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Structure of the Antitumour Enzyme 1-Methionine y-Lyase
from Pseudomonas putida at 1.8 A Resolution
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L-Methionine 7y-lyase (EC 4.4.1.11, MGL_Pp) from Pseudomonas putida is a multi-
functional enzyme, which belongs to the y-family of pyridoxal-5-phosphate (PLP)
dependent enzymes. In this report, we demonstrate that the three-dimensional
structure of MGL_Pp has been completely solved by the molecular replacement
method to an R-factor of 20.4% at 1.8 A resolution. Detailed information of the overall
structure of MGL_Pp supplies a clear picture of the substrate- and PLP-binding
pockets. Tyr59 and Arg6l of neighbouring subunits, which are strongly conserved in
other y-family enzymes, contact the phosphate group of PLP. These residues are
important as the main anchor within the active site. Lys240, Asp241 and Arg61 of one
partner monomer and Tyrll4 and Cysl16 of the other partner monomer form a
hydrogen-bond network in the MGL active site which is specific for MGLs. It is also
suggested that electrostatic interactions at the subunit interface are involved in the
stabilization of the structural conformation. The detailed structure will facilitate the
development of MGL_Pp as an anticancer drug.
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Abbreviations: AAT, aspartate aminotransferase; CBL_Ec, r-cystathionine B-lyase from E. coli; CGL,
L-cystathionine vy-lyase; CGS_Ec, L-cystathionine y-synthase from E. coli; MGL_BI, r-methionine y-lyase
from B. linens; MGL_Cf, r-methionine y-lyase from C. freundii; MGL_Eh, r-methionine y-lyase from E.
histolytica; MGL_Pp, L-methionine y-lyase from P. putida; MGL_Td, L-methionine y-lyase from 7. denticola;
MGL_Tv, L-methionine y-lyase from 7. vaginalis; PEG, polyethylene glycol; PLP, pyridoxal 5-phosphate.

Pseudomonas putida lacks the reverse transsulphuration
pathway (I). Instead, methionine is directly converted
to methanethiol by L-methionine y-lyase (MGL) which is
then oxidized to methanesulphonate. MGL is therefore
an essential enzyme for methionine metabolism in
P. putida (2).

MGL catalyses the a,y-elimination of rL-methionine to
a-ketobutyrate, methanethiol and ammonia (Eq. 1)
(Scheme), as well as y-replacement of L-methionine and
various thiols (Eq. 2). o,f-Elimination and B-replacement
of S-substituted L-cysteines are also catalysed by MGL
(Egs. 3 and 4, respectively).

This enzyme has been found in several microorganisms
such as P. putida, Trichomonas vaginalis, Entamoeba
histolytica, ~Aeromonas sp., Citrobacter freundii,
Brevibacterium linens, Porphyromonas gingivalis and
Treponema denticola (3-10). MGL has not been found
in yeast and mammals. MGL has low sequence homology
and high structure homology to other y-family enzymes.
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MGL has demonstrated antitumour efficacy in a
number of methionine-dependent cancer cell lines includ-
ing lung cancer, colon cancer, kidney cancer, brain cancer,
prostate cancer, melanoma and fibrosarcoma (I11-15).
However, the stability of MGL_Pp in plasma is affected
by: [1] immunogenicity, [2] proteolysis, [3] oxidation of the
active site residues, [4] release of PLP and [5] instability
of the active dimer. Modification of this enzyme with
polyethylene glycol (PEG) has reduced immunogenicity
and possibly inhibited proteolytic enzymes that could
degrade MGL (16). PEGylated MGL is being developed as
a cancer drug (17-19) and detailed structural information
could greatly facilitate its development.

