fig. 1A). Sequence alignment be-
tween these two domains revealed 26% identity and 36%
similarity (Fig. 1C). A relatively large structural difference
between the two domains can be observed at the regions
around a short o-helix (02) in the N-domain and around a
n-helix (w1) in the C-domain.

The C-terminal moieties in both domains, residues 59-111
and residues 172-224, share very high sequence homology
(40% identity and 47% similarity) (Fig. 1C). In particular,
two o/f motifs containing the catalytic cysteine residues
have higher identity (> 50%), and the positions of both cata-
lytic cysteine residues are conserved in the primary structure
(Fig. 1C) and in the three-dimensional structure (Fig. 1B). A
superimposition of the two o/f motifs reveals a much lower
RMS deviation of Ca atoms of approximately 1.1 A (Fig.
1B).

3.2. Structure of the SC-domain

The SC-domain contains residues 103-213, corresponding
to the sequence posterior to domain swapping. The SC-do-
main crystallizes as a monomer in the space group of P2,2,2;.
In the crystals, each asymmetric unit contains one molecule of
the SC-domain. All amino acid residues could be located from
the electron density map at 2.04 A resolution. The overall
structure of the SC-domain is shown in Fig. 2A. The SC-
domain structure has the same folding as that of the C-do-
main in the intact enzyme, containing a four-stranded parallel
B-sheet flanked by six o-helices from two sides. In both cases,
all secondary structure elements, including the w1l helix as well
as the C- and N-termini, showed no significant structural
differences. A superimposition of the SC-domain and C-do-
main reveals an RMS deviation of Ca atoms of 0.50 A (Fig.
2B), implying that the domain structure is highly stable. A
total of 56 water molecules were found to be located in the
SC-domain structure, with most having spatial positions that
are also found in the intact enzyme structure. Additionally, a
calcium was found in the intermolecular interface, by which
Asp204 (801 and 802) is bridged to Gly115’ (O) in the neigh-
boring molecule.

Table 1
Statistics of data collection and structure determination for the SC-
domain of P. AspR

Data collection

Beamline BL44B2, SPring-8
Temperature (K) 100
Unit cell (A) a, 36.83
b, 45.33
¢, 57.37
Space group P2,2,2;

Resolution limits (10\)a 100-2.04 (2.15-2.04)

Total observed reflections 57302
Unique reflections 6508
Completeness (%)* 99.3 (96.3)
Rinerge (%0) 10.8 (25.2)
Structure refinement

R-factor (%) 22.6
R-free (%) . 27.1

RMS derivative of bond lengths (A) 0.005
RMS derivative of bond angles (°) 1.07

2Values corresponding to the highest resolution shell in the paren-
theses.
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Fig. 1. The structure of AspR from P. AspR. A: The three-dimensional structure of P. AspR and a superimposition of the structures of the
two domains. N- and C-terminal domains (prior to domain swapping) are colored cyan and orange, respectively. The C-terminal domain super-
imposed onto the N-terminal domain is colored purple. Active-site cysteine residues are shown in ball-and-stick models and labeled in the same
colors as the chain they belong to. Two well-superimposable o/B motifs are labeled as well as a2 and nl, which correspond to relatively large
differences between the two domains. B: A superimposition of the o/f motifs of two domains containing the active-site cysteine residues with
ball-and-stick models. The colors of the two domains are the same as in panel A. C: Structure-based amino acid sequence alignment of the
two P. AspR domains. Secondary structure elements are labeled and aligned as red bars (o-helices), blue arrows (B-strands) and a pink bar (m-
helix). Identical and similar residues are highlighted cyan and orange, respectively. Highly conserved o/f motifs are boxed green. Figs. 1 and 2

were prepared with Molscript [35] and Raster3D [36].

4. Discussion

4.1. Gene duplication, gene fusion and domain swapping

High sequence similarity is sufficient evidence for the com-
mon ancestor and high structural and functional similarity is
also generally accepted as evidence for distant homology be-
tween proteins that lack significant sequence similarity [21,22].
If high sequence homology is available as well as high struc-
tural and functional similarity, it can be asserted that these
proteins were evolved from a common ancestor. This rule can
be safely applied to domains. In this evolutional way, gene
duplication and gene fusion played primarily crucial roles [23].

In the case of P. AspR, two domains show similar function
[14]. Each domain selectively binds one of the aspartate enan-
tiomers; it can abstract the o-proton from the substrate to
generate the intermediate and can also provide a proton for
the resulting intermediate generated by the reciprocal reac-
tion. As mentioned above, structural superimposition revealed
the structural similarity of the two P. AspR domains (Fig.
1A,B). The structure-based sequence alignment of the two
P. AspR domains showed remarkable homology (Fig. 1C).
On the basis of the similarities observed in structure, function,
and sequence between the two P. AspR domains, we propose
a mechanism for the evolution of AspR based on gene dupli-
cation and gene fusion (Fig. 3). In this mechanism, the gene
duplication of an ancestral domain was likely followed by
gene fusion, mutational differentiation, and adaptation to

the mirror symmetry of racemization, finally leading to a
highly effective and specific enzyme composed of two similar
domains. This mechanism implies that the enzymes first con-
structed an axial symmetry by gene duplication and gene fu-
sion to adapt to the mirror symmetry of the racemizations
they catalyzed, providing evolutional insight into the means
by which a chiral enzyme can simultaneously interact with a
pair of enantiomers.

