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Fig. 3. Expression and purification of the recombinant EhSATs and detection of narive EhSATs in the parasite lysate. (A) The Escherichia coli BL21 (DE3) strain was transformed
with pET-ENSAT1, pET-ENSAT2, and pET-EhSAT3. The recombinant EhSAT1-3 protein was purified on a NiZ*-NTA agarose column, Proteins at each step of purification were
resaived on 3 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue. Lane 1. Molecular weight markers: lanes 2-4, the total lysare (2), supernatant fraction (3), or
unbound fraction (4) of the IPTG-induced culture of the pET-EhSAT-transformed cells; lanes 5-7, fractions eluted with 10, 20, and 50 mM imidazole, respectively; lanes
8-10, purified recombinant ERSAT1, ERSAT2, and EhSAT3, respectively, eluted with 200mM imidazole. (B) Silver staining of the purified EnSAT1-3 (lanes 1-3, respectively).

(€] Immunoblot analysis of the fractionated amebic lysate with anti-EhSAT1 and anti-ERSAT2 antibodies, A fraction eluted from 3 Mano Qanionic exchange chromatograph

was electrophoresed. blotted, and reacted with 200« diluted anti-ERSAT1 (lane 1) or anti-ERSAT2

cytosolic SAT from watermelon, and plastid SAT from A. thaligna are
shown to highlight important similarities and differences among
SAT proteins from these organisms and between EhSAT isotypes
(Fig. 1).

All the important residues implicated in the active site of the
catalytic domain [31] are well conserved in EhSATs. For instance,
the residues of Asp-114, Pro-115, Ala-116, Asp-179, and His-180 of
EhSAT1, corresponding to Asp-92, Pro-93, Ala-94, Asp-157, and His-
158, respectively, of E. coli SAT are well conserved. In contrast, there
are also notable peculiarities of the amoebic SAT. First, E. histolyt-
fca SATs have a unique insertion between the coils 2 and 3 of the
extended loop of LBH (a.a. 206-213 of EhSAT1-3, corresponding to
between a.a. 183 and 184 of E. coli SAT), Interestingly, this insertion
is also uniquely, other than in Entamoeba, present in H. walsbyi. Sec-
ond, Thr-185 of E. coli SAT, which is responsible for the interaction
with the carboxyl terminus of another subunit of a SAT trimer upon
conformational changes caused by the L-cysteine attachment and
subsequent in-sensitization of the enzyme to acetyl-CoA [32], is
not conserved in amoebic SATs; this residue is substituted with Val
or lle in EhSAT1-3. Third, Ala-218 of E. coli SAT, which is involved
in the hydrogen bonding with the carbonyl group of cofactor pan-
tetheinyl moiety and the stabilization of CoA in the cleft between
two subunits of the trimer [32), is substituted with Val-248 in all
three amoebic SATs. Fourth, the amino acid residues around Met-
256 of E. coli or Met-280 from watermelon have been implicated
in the in-sensitivity to L-cysteine. For instance, the Gly-277 to Cys
substitution caused in-sensitivity of watermelon SAT to L-cysteine.
However, none of the residues in this region is conserved in EhSATS.

There are also isotype-specific features among EhSATs. In par-
ticular, EnSAT3 is significantly divergent. First, the amoeba-specific
block insertion (a.a. 206-213) found in ERSAT1, EhSAT2, and two
SATs from non-pathogenic Entamoeba dispar (data not shown) is

with the dary

body (lane 2), followed by the

not shared by EhSAT3, Second, EnSAT3 possesses a 26-a.a. carboxyl-
terminal extension, similar to one in the cytosolic A. thaliana SAT,
which is not shared by other amoebic SATs. Third, although lle-314
of A. thaliana SAT-p and in other organisms (E. coli or H. influenza),
which is necessary for the complex formation with CS [33], is
conserved in EhSAT1(1le-305), it is not conserved in EhSAT2 and
EhSAT3.

3.3. Phylogenetic analysis

Phylogenetic reconstruction was performed by N] and MP
programs using 35 SAT protein sequences from various organ-
isms. The NJ tree (Fig. 2) demonstrates three major monophylic
groups of SAT: the first group consisting of a-, B-, y-, and
&-proteobacteria, cyanobacteria, Bacteriodes, and one archaeon
organism, Methanococcoides burtonii, the second consisting of Enta-
moeba and H. walsbyi, and the third consisting of plants and a few
bacteria belonging to «- and y-proteobacteria. The high homology.
the common amino acid insertion, and the phylogenetic relation-
ship between SAT from Entamoeba and H. walsbyi suggest that E
histolytica most likely obtained a SAT gene from the ancestral organ-
ism of H. walsbyi by lateral gene transfer, similar to a number of
metabolism enzymes [19,20,34]. Phylogenetic reconstruction using
MP method also supports the above-mentioned conclusion (data
not shown).