In a previous report (20), the overall crystal structure
was reported with relatively high-resolution. However,
the structural information of the N-terminal domain still
was incomplete (residues 42-63) because of ambiguous
electron densities. Recently the crystal structure of MGL
from Citrobacter freundii (MGL_Cf) and Trichomonas
vaginalis (MGL_Tv) was solved at 1.9 (21) and 2.2A
resolution, respectively. The similarity of the tertiary
structure of each subunit between MGL_Pp and MGL_Cf
has been confirmed. The dimer and dimer—dimer
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CH,SH + CH;CH,COCOOH + NH; (1)

CH,SH + RSCH,CH,CH(NH,)COOH  (2)
H,S + CH;COCOOH + NH, (€)

H,S + RSCH,CH(NH,)COOH “

Scheme. MGL catalyzes o,y-elimination, o,B-elimination, y-replacement, and fB-replacement reactions on L-methionine and L-cysteine,

respectively

interactions, however, were merely mentioned and
not described. In the present study, the crystal structure
of MGL_Pp has been fully determined with geometrical
information around the active centre as well as the
N- and C-terminals. The interaction of the homodimer
and homotetramer of MGL also has been revealed.

MATERIALS AND METHODS

The gene encoding MGL from P. putida ICR3460 was
used in this study. The expression plasmid pMGL1204
and recombinant Escherichia coli were prepared as
previously described (22). Production of recombinant
MGL was performed as described in Takakura et al.
(23). Recombinant E. coli was cultured in a jar fermentor
and harvested at 28°C. The bacterial pellet was dis-
rupted with a Manton Gaulin homogenizer (model 30CD,
APV Gaulin GmbH, Lubeck, Germany). Recombinant
MGL was purified to electrophoretic homogeneity in a
three-step procedure consisting of polyethylene glycol
treatment, followed by anion exchange chromatography
using a DEAE-Sepharose FF column (Amersham
Bioscience), and finally gel filtration using Sephacryl
S-200 HR (Amersham Bioscience). MGL was detected by
the activity assay described by Takakura et al. (22). One
unit of activity is defined as the amount of MGL that
catalysed the formation of 1umol of a-ketobutyrate per
minute at 37°C.

Directed mutagenesis was performed on pMGL1204
using a pair of oligonucleotide primers, containing a
point mutation. Primers used are shown in Table 1. After
PCR amplification, expression plasmids containing
the desired mutations were identified by sequencing of
both strands. Production and purification of MGL
mutant enzymes were performed as described earlier
except without the gel filtration step.

The enzyme was crystallized using the sitting drop
method at 4°C. Prior to crystallization the enzyme was
extensively dialysed against a 50 mM sodium phosphate
buffer solution, pH 7.2 with a combination of 40% MPD,
30% PEG6000 and 1% ammonium sulphate as
precipitants. A 10pul drop comprising equal volumes of
the reservoir solution and a solution of 32.7mg/ml
protein in 10mM sodium phosphate (pH 7.2) and
0.5mM PLP was kept at 4°C. The crystal was grown to
a size of up to 0.5 x 0.5 x 0.5 mm?. Diffraction data were
obtained with synchrotron radiation [BL24XU (Hyogo
Prefecture beamline)] at SPring-8 using RAXIS IV
(Rigaku). Data were processed and scaled with the

Table 1. Primers used in this study.
Mutation Sequence (5" to 3')

R61A CCGGGCATTTCTACAGCGCCATCTCCAACCCCACC

R61E GCCGGGCATTTCTACAGCGAAATCTCCAAC
CCCACCCTC

R61F CCGGGCATTTCTACAGCTTCATCTCCAACCCCACC
L341H CGCGCGGTGAGCCATGGCGATGCCGAG

F128C  GGCATCGGCGAGTGCGGGGTCAAGCTG

S5248C CGGTGCGGTGCTCTGCCCCCATGACGCCG

D385C  CTGGAAGACATCGACTGCCTGCTGGCCGATGTG
G9C CCAACAAGCTCCCATGCTTTGCCACCCGCG

C116S CAACACCCTGTACGGCAGCACCTTTGCCTTC
C116T  GCAACACCCTGTACGGCACCACCTTTGCCTTCCTG

Table 2. Data collection and refinement statistics.

