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a b s t r a c t

L-amino acids represent the most common amino acid form, most notably as protein residues, whereas
D-amino acids, despite their rare occurrence, play significant roles in many biological processes. Amino
acid racemases are enzymes that catalyze the interconversion of L- and/or D-amino acids. McyF is a
pyridoxal 50-phosphate (PLP) independent amino acid racemase that produces the substrate D-aspartate
for the biosynthesis of microcystin in the cyanobacterium Microcystis aeruginosa PCC7806. Here we
report the crystal structures of McyF in complex with citrate, L-Asp and D-Asp at 2.35, 2.63 and 2.80 Å,
respectively. Structural analyses indicate that McyF and homologs possess highly conserved residues
involved in substrate binding and catalysis. In addition, residues Cys87 and Cys195 were clearly assigned
to the key catalytic residues of “two bases” that deprotonate D-Asp and L-Asp in a reaction independent
of PLP. Further site-directed mutagenesis combined with enzymatic assays revealed that Glu197 also
participates in the catalytic reaction. In addition, activity assays proved that McyF could also catalyze the
interconversion of L-MeAsp between D-MeAsp, the precursor of another microcystin isoform. These
findings provide structural insights into the catalytic mechanism of aspartate racemase and microcystin
biosynthesis.

© 2019 Published by Elsevier Inc.
1. Introduction

All a-amino acids but glycine exist in either of the two enan-
tiomers, termed D- and L-enantiomers. L-amino acids represent the
most common form of protein residues, whereas D-amino acids
play significant roles in many biological processes despite their rare
occurrence. For instance, the bacterial D-glutamic acid and D-
alanine are essential components of cell-wall peptidoglycan [1,2].
The mammalian D-serine is a neuromodulator and D-aspartate is
indispensable for fetal brain development [3,4]. Amino acid race-
mases catalyze the production of D-amino acid from its L-form,
either dependent on or independent of the cofactor pyridoxal 50-
phosphate (PLP). For PLP-independent amino acid racemases, such
as glutamate, proline, and aspartate racemases [5], it was proposed
that two conserved cysteines work as the catalytic acids/bases [6].
Notably, recent reports of Escherichia coli aspartate/glutamate
Hou).
racemase crystal structures suggested that Thr83/Cys197, instead of
two cysteines, function as the catalytic residues [7,8]. However, the
fine catalytic mechanism and substrate specificity of amino acid
racemases remain unclear.

The biosynthesis of microcystin in Microcystis aeruginosa
PCC7806 is catalyzed by a series of proteins encoded by the mcy
gene cluster [9,10]. McyF, which is encoded by mcyF gene, was re-
ported to be an aspartate racemase [11]. In fact, M. aeruginosa
PCC7806 produces two isoforms of microcystin, which employ
either D-Asp or D-b-methyl-aspartate (D-MeAsp) as the precursor
[12]. D-Asp has been proved to be the product of McyF from L-Asp
[11]; however, whether McyF contributes to the generation of
another precursor D-MeAsp remains unclear. Moreover, there is no
direct evidence for the substrate specificity and catalytic mecha-
nism of McyF.

Here we determined the crystal structures of McyF in complex
with citrate, L-Asp and D-Asp, respectively. These structures
enabled us to assign Cys87 and Cys195 to function as the previously
proposed “two bases” [6]. In addition, the highly conserved residue
Glu197 was identified to assist Cys195 in the racemase reaction of
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the interconversion of L-Asp and D-Asp. Furthermore, with
biochemical assays we proved that McyF is capable of catalyzing
the interconversion of L-MeAsp and D-MeAsp.
2. Materials and methods