3.4. Expression and purification of recombinant EhSAT isotypes

The recombinant EhSATs were overproduced at the leve] of
20-25% of the soluble proteins in E coli BL21 cells. 12% SDS-
PAGE followed by Coomassie Brilliant Blue staining of the purified
TERSAT proteins showed that the rEhSAT1-3 was present as a single

Table 1
Kinetic parameters of EhSAT1, ERSATZ, and ERSAT3.

L-Serine Acetyl-CoA

Koo (mM) Vinary {(mel/min/mg) kew () Koy (mIM) Veu (pemolfmin/mg) Keat (8)
EhSAT1 012 £003 4139 & 143 2552 + 089 0.55 & 0.20 95.10 £ 2.50 5863 £267
Eh SAT2 008 = 002 2777 £ 157 1731 £ 098 025 = 0.02 2342 £ 0.90 1459 £056
Eh SAT3 0,10 £ 0.04 65.75 £ 315 4383 £ 090 020 £ 0.07 176.83 £ 11.72 11789 + 781

Note: All reactions were performed as described under "Experimental procedures”. Al values are expressed as a mean =5.E. of triplicates.
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Fig. 4. Double-reciprocal plots of the rec EhSATs, The

L-Serine ( | /mM)

ic activities of ERSATT (A and B), ESATZ (C and D), and EhSAT3 (E and F) were determined at various

concentrations of acetyl-CoA (A. C, and E) and t-serine (B. D. and F} in the presence or absence of L-cysteine. Kinetic studies were performed by monitoring the decrease in
Azsz with a fixed concentration of 0.5 mM v-serine (A, C, and E} and 0.25 mM acetyl-CoA (B, D, and F}. Data are shown in the mean of triplicate analyses. (A and B) Symbols
are: @, without L-cysteine; W, in the presence of 5 uM t-cysteine, and &, 10uM t-cysteine, (C and D} ®, without L-cysteine: M. in the presence of 50 uM L-cysteine: and &,
100 M L-cysteine. (E and F) @, without L-cysteine; B In the presence of 0.5 mM v-cysteine: and a. 1 mM L-cysieine.

homogenous band corresponding to 370,374, or 40.0 kDa, respec-
tively, under reducing conditions (Fig. 3). The mobility of rERSAT1-3
was consistent with the predicted size of the monomeric ERSAT
proteins with an extra 2.6kDa histidine tag added at the amino
terminus. The purity of rfEhSATs was estimated more than 95% as
judged by densitometric scanning of the stained gel. EhSAT pro-
teins were stable and retained their full activity when stored with
10-15% glycerol at —30 or —80°C for at least 3 months. These puri-
fied ERSAT proteins showed na CS activity, suggesting that there is
no interaction with E coli CS (CysK and CysM) (data not shown).

3.5. Catalytic and regulatory properties of recombinant EhSATs

Since the purified recombinant EhSATs were free of bacterial CS,
the catalytic and regulatory properties of these proteins could be
examined without any influence of bacterial CS, which might oth-
erwise potentially activates SAT. The kinetic parameters of rTEhSAT1

determined in this study (Table 1) were consistent with those
reported previously [17]. The Km, the Vmay, and the kea of three
ERSAT proteins slightly varied, but were comparable.

The effects of L-cysteine on the activity of recombinant EhSATs
were examined (Fig. 4A-F and Table 2). The inhibition of EhSAT by
L-cysteine was isotype specific. The activity of EnSAT1 was inhib-
ited by micromolar concentrations of L-cysteine. Double reciprocal
plots in the presence or absence of 5 or 10uM of L-cysteine,
showed that the ERSAT1 activity was inhibited by L-cysteine in
a competitive manner with L-serine, but no any significant inhi-
bition was observed in case of acetyl-CoA in the presence of
0.25 mM of acetyl-CoA or 0.5mM of t-serine (Fig. 4A and B and
Table 2). ERSAT2 showed in-sensitivity to these concentrations (5
or 10 M) of t-cysteine. Approximately 10-fold higher concentra-
tions, i.e..50-100 wM, of L-cysteine were needed to cause inhibition
of EhSAT2 activity comparable to that of EhSAT1. Double reciprocal
plots showed that the EhSAT2 activity was inhibited by t-cysteine
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Table 2
Inhibiti (X ) of recomb Eh 0 SATs by L-cysteine.
Ky (an)
ERSATZ 2779 ("competitive) 947 (*non-competitive)  Intermediare
ERSATS - 4G0{"mix) Lo - Insensitive

The enzymatic activities were determined in vitro as described under section 2.
To determine the K, value for L-serine or acetyl-CoA, the constant concentration of
acetyl-CoA (025 mM) or L-serine (0.5 mM) was used. All values are expressed as a
mean & S.E of triplicates.