Space group P432,2
Unit cell dimensions (A) a=b=133.13,
c=215.24
Wavelength (A) 0.8340
Resolution range A) (highest resolution shell) 40.0-1.80
(1.86-1.80)
Mosaicity 0.504
Reflections
Observed 781,757
Unique 176,570
Completeness 98 (89)
Redundancy 4.41 (2.65)
I/o (D) 8.2 (6.1)
Ruerge (%) 7.50 (42.7)

Number of protein atoms included 12056
in refinements

R..ys overall (%) 20.4 (24.3)
Reree (%) 22.4 (27.3)
Water molecules 1091
R.M.S deviations from ideality
Bond length (A) 0.018
Angles (°) 1.525
Ramachandran plot
Most favourable regions (%) 914
Allowed regions (%) 7.9
Disallowed regions (%) 0.9

DENZO and SCALEPACK software package. Crystal
data and data statistics are summarized in Table 2. This
crystal contains one tetramer in the asymmetric unit.
The crystal structure was solved by the molecular
replacement method using the dimer structure of
L-cystathionine B-lyase (CBL) as a starting model with
the X-PLOR software package. Model building was
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performed on the Turbo-Frodo graphic program and
structure was refined by X-PLOR. The final R-value
was 20.4% (Rgee =22.4%). The density map shows that
the active site is composed of a homodimer and the N-
terminus and C-terminus are also visible. The coordi-
nates of this crystal structure have been deposited in the
Protein Data Bank under ID code 207C. Coordinates of
MGL_Tv, MGL_Cf, CBL_Ec and CGS_Ec (CBL and CGS
from E. coli) were obtained from the RCSB Protein Data
Bank with internal codes 1E5F, 1Y4I, 1CL1 and 1CS1,
respectively.

RESULTS AND DISCUSSION

Overall Structure—The overall tetramer structure
of MGL_Pp (Fig. 1a) is highly similar to the closely related
CBL_Ec (24), a feature that was utilized in the molecular-
replacement structure determination. MGL_Pp is known to
exist as an oy-tetramer in solution. The monomer folds-up
into three spatially and functionally distinct regions: (1) an
extended N-terminal domain (residues 1-63) that includes
two helices and three B-strands, (2) a large PLP-binding
domain (residues 64-262), which comprises a mainly
parallel seven-stranded B-sheet that is sandwiched between
eight o-helices and (3) a C-terminal domain (residues
263-398) (Fig. 1b). The view of residues 42-63 of this
enzyme supplies new aspects to the subunit interactions. In
the N-terminal arm, residues 1-39 are mainly concerned
with stabilization of the dimer—dimer interaction. Residues
34-63 stabilize dimer formation (active dimer), and contain
some important residues that comprise the active site.
Below, we show that there is a highly significant corre-
lation between the N-terminus region and the PLP-binding
domain of the neighbouring subunit.

The two monomers associate tightly to form a dimer
as shown in Fig. 2 which is the known active dimer. The
compact monomer shape is achieved by packing the PLP-
binding domain against the C-terminus. An extended
N-terminus protrudes from the bulk of the subunit,
forming a clamp to the neighbouring monomer similar to
other y-family enzymes (Fig. 2a). The intimate binding
between the two monomers in the dimer is established by
several hydrogen bonds, hydrophobic interactions and
most remarkably, by various intermolecular active-site
interactions. The phosphate group of PLP interacts
strongly with Arg61* (the asterisk, henceforth, indicates
a residue from the adjacent subunit of the active dimer)
of the N-terminal part of the adjacent subunit which
corresponds to Arg58* in CBL_Ec. A similar interaction
is made by Tyr59* which is one of the donors in the
hydrogen-bonding network around the PLP phosphate.

In the centre of the dimer, near the active site, three
helices and one loop are in close contact with each other
and with their symmetry mates. Hydrophobic residues
are mostly found in the contact region of these helices
and in a loop, forming a large hydrophobic region
comprising residues Trp98 and Ala245. Thus, the dimer
is required for the catalytically active enzyme.