2.1. Cloning, expression and purification

The coding sequence of McyF was amplified from the genomic
DNA of M. aeruginosa PCC 7806, cloned into a pET-28a-derived
expression vector (Novagen) with an N-terminal 6�His tag and
overexpressed in E. coli strain BL21 (DE3) (Novagen) using 2� YT
culture medium with 30 mg/mL kanamycin. Bacteria were grown
at 37 �C to an absorbance of 0.8 at 600 nm and then induced with
0.2mM isopropyl-b-D-1-thiogalactopyranoside for an additional
4 h. The bacteria were harvested and resuspended with lysis
buffer (20mM Tris-HCl pH 7.5, 200mM NaCl). After sonication for
20min followed by centrifugation, the supernatant containing the
soluble protein was loaded onto a Ni-NTA column (GE healthcare)
equilibrated with the binding buffer (20mM Tris-HCl pH 7.5,
200mM NaCl). The target protein was eluted with 400mM
imidazole, and further loaded onto a Superdex 75 column (GE
Healthcare) pre-equilibrated with 20mM Tris-HCl pH 7.5,
200mM NaCl, 14mM b-mercaptoethanol. Fractions containing
the target protein were pooled and concentrated to 10mgmL-1

for crystallization.
Site-directed mutagenesis was performed using the PCR-based

site-directed mutagenesis with the plasmid encoding the wild-
type McyF as the template.

Seleno-methionine (SeMet) substituted McyF was expressed in
E. coli strain B834 (DE3) (Novagen). The cells were harvested when
the A600nm reached 0.2 and were then washed twice with M9
medium [13]. The cells were then cultured in SeMet medium (M9
medium with 25 mgmL-1 L-SeMet and 50 mgmL-1 other essential
amino acids) containing 30 mgmL-1 kanamycin to the absorbance of
0.8 at 600 nm. The remaining steps were the same as those for
native McyF.

The coding sequence of human D-aspartate oxidase (hDDO) was
synthetized by Sangon Biotech (Shanghai). Recombinant hDDO
containing N-terminally His-tagged was cloned into the pET28a
expression vector (Novagen) and expressed in E. coli strain BL21
(DE3) (Novagen) using 2� YT culture medium with 30 mg/mL
kanamycin. The remaining steps of protein expression, purification,
storage of hDDO were the same as those for native McyF.
2.2. Crystallization, data collection and processing

Screening for the crystallization conditions of McyF andmutants
was performed using screening kits of Crystal Screen I and II, Index,
Grid screens and SaltRx (Hampton Research) with the hanging drop
vapor-diffusion method at 16 �C. Crystals of SeMet-substituted
McyF were grown with the initial condition of mixing 1 mL pro-
tein sample with an equal volume of reservoir solution (25% (w/v)
polyethylene glycol 3350, 0.1M sodium citrate, pH 6.5, 0.2M
MgCl2) against 0.5mL reservoir solution. Crystals of McyF-C87S/
C195S in complex with L-Asp or D-Asp (20mM, Sigma-Aldrich)
were obtained by the same technique within a reservoir solution
(25% (w/v) polyethylene glycol 3350, 0.2M MgCl2). The X-ray
diffraction data were collected at 100 K using beamline BL17U with
an ADSC Q315r CCD detector and beamline BL18U with a DECTRIS
PILATUS 6M PIXEL detector at Shanghai Synchrotron Radiation
Facility (SSRF). All diffraction data were indexed, integrated, and
scaled with the program HKL2000 [14].
2.3. Structure determination and refinement

The crystal structure of SeMet-substituted McyF was deter-
mined by the single-wavelength anomalous dispersion (SAD)
phasing method. The AutoSol program from PHENIX [15] was used
to locate the selenium atoms and to calculate the initial phases.
Automatic model building was carried out using AutoBuild in
PHENIX. Afterwards, the initial model was used for the molecular
replacement process against the other three data sets with MOL-
REP. Refinement was carried out using CCP4i program suite [16]
and the model was rebuilt using the program COOT [17]. The final
model was evaluated with MOLPROBITY [18] and PROCHEK [19].
Crystallographic parameters, data collection statistics, and refine-
ment statistics are listed in Table 1. All figures showing structures
were prepared with PyMOL (http://www.pymol.org).