* No inhibition by L-cysteine.

® The mode of inhibition is shown in parenthesis,

Table 3
Inhibition of ERSATS by structurally related compounds.

Compounds Concentrations (mM)  Inhibition (%)
ENSATI = EWSAT2  EhSATI

L-Cysteine 003 - 73 <05 <05
L-Cysteine 05 954 753 <05
L-Cysteine 1 a8s ND 378
-Cystine 0.03 35 09 78
o-Cysteine 03 22 38 45
oL-Homocysteine 05 7 09 87
pi-Homoserine 05 77 88 55
N-Acetyl-Lcysteine 1 5 133 278
N-Acetyl-1-serine 05 18 49 79
Glutathione (oxidized) 05 13 09 199
Glurathione (reduced) 05 ND 103 107

ND, Not determined.

in a competitive manner with -serine and in a non-competitive
manner with acetyl-CoA (Fig. 4C and D and Table 2). The K; value
of EhSAT2 by L-cysteine was about 6-fold higher than that of
EhSAT1.

In contrast, ENSAT3 was totally in-sensitive to L-cysteine at the
concentrations that abolished EhSAT1 and EhSAT2 activity, and very
high concentrations of L-cysteine (0.5 or 1 mM) were required to
inhibit EhSAT3 activity. At these L-cysteine concentrations, the pat-
tern of inhibition was in a mixed manner with t-serine, but no
inhibition was seen for acetyl-CoA (Fig. 4E and F and Table 2). The

140 =

%6 SAT activity (remaining)

G 10 30 100 300 1000 0
ERSATI

1 30 100 300 1000 0
ERSAT2
L-Cysteine concentration (aM}

K; value of EhSAT3 by L-cysteine was 98 or 18-fold higher than that
of EhSAT1 or EhSATZ, respectively.

3.6. Inhibition of EhSAT activity by compounds structurally
related to L-cysteine

L-Cysteine showed significant inhibition of EhSAT1 at 30 pM
(97%), when 0.5mM L-serine and 0.2mM of acetyl-CoA were
used. Under the identical conditions, only weak inhibition was
observed at 30 uM of L-cystine (<4%), which is contradictory to
our previous repart [17], but in accordance with other reports
on SAT from plants and bacteria. This contradiction might be
due to the new expression protocol and the far better purity of
EhSAT1 obtained in the present study. Other compounds showed
no inhibition against EnSAT1 except for N-acetyl-L-serine and
N-acetyl-t-cysteine (Table 3). EhSAT2 was inhibited with 0.5 mM -
cysteine by 75%, while N-acetyl-1-cysteine and reduced glutathione
showed marginal inhibition. Inhibition of EhSAT3 by 1mM L-
cysteine, 1 mM N-acetyl-L-cysteine, or 0.5 mM oxidized giutathione
was significant, while other compounds showed no inhibition.

3.7. Effect of L-serine on the sensitivity of EhSATs to L-cysteine
inhibition

We also directly tested whether the three SAT enzymes are
differentially inhibited by L-cysteine in the presence of the physio-
logical L-serine concentrations. -Cysteine at the concentrations of
5-500 uM remarkably inhibited EhSATS in the presence of 0.5 mM
of L-serine (Fig. 4 and Table 1). In contrast, in the presence of 3 mM
of L-serine, which was equivalent to the concentration in the axeni-
cally cultured trophozoites (3.2 mM), [35], L-cysteine at the same
concentrations showed much less inhibition (Fig. 5). Thus, not only
the t-cysteine, but also L-serine (and acetyl-CoA, data not shown)
concentration affects the EhSAT activity. At known L-cysteine and t-
serine concentrations in axenically cultured trophozoites (0.3 and
3.2 mM, respectively), EhSAT1 and EhSAT2 activity was inhibited
by approximately 90 or 20%, respectively, while EhSAT3 activity
remained fully active. These data suggest that the activity of ERSAT1
and EhSAT2 is modulated under the in vivo conditions, where the
L-serine and L-cysteine concentrations likely fluctuate.