The tetramer is formed by symmetric association of two
dimers, resulting in an overall non-crystallographic 222
symmetry. The MGL tetramer interface is larger than the
interfaces of other PLP-dependent enzyme structures.
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Fig. 1. Overall fold of the MGL_Pp. (a) The homotetramer is
built-up as a dimer of active dimers, resulting in an overall 222
symmetry. The individual monomers are colour-coded. The PLP
cofactor is mainly linked by the central domain, held in a ball
and stick presentation. (b) Stereo ribbon presentation of the
MGL monomer. The N-terminal domain is held in blue, the
PLP-binding domain in yellow and the C-terminal domain in
red. PLP and PLP-binding Lys211 are shown in a ball and stick
representation.

The N-terminus is very important for the formation of
the dimer and the dimer—dimer interface (Fig. 2).
Therefore, the conformation of the dimer structure is
essential for the binding of PLP to the apoenzyme, as is
typical of this subclass of vitamin Bg-dependent enzymes.
It is deduced that the structure of the active dimer would
be stabilized by the formation of the tetramer. The above
quaternary association leads to the formation of four
active sites per tetramer, two made up within each active
dimer. These two active sites are quite close to each other.
For several enzymes of the y-family, evidence has been
obtained suggesting that only one active site per dimer is
actually operating or being inhibited by mechanism-based
inactivators (25).

Active Site—The active site design is shown schemat-
ically and spatially in Fig. 3. In the cleft formed between
the two domains of the subunit at the dimer interface,
there is strong electron density adjacent to a conserved
lysine residue, corresponding to a bound pyridoxal
phosphate molecule. PLP is covalently attached to MGL
via the g-amino group of Lys211, a residue located at the
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Fig. 2. Active dimer of MGL_Pp viewed along the non- monomer. Amino acids are labelled with one-letter code and MGL
crystallographic 2-fold axis. Note that the N-terminal domain numbering. The residues from the first subunit are green and the
of one subunit is part of the active site of the neighbouring residues from the second subunit are red with an asterisk. (c)
monomer. (a) Ribbon presentation of the MGL dimer. Two The interface between the active dimers. Orange residues with
monomers share active-site residues via their N-terminal double asterisk are from the third subunit and red residues with
domains (blue). (b) The interaction of the interface with each triple asterisk are from the fourth subunit.

Fig. 3. Geometry of active site in MGL_Pp. Peptide portions are colored yellow and green. Active site residues are identified
from the two different MGL monomers forming the active dimer as discussed in the text.

J. Biochem.
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loop between the two B-strands. The pyridine nitrogen
atom (N1) of PLP forms a strong hydrogen bond/salt
bridge (2.73 A) with the carboxylate group from Aspl186
which stabilizes its positive charge and increases the
electrophilic character of the cofactor. The carboxylate
group of Aspl86 forms a strong hydrogen bond with
the hydroxyl group of Thr188. Asp186 and Thr188 are
largely conserved in the o- and vy-families of PLP-
dependent enzymes. These hydrogen bonds fix the
Aspl86 carboxylate group in a geometrically optimal
position for interaction with the N1 of PLP. Furthermore,
the hydrogen bonds which originate from Asp186 should
permit charge dissipation during the catalytic cycle into
the protein periphery, stabilizing the quinonoid inter-
mediate similar to Asp230 in 1l-aminocyclopropane-1-
carboxylate synthase (ACCS) and Asp222 in AATase (26).

The methyl group at C2 of the cofactor is not
involved in any specific interactions with the protein.
The presumably ionized hydroxyl group at C3 receives
only one weak hydrogen bond from a well-ordered water
molecule in the active site of MGL. The positive charge of
the nitrogen of the Schiff base is stabilized by interaction
with the deprotonated hydroxyl group at C3.

At position 4, the original PLP aldehyde function has
reacted with the side chain of Lys211 to form the
internal aldimine. The aldimine is protonated, based on
the strong absorbance of the crystals near 425 nm.