2.4. Enzymatic assays

The specific relative activities of McyF and mutants toward L-
Asp (D-Asp) were determined as previously described [20] with
minor modifications. Specifically, for L-Asp, the standard assay
mixture contained McyF or mutants (600 nM), sodium pyrophos-
phate buffer (pH 8.0; 40mM), catalase (5 mg), hDDO (1500 nM) and
L-Asp (20mM) in a final volume of 150 mL. Then the reaction
mixture was incubated at 37 �C for 90min, and 10 mL of 100% tri-
chloroacetic acid (w/v) was added to stop the reaction. For D-Asp,
1mM D-Asp was contained in the standard assay mixture. The
reaction mixture was incubated for 10 h and then centrifuged. A
75 mL aliquot of the supernatant was then added to the similar
solution a final volume of 150 mL, but consisting of 700 nM hDDO.
The reaction was stopped after 30min.

To determine the relative activities of McyF toward L-MetAsp,
we also performed assays as previously reported [21]with proper
modifications. For L-MetAsp, the standard assay mixture contained
McyF (600 nM), sodium pyrophosphate buffer (pH 8.0; 40mM),
and L-MetAsp (50mM) in a final volume of 150 mL. After centrifu-
gation with 12000 g for 10min, 90 mL of the supernatant was
collected and 10 mL of the ethanol solution containing O-Phtha-
laldehyde and N-acetyl-L-cysteine was added to the supernatant.
The mixture was diluted into 10mL by 0.2M boric acid buffer (pH
9.8) and vortexed for 5min, afterwards the samples were flowed
through the column of 300SB-C18 (5 mm, 4.6� 250mm, Agilent) on
HPLC (Agilent Technologies) with the excitation wave length set at
350 nm and quantified by measuring the emission wavelength at
450 nm. And we used the mixture lacking L-MetAsp to be the
control. As for the activity towards D-MetAsp, similar procedures
were performed, except that 100mMD-MetAspwas added for each
reaction.

3. Results

3.1. Overall structure of McyF

We determined the crystal structures of seleno-methionine
substituted McyF (SeMet-McyF) from M. aeruginosa PCC7806 in
complex with a citrate at 2.35 Å (Table 1). The full-length McyF was
applied for crystallization; however, only the segment of residues
Lys4eLys232 could be traced in the electron density map. The
crystal belongs to the space group P3221 and each asymmetric unit
of structure contains one molecule (Fig. 1A), although gel-filtration
profile indicated that McyF exists as a dimer in solution (data not
shown). Indeed, symmetry operation enabled us to define the
dimeric structure of McyF in the crystal, with a buried interface area
of 1474 Å2, which is sufficient to stabilize a dimer (Fig. 1B). The
dimeric interface is mainly stabilized by a cluster of hydrogen
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Table 1
Crystal parameters, data collection, and structure refinement.

SeMet-McyF þ Citrate McyF-C87S/C195S þ L-Asp McyF-C87S/C195S þ D-Asp

Data collection
Space group P3221 P3221 P3221

Wavelength (Å) 0.97930 0.97791 0.97915
Unit cell parameters
a, b, c (Å)

a, b, g (�)
128.75, 128.75, 46.18
90, 90, 120

128.48, 128.48, 45.14
90, 90, 120

129.10, 129.10, 44.64
90, 90, 120

Resolution range (Å) 50.0e2.35 (2.39e2.35)a 50.0e2.63 (2.68e2.63) 50.0e2.80 (2.85e2.80)
Unique reflections 18,567 (913) 12,847 (630) 10,736 (521)
Completeness (%) 99.9 (100.0) 99.7 (99.8) 99.9 (100.0)
<I/s(I)> 32.4 (6.0) 21.4 (4.0) 15.2 (3.4)
Rmerge
b 0.081 (0.483) 0.082 (0.493) 0.086 (0.503)

Rp.i.m 0.023 (0.140) 0.030 (0.176) 0.044 (0.252)
Rmeans/Rr.i.m 0.084 (0.504) 0.088 (0.526) 0.097 (0.563)
CC1/2 (0.966) (0.924) (0.851)
Wilson B-factor (Å2) 46.1 47.3 58.9
Matthews coefficient (Å3 Da-1) 1.96 1.90 1.90
Average redundancy 12.7 (12.6) 7.8 (7.9) 4.8 (4.9)