10 30 100 300 1000
FhSATI

Fig. 5. Effects of various L-cysteine concentrations on the activity of ERSAT isotypes in the presance of physiclogical concentrations of L-serine (3 mM). The SAT activity is

shown in percentage relative to that of the individual SAT isotype

d in the absence of L-cysteine.
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3.8, Cellular distribution of ENSATS in E. histolytica trophozoites

we examined cellular distribution of three isotypes of ERSAT in
the HM1 reference strain. The immunofiuorescence imaging using
antiserum raised against the corresponding recombinant protein
showed that all the three isotypes are distributed to the cytosol
(data not shown). We also verified the expression of EhSATs by
immunoblots, The lysate was produced by freezing and thawing
followed by sonication and centrifugation at 100,000x g cen-
trifugation (at 4°C for 1h). Immunoblots showed that EhSAT1
and 2 were fractionated to the soluble fraction (for clarity of
immunoblots, the immunolots using a fraction which was obtained
by further separation on anionic exchange chromatography is
shown in Fig. 3C).

4. Discussion

In the present study, we have reported for the first time that
E. histolytica possesses multiple isotypes of SAT with distinct
properties. Although the presence of sulfur assimilatory cysteine
biosynthetic pathway has been well documented in this parasite
[18.36), and the feedback-inhibition of EhSAT1 by L-cysteine was
previously reported [17), the existence of apparently redundant
systems, consisting of multiple isoenzymes catalyzing identical
reactions (Le., EnSAT1-3 as well as CS isotypes, EhCS1-3, unpub-
lished [18,20,37]), strengthen biological significance of regulation
of L-cysteine synthesis in this organism. Although their subcellular
localization has not been demonstrated, the lack of the organelle
targeting signals, as seen in organelle-located SAT from plants
[26,27]. in ERSAT1-3 and the lack of the typical mitochondria and
plastids in this organism [17] support the premise that the all three
amoebic SAT isotypes are cytosolic. Immunofluorescence and cellu-
\ar fractionation studies also suggest that all the three SAT isotypes
are located to the cytosol, Isoform-dependent feedback-inhibition
of SAT, often compartmentalized to the cytosol, chloroplast. and
mitochondria, by t-cysteine was previously demonstrated in plants
[8]. Thus, the present work is the first report showing the presence
of multiple cytosolic SAT isoforms with distinct features.

The three SAT isotypes from E. histolytica showed high, interme-
diate, and low sensitivity to inhibition by L-cysteine. The sensitivity
of EhSATS to the cysteine inhibition varies in two orders of magni-
tude(the K value of EnSAT1-3 was 4.7,28, and 460 pM, respectively,
Table 2). We have also shown that t-serine at the physiological
concentrations modulates the sensitivity of EhSATS to L-cysteine.
Furthermore, the modulation of the L-cysteine sensitivity by L-
serine is isotype specific. Under the reported intracellular cysteine
concentrations of axenically cultured trophozoites (0.3 mM), [35],
the activity of EhSAT1 is predicted to be totally suppressed in this
parasite. Alternatively, ERSAT1 may be compartme ntalized toacon-
fined region of the cytosol where the L-cysteine concentration is
low. Although the intracellular t-serine and L-cysteine concentra-
tions in the amoeba in the human remain unknown, itis conceivable
that they vary under different conditions of its life cycle and infec-
tion, e.g., in the human colonic lumen and invaded tissues. Thus, the
redundancy of CS/SAT and cysteine biosynthesis may be necessary
to ensure replenishment of L-Cysteine under various physiologi-
cal and pathological conditions where the amino acid availability
fluctuates.

In bacteria, L-cysteine at micromolar concentrations inhibits
SAT activity and OAS acts not only as a substrate but also as an
inducer of Cys regulon [5]. Since EhSAT3 is virtually insensitive to
L-cysteine inhibition, L-cysteine production is not regulated unless
ERhSAT3 activity is regulated by other unidentified mechanisms
including compartmentalization. Although roles of OAS remain
totally promiscuous in this organism, it is plausible if OAS also reg-

ulates expression of genes involved in L-cysteine biosynthesis. It
has been known in bacteria [5] under the L-cysteine-limited con-
ditions, SATs do not only provide OAS for the replenishment of
L-cysteine through desensitization of L-cysteine inhibition, but also
induces the expression of genes involved in L-cysteine biosynthesis
|38).