Besides the covalent bond, the cofactor is anchored
predominantly in the active site through its phosphate
group at position 5, for which eight hydrogen bonds to
the protein residue are discernible, to the main chain
amide nitrogens of Gly89 and Met90 which lie at the
N-terminus of o4 helix, and to the side chains of Ser208,
Thr210, Tyr59* and Arg61*. Ser208 and Thr210 lie at
the same loop as Lys211. The phosphate group of PLP
interacts strongly with Arg61* of the N-terminal part of
the adjacent subunit the same as Arg58* in CBL_Ec (24).
A similar interaction is made by Tyr59* which is one of
the hydrogen donors in the hydrogen-bonding network
around the PLP phosphate. Arg61*, which lies at the
N-terminus of the Bc strand, is the hydrogen donor for
four hydrogen bonds. Thus, Arg61* should compensate
directly for the negative charges of the phosphate group.
Furthermore, Arg61* also interacts with the ring-stack-
ing Tyr114 hydroxyl group which is only observed within
this group of PLP enzymes, suggesting a functional role
for the Arg61*-Tyr114 interaction.

The pyridine ring is sandwiched between Tyrl114 and
Thr188/Ser208 which impedes any vertical movements
of the cofactor with respect to the pyridine ring plane.
The latter two residues are in van der Waal’s contact
with all ring atoms of the pyridine ring, minimizing
movement of the cofactor in that direction. The phenol
ring of Tyr114 is located at an angle of about 10° with
respect to the pyridine ring. Apart from restraining
the cofactor, the resulting ring-stacking interaction
should, in analogy to the situation in L-cystathionine
y-synthase (27), increase the electron-sink character
of the cofactor. The interaction of MGL-Tyrl14
is known to be essential to the mechanism of AAT-
Trpl140 (28).

It is interesting to compare the pocket of the substrate
in a structural comparison between MGL_Pp and
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CBL_Ec using the suicide inhibitor aminoethoxyvinylgly-
cine (1CL2) or with MGL_Tv using the suicide inhibitor
propargylglycine (1E5E). The carboxyl group of the
suicide substrate in the active site makes two hydrogen
bonds with the guanidinium group of Arg372 in CBL_Ec;
Arg362, in CGS_Ec and Arg373 in MGL_Tv. In MGL_Pp,
Arg375, which makes a hydrogen bond to the hydroxyl
group of Tyrl89, corresponds to the Arg residues
described earlier in the other enzymes. This residue is
largely conserved in most of the o- and y-families of PLP-
dependent enzymes. Accordingly, this arginine residue is
assumed to bind the a-carboxylate group of the incoming
substrate.

As for the reaction specificity of MGL for L-methionine,
it is thought that electrostatic force, any steric hindrance
and the hydrophobicity of residues at the active centre
would be essential factors for the recognition of the
substrate from comparison of the active-site geometries
between MGL_Pp and other PLP-dependent vy-family
enzymes. First, a hydrogen bond network or electron
transfer would more likely contribute to the reaction
specificity of the substrate such as the hydrogen-bond
network between Tyr114, Cys116, Lys240* and Asp241*.
These residues are conserved in most heterologous
MGLs. Tyrl14, which lies at the N-terminus of the
helix ob, plays a role as a general acid catalyst in
the elimination of the y-substituent of the substrate
(29). Cysll6, which lies on the helix, is a possible
nucleophilic residue, identified by chemical modification
with a thiol-specific cyanylating reagent, 2-nitro-5-thio-
cyanobenzoic acid (NTCB) (30). However, the sulthydryl
group of this residue is not directly required for the
enzyme’s catalytic role. Lys240%, Asp241* and Arg61*
from the adjacent subunit make a hydrogen bond/salt
bridge with each other (Fig. 3). Moreover from the
results of mutagenesis experiments targeting Cys116, it
is concluded that this hydrogen-bond network, consisting
of Tyr114, Cys116, Lys240* and Asp241*, is important
for substrate selectivity for L-methionine.