Phasing statistics
Anomalous Rmerge 0.070 (0.463)
Anomalous redundancy 6.6 (6.5)
Anomalous Completeness (%) 100 (100)
Figure of merit 0.43
BAYES-CC 58.43
Model-CC 0.82

Structure refinement
Resolution range (Å) 50.0e2.35 50.0e2.63 50.0e2.80
Rfactor
c /Rfree

d 0.187/0.202 0.186/0.205 0.184/0.203
Number of atoms
Protein 1786 1786 1786
Water 79 40 27
Ligands 13 9 9
B factors (Å2)
Protein 49.2 49.4 61.0
Water 50.0 44.4 50.3
Ligands 50.5 47.5 73.6
Mean B factors (Å2) 49.0 49.0 60.0
RMSDe bond lengths (Å) 0.007 0.008 0.009
RMSD bond angles (�) 1.165 1.232 1.272

Validation statistics
Clash score, all atoms 1.65 0.83 1.65
Poor rotamers (%) 4 4 7

Ramachandran plotf (residues, %)
Most favored (%) 98.22 98.22 97.33
Additional allowed (%) 1.78 1.78 2.67
Outliers (%) 0 0 0

PDB entry 5WXX 5WXY 5WXZ

aThe values in parentheses refer to statistics in the highest bin. bRmerge¼
P

hkl
P

i|Ii(hkl)- <I(hkl)>|/
P

hkl
P

iIi(hkl), where Ii(hkl) is the intensity of an observation and <I(hkl)> is
the mean value for its unique reflection; Summations are over all reflections. cR-factor¼P

h|Fo(h)－Fc(h)|/
P

hFo(h), where Fo and Fc are the observed and calculated
structure-factor amplitudes, respectively. dR-free was calculatedwith 5% of the data excluded from the refinement. eRoot-mean square-deviation from ideal values. fCategories
were defined by Molprobity.
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bonds between a1, h1, and b2 in subunit A and their counterpart
elements in subunit B (Fig. 1B). Noticeably, residue Glu360 from h10

of subunit B forms two salt bridges with Arg53 and Lys167 of
subunit A, which also contributes to maintaining the dimeric
structure (Fig. 1B).
3.2. The catalytic pocket of McyF

McyF shares an overall structure similar to other aspartate
racemases, such as PhAspR from Pyrococcus horikoshii OT3 [6,22]
and PtoAspR from Picrophilus torridus [23], with a root-mean-
square deviation (RMSD) of approximately 2.2e2.3 Å. In the
SeMet-McyF structure, a citrate molecule occupies the catalytic
pocket, which is located at the cleft between two domains (Fig. 1A).
The active-site pocket is composed of a2 (Asp52, Arg53, Thr54), h2
(Cys87, Cys88, Thr89), a7 (Ile162, Tyr163), and the connection loops
of b1-a1 (Met14), b4-a5 (Ser128), a7-h5 (Lys167), and b6-a9
(Cys195, Thr196, Glu197) (Fig. 2A). Notably, Cys87 and Cys195 are
catalytic residues responsible for the interconversion of L-Asp and
D-Asp, as deduced from previous reports [24]. The side-chains of
residues Arg53, Thr54, Thr89, Ser128, Tyr163, Lys167, Cys195,
Thr196, and Glu197 form 19 hydrogen bonds with the citrate
molecule. Structure-based multiple-sequence alignment showed
that these residues are highly conserved in McyF and homologs
from a variety of species (Fig. 1C).