The short loop between o7 and B5 contains two residues,
Glul13 and Leull4, corresponding to the gene fusion point.
Similar to the case of Serratia marcescens trpG—trpD [24],
Leull4 (codon: TTA) instead of Glull3 (codon: GAG)
was generated, possibly by a single point mutation converting
the TAA stop codon into TTA, which was followed by some
gene deletions in this fusion region. It should be mentioned
that the sequence alignment and structural superimposition
also provided evidence for a swapping of the two P. AspR
domains (Fig. 1A,C). Domain swapping may also play an
important role in the evolutional adaptation of the enzyme
with regard to cooperation between the two domains.

The SC-domain exhibits high structural homology with the
C-domain in the intact enzyme (Fig. 2B). Although the SC-
domain is posterior to the domain swapping, the two helices
(a7 and o13) related to the swapping share extremely high
structural and sequence similarity (Fig. 1A, 1C), suggesting
that the SC-domain has similar fold and secondary structure
topology to the C-terminal domain prior to domain swapping.
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Fig. 2. The structures of the C-terminal domains (posterior to domain swapping). A: A ribbon representation of the SC-domain. Cys194 is
shown in a ball-and-stick model, and secondary structure elements are labeled. B: A superimposition of structures of the C-domain and the
SC-domain. The C-domain and the SC-domain are colored red and blue, respectively. Panels A and B are drawn with the same view orienta-

tion.

The structural conservation between the C-domain and SC-
domain not only supports the hypothesis that this two-do-
main enzyme evolved from an ancestral domain, but also
provides an outline of the topological image for the ancestral
domain.

4.2. PLP-independent AARs

The structures of another two PLP-independent AARs, H.
DapE [12] and 4. GluR [13], are composed of two o/p do-
mains. Although the two domains of H. DapE do not show
remarkable sequence identity, they share high structural sim-
ilarity with a superimposition of 1.78 A based on secondary
structure elements [12]. Interestingly, domain duplication was
also found in H. DapE, but it was at a different point from
that in P. AspR, with the swapping in this enzyme being
related by a pair of B-strands instead of o-helices. In the
case of 4. GluR, the two domains are not equal in size [13].
As expected from the similarity of their substrates and the
conservation of their active sites, 4. GluR has a similar
three-dimensional structure to that of P. AspR. It has been
shown by SCOP [25] that 4. GIuR and P. AspR belong to the
same family and that 4. GluR has an extended C-terminus in
comparison with P. AspR. If approximately 40 residues are
truncated at the C-terminal site of 4. GluR, the two domains
become equal in size, with each containing a four-stranded B-
sheet similar to those of P. AspR. Two A. GluR domains
(posterior to the truncation of the C-terminus) could also be
superimposed with an RMS deviation of ~2.0 A based on
secondary structure elements, with the domain duplication
having similar structural appearance to that in P. AspR. All
three of these enzymes have their active sites between their
two domains, and a pair of cysteine residues is responsible for
the catalysis as a general acid-base, suggesting a similar cata-
lytic mechanism for these racemases.

Although neither H. DapE nor A. GluR showed significant
sequence homology between their two domains, these two
enzymes commonly have structural and functional similarity

of their two domains. The low homology in the primary struc-
ture between the two domains does not exclude the possibility
of an evolutional relationship similar to that proposed for P.
AspR, as the three-dimensional structure and function are
more conservative than the amino acid sequence in the pro-
cess of the evolutional selection [21,26]. This suggests that
these PLP-independent AARs share a common evolutional
mechanism, as shown in Fig. 3. In particular, AspR and
GluR are expected to have evolved from a common ancestor

Gene duplication
and gene fusion

Adaptation and
differentiation

Adaptation to

1 mirror-symmetry
H
H

S

Fig. 3. An evolutional mechanism proposed for the PLP-indepen-
dent AARs.
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based on their sequence homology and their substrate simi-
larity [27], also providing evidence of descent based on the
same evolutional mechanism.

4.3. PLP-dependent AARs and other non-amino acid racemases

PLP-dependent AARs catalyze the reactions in a different
way, with a lysine residue being utilized as a catalytic group
and PLP as a cofactor [6]. This kind of enzyme, together with
mandelate racemase, a metal ion-dependent o-hydroxyl-car-
boxylate racemase [28], has a basic (B/o)g barrel domain func-
tioning as a catalytic domain [11,29]. It has been suggested by
structural and chemical evidence that these (B/a)s barrel do-
mains have diverged from a common ancestor [30]. In addi-
tion, it has been suggested that the (B/a)s barrel domains have
evolved by gene duplication and gene fusion from an ancestral
half-barrel, which consisted of four P/a units stabilized by
dimerization [31-33].

Sequence alignment did not show any marked homology
between the o/ domains of the PLP-independent AARSs
and the half-barrel of PLP-dependent AARs, but the B-sheet
in both the o/f domain (B2-B1-B3-p4) and the half-barrel (B1-
B2-B3-p4) were parallel and four-stranded. No current evi-
dence suggested that the o/ domains of the PLP-independent
AARs and the half-barrel of PLP-dependent AARs have
evolved from a common ancestor, although they are nearly
equal in size and have parallel four-stranded B-sheets.

Structural and functional study of methylmalonyl-coenzyme
A epimerase from Propionibacterium shermanii also shows two
well-superimposable domains without any marked sequence
homology [34]. It is also thought that this enzyme evolved
from an ancestral domain by gene duplication and domain
swapping, providing additional evidence of gene duplication,
gene fusion, and domain swapping in the evolution of race-
mases.

Although it is evident that gene duplication and gene fusion
are part of a general phenomenon found in many classes of
racemases, more studies are necessary to realize the relation-
ship between the adaptation of racemases to the mirror sym-
metry of racemizations and the role of gene duplication and
gene fusion.
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