In addition to Tyr114, Cys116 and Arg375, hydropho-
bic residues (Phe58%, 11e62*%, Ala119, Leu236 and Val339)
play an important role for substrate recognition, instead
of charged residues in CGS, CBL and CGL (31). Asp45*,
Arg49* and Glu325 of CGS_Ec, which contact the
cysteinyl functional group of the o carbon of the
substrate, are substituted with hydrophobic residues
Pheb58%*, I1e62* and Val339, respectively, in MGL_Pp.
Argl06 of CGS_Ec, which contacts the distal carboxyl
group of O-succiny-L-homoserine, is substituted with
Alal19 in MGL_Pp. Glu235 of CBL_Ec, which forms an
ion pair with Arg59* anchoring the phosphate group of
PLP and contacts the distal amide group of cystathio-
nine, is substituted by Leu236 in MGL_Pp. Thus, in
MGL_Pp a hydrophobic patch operates as the recognition
site for the side chain of the methionine substrate.

Conversion of Residues—Site-directed mutagenesis
was carried out as described above (Materials and
Methods section). Based on the structural information
on MGL_Pp, several mutants were made to observe the
change in vy-elimination activity on L-methionine and
L-homoserine. Point mutations, indicated in parentheses,
are related to the following: (a) tetramer formation
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(D385C and G9C), (b) dimer formation (F128C and
S248C), (¢) PLP interaction at the active site (R61A,
R61E, R61F and L341H) and (d) hydrogen-bond network
in the active site (C116S and C116T). Specific activities
of all mutants were expressed as a percentage of the
wild-type activity which was considered to be 100%
(Table 3). The calculated specific activity for the wild-
type enzyme was 61.2 units/mg. First, for purpose of
stabilization of active dimer, we tried to introduce the
S-S bond linkage into the interface. Phel28 and Ser248,
which are very close to each other, lie in close proximity
at the interface of the active dimer. Mutation (F128C and
S248C) of these residues caused activation of enzyme
activity (12 and 31% higher than wild type, respectively).
Asp385 and Gly9 are the closest residues at the dimer—
dimer interface, and Asp385 makes a strong hydrogen
bond to the side chain of Thrl2. In this regard the
D385C-GI9C double mutant decreased the activity. Each
cysteine mutant was dialysed in buffer without dithio-
threitol. These oxidized enzymes showed the same
relative activity as the wild-type enzyme (data not
shown). It is assumed that there are no S-S bond
linkages in the mutants. These results suggested that at
the subunit interface electrostatic interactions are
important for structural flexibility.

Next, we examined the active-site residues. All Arg61
mutants lost activity, suggesting that this residue is very
important to the catalytic activity. Around PLP, most
residues which comprise the active site are conserved in
v-family enzymes. Leu341, which lies at a position where
the a-carboxylate of the substrate should be bound, is
highly conserved in the vy-family enzymes except
CBL_Ec. Therefore, it is not surprising that L341H also
lost activity. Cys116 is located at the active centre in
MGL_Pp. Both C116S and C116T mutants lost activity.
In most mutants, the M/H ratio (a,y-elimination activity
ratio) was the same as that of wild type. However,
differences in the ratio of C116S and C116T were
detected. Compared with L341H and D385C-G9C,
which lost activity on both substrates, the decrease of
the M/H ratio for C116S and C116T suggests that
Cys116 is involved in substrate specificity.

In summary, the tetramer functions to maintain an
active dimer. The residues around PLP are well
optimized for each reaction. The substrate specificity of
MGL appears to be due to Cys116. A more detailed study
of Cys116 should yield information on the mechanism of
substrate recognition in MGL_Pp.