To elucidate the structural basis of catalytic mechanism and
substrate specificity of McyF, we solved the structures of McyF-
C87S/C195S in complex with the substrates L-Asp and D-Asp
(Table 1), respectively. Eight residues participate in the interaction
with substrate L-Asp or D-Asp. Apart from two catalytic cysteines
Cys87 and Cys195, residues Met14, Arg53, Cys88, Thr89, Lys167,
Thr196, and Glu197 are responsible for stabilizing the substrate via
hydrogen bonds or hydrophobic interactions (Fig. 2B and C). In
addition, multiple-sequence alignment revealed all substrate-
binding residues are highly conserved (Fig. 1C). Notably, residues
Arg53 and Lys167 of subunit A form two hydrogen bonds with the



Fig. 1. The overall structure of McyF. (A) Ribbon diagrams of the monomer structure of McyF. (B) Ribbon diagrams of the dimer structure of McyF. (C) Structure-based multiple-
sequence alignment of McyF and homologs from diverse species. Catalytic residues Cys87 and Cys195 are indicated with red stars. Residues interact with citrate are shownwith blue
triangle. Residue E36 shown in green triangle is involved in the stabilization of active-site pocket. All sequences were downloaded from the NCBI database.

Fig. 2. The active-site pocket of McyF. The active-site pocket of McyF in complex with citrate (A), L-Asp (B) and D-Asp (C). The involved residues are shown in green sticks, and the
ligands are shown as sticks in different colors. The polar interactions are indicated by blue dashed lines. The simulated annealing |Fo|�|Fc| difference electron density maps of
ligands contoured at 3.0 s are shown as blue mesh. (D) Structural superposition of McyF-C87S/C195S-L-Asp against McyF-C87S/C195S-D-Asp. McyF-C87S/C195S-L-Asp and McyF-
C87S/C195S-D-Asp are shown in yellow and cyan, respectively.
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Fig. 3. The relative activities of McyF towards aspartate and mutants and sequence
alignment of McyF and homologs. The relative activities of McyF and mutants toward
20mM L-Asp (A) and 1mM D-Asp (B). All experiments were performed in triplicate.
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residue Glu360 from h10 of subunit B, also contributing to the for-
mation of catalytic pocket (Fig. 1B).

The simulated annealing |Fo|�|Fc| difference electron density
maps contoured at 3.0 s clearly showed the density of citrate, L-Asp
and D-Asp (Fig. 2Ae2C). In the crystal structure of McyF-C87S/
C195S-L-Asp, the hydrogen atom linked to the Ca of L-Asp is pro-
posed to orient towards the hydroxyl group of mutated Ser195. A
distance of 3.46 Å between the Ca atom of L-Asp and the oxygen
atom in the hydroxyl group of Ser195 is reasonable to launch the
nucleophilic attack for deprotonation (Fig. 2B). In contrast, the
hydrogen atom in Ca atom of D-Asp orients towards the hydroxyl
group of Ser87 in structure of mutant McyF-C87S/C195S-D-Asp,
with a distance of 3.00 Å between the Ca and oxygen atoms
(Fig. 2C). Structural superposition of McyF-C87S/C195S-L-Asp
against McyF-C87S/C195S-D-Asp clearly showed the interconver-
sion of L-Asp and D-Asp (Fig. 2D). The structures of McyF-C87S/
C195S in complex with the substrate L-Asp or D-Asp enabled us
to assign Cys87 and Cys195 as the proposed “two bases” to perform
the deprotonation of D-Asp and L-Asp, respectively [6,25].

3.3. Glu197 plays a crucial role in catalysis

To investigate the catalytic mechanism of McyF, we performed
the site-directed mutagenesis combined with in vitro aspartate
racemization activity assays. Only the racemization activities of
wild-type McyF and C195S mutant towards L-Asp were detectable
whenwemeasured the kinetic parameters of McyF and its mutants
(Table 2). Except for wild-type McyF and C195S mutant, only
mutant E197Q showed little racemization activity towards either L-
Asp or D-Asp even though the reactions were performed overnight.
As predicted, McyF is capable of catalyzing the interconversion of L-
Asp and D-Asp (Fig. 3A and B). The mutant McyF-C87S completely
lost the racemization activity towards either L-Asp or D-Asp,
whereas the mutant McyF-C195S remained about 10e20% residual
racemization activity compared to the wild-type (Fig. 3A and B).
The activity loss of McyF-C87S suggested that the hydroxyl group of
serine was much less reactive compared to the thiol group of
cysteine. The difference between Cys87 and Cys195 prompted us to
comprehensively compare their surrounding residues, and we
found that Cys195 is further stabilized by an acid residue Glu197
(Fig. 2B and C). Subsequent single mutation of E197Q or double
mutations of C195S/E197Q led to a sharp decrease or complete loss
of the racemization activity (Fig. 3A and B), suggesting the collab-
oration of Cys195 and Glu197 during the interconversion reaction
of L-Asp and D-Asp.