Interface of the Homodimer—Dimer formation is
stabilized by an extended turn in the N-terminal arm
(Fig. 2b). The N-terminal turn (residues 34-62) including
GIn34, Thr37, Thr39, Phe40, Pro4l, Val43, Glu44,
Phe50, Tyr59, Arg6l and Ile62 and C-terminal domain
of one partner monomer make important interactions
that are required for proper structure, and mostly
allow hydrophobic interactions. The N-terminus region,
which is involved in dimer interaction, is also part of the
active site. Phe58 and Ile62 are engaged in substrate
recognition with hydrophobic interaction with the side
chain of the substrate. Furthermore, the hydrogen bonds
between the Pb and Bc strands enable the region to be
more stable, Tyr59 and Arg61 strongly and moderately,

D. Kudou et al.

Table 3. Relative activity of wild type and mutants of
MGL_Pp on L-methionine.

Relative activity (%) M/H ratio
Native 100 41.3
R61A 1 N.D
R61E 0 N.D
R61F 2 N.D
L341H 9 52.0
F128C 112 42.5
S5248C 131 51.6
D385C-GIC 46 44.2
C116S 9 3.7
C116T 40 17.3

Note: N.D: not determined; M/H ratio: the rate of y-elimination
activity on L-methionine and r-homoserine.

respectively, connect with the phosphate of PLP. The
stacking interaction of the imidazole ring of His250 from
each subunit is also involved in dimer interaction. We
propose that dimer stabilization in the active dimer is
important for the catalytic cycle.

Interface of the Homotetramer—The interface between
the active dimers in the homotetramer of MGL_Pp
comprises N-terminus residues including Metl, His2,
Gly9, PhelO, Alall, Thrl2, Ilel5, Hisl6, Gly26,
Leu28, Val29, Val32, Tyr33, Thr35, Thr37 and Thr39;
PLP-binding domain residues including His216, Asp218,
Arg257 and Lys260 and C-terminus residues including
Leu334, Ser336, Glu345, Glu381 and Asp385 of one
monomer (Fig. 2¢). The interface of each dimer consists
mostly of electrostatic interactions. It is important for
stability that charged residues have a partner with
the opposite charge, and that repulsive or unfavourable
contacts are minimized. The hydrogen bond between
Arg257 and Asp218* is strongly associated with dimer—
dimer formation and the stabilization of the aldimine
formation at the active site, because Asp218 lies in the
same loop (Bi—Pj loop) as does Lys211. Moreover, these
residues are highly conserved in y-family enzymes. The
tetrameric structure is mostly stabled by the hydrogen-
bond linkages of the dimer—dimer interface; however,
there is no evidence that there are functional
interactions.

Comparison with Other y-Family Enzymes—Inoue et
al. (32) cloned the mgl gene from P. putida and compared
it with the other y-family enzymes. Their results
indicated that the five different enzymes of the transsul-
phuration and direct sulphydrylation pathways are
highly similar in 3D structure. Furthermore,
Motoshima et al. (20) also found sequence similarities
between MGL_Pp and other y-family enzymes such as
MGL_Tv, CBL_Ec and CGS_Ec. Extensive sequence
information on MGL enzymes is now available. The
sequences vary in length from 389 to 425 amino acids.
The protein sequence alignments (ClustalW) of MGL_Pp
with MGL from 7. denticola, C. freundii, T. vaginalis,
E. histolytica and B. linens are illustrated in Fig. 4.

The alignment indicates that the PLP-binding domain
and C-terminal domain exhibit especially high homology.
In contrast, the homology in the N-terminal part is low.
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Fig. 4. Sequence-based alignment of heterologous MGLs.
Abbreviations used: MGL_Pp, MGL from P. putida; MGL_Td,
MGL from T. denticola;
MGL_Tv, MGL from T.

ckkk .k ok ok rhok kK, 22y E

MGL_Cf, MGL from C. freundii,
vaginalis; MGL_Eh, MGL from

colons. Arrows point to active-site residues.

E. histolytica and MGL_BI, MGL from B. linens. Conserved
residues are shown with asterisks, homologues with dots and

Residues involved in cofactor binding (Tyr59, Arg6l,
Gly89 and Aspl186) and catalysis (Tyrll4, Lys211 and
Arg375), which were previously shown to be essential,
are invariant.

Cys116 has been thought to be essential for catalysis.
This residue is mostly conserved in heterologous MGLs.
However, MGL from B. linens (MGL_BIl), which has a
longer amino-acid sequence, does not have the cysteinyl
residue at the active site, but a glycyl residue instead
(33). Although the properties of MGL_BI, such as
substrate specificity and enzyme inhibition, are similar
to the other MGL enzymes, the o,y-elimination activity
on L-methionine of MGL_BI has a 6-fold higher K,,, than
that of MGL_Pp, suggesting the importance of the
cysteinyl residue.

An alignment based on secondary structure (Fig. 5)
reveals that most elements of secondary structure were
conserved within the y-family enzymes. One of the
remarkable differences in this point is the N-terminal
structure, suggesting that the diversity of each N-terminus
contributes recognition for each natural substrate.
MGL_Pp has two a-helices and three B-strands which are
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barely similar to those of MGL_Tv, MGL_Cf, CBL_Ec
or CGS_Ec (Fig. 6). The secondary structure of the
N-terminus of MGL_Pp is specific to the y-family of
enzymes. The first loop (residues 1-9) is longer than
those of CBL_Ec and CGS_Ec. The first helix (1)
is conserved in each enzyme. The first strand (Ba) is
conserved in CGS_Ec and the second strand (Bb) is
not conserved in CBL_Ec and MGL_Cf. The second helix
(¢2) is not conserved in CGS_Ec. The third strand (Bc) is
specific to MGL_Pp and MGL_Tv. This strand is located at
the vicinity of the active site of the neighbouring subunit in
the dimer, restricting the movement of the phosphate
group of PLP. The hydrogen-bond linkage between two
strands in the N-terminus, b and fc, has an effect on the
stability and the flexibility of the N-terminal domain. This
B-sheet is characteristic of MGL_Pp and MGL_Tv.

CONCLUSION

MGL is a tetramer, built up as a dimer of dimers
(Fig. 1a). Although there is little significant sequence
homology between MGL_Pp and other y-family enzymes
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Fig. 5. Structure-based alignment of MGL_Pp (MGL from
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E. coli, 1CL1). Helices and strands appear as cylinders and

P. putida) with MGL_tv (MGL from T. vaginalis, 1E5F), arrows. Conserved residues are shown with asterisks, homo-
CGS_Ec (CGS from E. coli, 1CS1) and CBL_Ec (CBL from logues with dots and colons.
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Structure of L-Methionine y-Lyase from P. putida

(32), the solved crystal structure of MGL_Pp shows
remarkable structural similarity of this enzyme to
aminotransferase, subclass I, and the cystathionine
B-lyase subclass (Fig. 5). The diagnostic tetramer forma-
tion functions as a factor to maintain the active dimer
(Fig. 2). The N-terminal region (residual 1-63), which
plays an important role in the formation of the active
dimer and substrate recognition, is very flexible in
MGL_Pp (Figs. 2 and 3). Residues involved in anchoring
PLP are essentially optimized for each reaction.
Specificity stems from the steric and non-electrostatic
accessibility of the active sites rather than the exchange
of catalytically important residues (Arg61*, Tyr114 and
Cys116) (27, 28). Although MGL_Pp shows relatively low
sequence identity to other y-family enzymes, CBL_Ec,
CGS_Ec, and MGL_Tv contain folds that are very similar
to that of MGL_Pp. Without exception, the active-site
geometries of these y-family enzymes are mostly con-
served. The structural homologies strengthen the sugges-
tion that the PLP enzymes of the y-family, with various
functions, evolved from a common ancestral protein.
High-resolution structures, as exemplified by the present
work, should prove beneficial in the design of specific
antitumour agents, targeting altered methionine meta-
bolism and altered methylation in tumour cells (34, 37).
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