3.4. McyF is capable to catalyze the racemization of MeAsp

McyF is encoded by mcyF gene which belongs to the mcy gene
cluster that consists of ten genes involved in the biosynthesis of
microcystins in M. aeruginosa PCC7806 [9]. Two isoforms of
microcystin have been reported in M. aeruginosa PCC7806, which
employ either D-Asp or D-MeAsp as the precursor [12]. As we
Table 2
The kinetic parameters of McyF and its mutants towards L-Asp.

Enzyme Km (mM) kcat (s-1) kcat/Km (s-1 mM-1)

Wild type 22.9± 2.1 42.5± 1.3 1.86
C87S NDa ND ND
C195S 61.5± 7.4 1.64± 0.09 2.67e-2
C87S/C195S ND ND ND
E197Q ND ND ND
C195S/E197Q ND ND ND

a The activity cannot be detected.
know, D-Asp is generated from L-Asp by the aspartate racemase
McyF [9,10]; however, the biosynthesis of D-MeAsp has never been
elucidated. The intracellular L-MeAsp is a key component in the
biosynthesis pathway of C5-branched dibasic acid metabolism &
glyoxylate and dicarboxylate metabolism (KEGG: http://www.
genome.jp/kegg/). It is known that the reversible isomerization of
L-MeAsp and L-glutamate is catalyzed by the glutamate mutase (EC
5.4.99.1) [26], whereas the reversible addition of ammonia to
mesaconate to yield L-MeAsp is catalyzed by the methyl-aspartate
ammonia-lyase (EC 4.3.1.2) [27]. The enrichment of L-MeAsp im-
plies that it probably serves as the precursor of D-MeAsp catalyzed
by a racemase. In addition, McyF is the only aspartate racemase
encoded by M. aeruginosa PCC 7806 genome, strongly suggesting
McyF could also catalyze the conversion of L-MeAsp to D-MeAsp. To
prove this assumption, we chemically synthesized L-MeAsp and D-
MeAsp and performed the activity assays, respectively. The activity
towards MeAsp is relatively low but detectable. For the racemic
reaction on L-MeAsp, the production of D-MeAsp can be detected
after 3 h incubated at 37 �C compared to the control group (Fig. 4A).
Apparent increasing production of D-MeAsp can be detected after
the reaction was prolonged to 10 h. On the contrary, reactions to-
wards D-MeAsp was rather weak. Slight production of L-MeAsp
could be detected after a reaction for 10 h (Fig. 4B). However, for the
first time, our essays proved that McyF could also catalyze the
interconversion of L-MeAsp and D-MeAsp, the precursor of another
microcystin isoform.

4. Discussion

We solved three crystal structures of McyF in complex with the
substrates or analogues. Structural analyses combined with activity
assays enabled us to clearly assign the substrate-binding and cat-
alytic residues. The racemization activity assays combined with
structural analyses illustrated the substrate specificity of McyF and
provide insight into the catalytic mechanism of the aspartate
racemase. The biochemical assays proved that McyF is capable of
catalyzing the interconversion of L-MeAsp and D-MeAsp, thus also
participate in the biosynthesis of another microcystin isoform.
However, further structural information and biochemical charac-
terization are needed to comprehensively elucidate the biosyn-
thesis pathway of cyanobacterial microcystin.
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Fig. 4. Biochemical assays for the activities of MycF towards D-MeAsp and L-MeAsp using HPLC (A) The relative activities of MycF towards L-MetAsp (B) The activity of McyF
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