The previous transcriptome analysis [37] suggested all three
ERSAT genes are expressed in axenic cultures; EhSAT1 and EhSAT3
are well expressed, while EnSAT2 is 10-40-fold less expressed than
the other two isoforms. It was also demonstrated that expres-
sion of EhSAT1 or ERSAT2 gene was 3.4-6.0-fold downregulated or
4.1-8.7-fold upregulated, respectively, during the intestinal infec-
tion, whereas the expression of ERSAT3 gene remained unchanged
(only 1.5-1.6-fold repression). These data suggest that individual
ERSAT genes are under coordinated regulation of expression under
different physiological conditions and also that EhSAT2 might have
a specific role in intestinal colonization.

structural understanding of the in-sensitivity of EhSAT3 to the
L-cysteine inhibition is underway. The carboxyl-terminal extension
unique to EhSAT3 is one of the obvious points of interest involved
in protein-protein interactions. The carboxyl-terminal region has
also been implicated in the CS complex formation, as the 10-25 a.a.
carboxyl-terminal truncation caused dissociation of SAT from CS in
E. coli [39,40). Further investigation of truncation and mutation by
site-directed and PCR-based random mutagenesis, as shown in bac-
terial and plant SATs [39,41], is necessary. Finally, since the sulfur
assimilatory cysteine biosynthetic pathway is absent from human,
it should provide a suitable target for the rational development of
new chemotherapeutics against amoebiasis. Recent demonstration
of inhibition of E. histolytica trophozoites proliferation by com-
pounds devised in silico by docking to E. coli SAT(NC1 128884, 29607,
and 653543) [42] reinforced the premise. Therefore, the detailed
study ofits components, as shown in the present study. isimportant
to validate the suitability of the target.
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Crystallization and preliminary X-ray analysis of

L-methionine y-lyase 1 from Entamoeba histolytica

L-Methionine y-lyase (MGL) is a pyridoxal phosphate-dependent enzyme that
is involved in the degradation of sulfur-containing amino acids. MGL is an
attractive drug target against amoebiasis because the mammalian host of its
causative agent Entamoeba histolytica lacks MGL. For the development of anti-
amoebic agents based on the structure of MGL, one of two MGL isoenzymes
(EhMGL1) was crystallized in the monoclinic space group P2, with unit-cell
parameters a = 99.12, b=85.38,c= 11537 A, B=10182° The crystals diffract to
beyond 2.0 A resolution. The presence of a tetramer in the asymmetric unit (4 x
424 kDa) gives a Matthews coefficient of 2.8 A" Da ' and a solvent content of
56%. The structure was solved by the molecular-replacement method and
structure refinement is now in progress.
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A b which is caused by infection with the enteric protist
Entamoeba histolytica, is the second largest parasitic disease after
malaria: it affects over 50 million people and results in 70 000 deaths
annually (World Health Organization. 1998). Its major clinical

f dy y and extraintestinal ahscesses

h

ations are
(Stanley, 2003).

The sulfur-containing amino-acid metabolism of E. histolytica has a
number of unique features (Nozaki et al, 2005; Ali & Nozaki, 2007).
For example, £ histolytica lacks the transsulfuration pathway and
thus is unable to convert methionine to cystemne and vice versa.
Instend, it possesses L-methionine y-lyase (MGL; EC 4.4.1.11), which
is involved in the degradation of sulfur-containing amino acids
(Tokoro et al, 2003; Sato er al, 2008), MGL contains pyridoxal
5'.phosphate (PLP) as a cofactor and has been categorized as
belonging to the p-family of PLP-dependent enzymes (Alexander e
al., 1994), MGL catalyzes a,y- or a,f-climination of sulfur-containing
amino acids and produces ammonia, a-keto acids and volatile thiols
such as hydrogen sulfide or methanethiol (Tanaka ef al.. 1985). It also
catalyzes - or y-replacement of cysteine, S-substituted cysteine,
methionine and related compounds (Tanaka ef af, 1985). MGL 15
only present in @ limited range of bacteria, protozoa and plants
(Nakayama ef al , 1984; Kreis & Hession, 1973; Yoshimura et al., 2000;
Dias & Weimer, 1998, Manukhov er al, 2005; Goyer ef al, 2007;
Coombs & Mottram, 2001; Nozaki ef al., 2005; Rebeille et al., 2006).
Crystal structures have been reported for MGLs from Psendomonas
putida (Motoshima ef al, 2000; Sridhar er al, 2000), Trichomonas
vaginalis (PDB code 1eSf: G. Goodall, J. C. Mottram, G H Coombs
& A. 1 Lapthorn, unpublished work) and Citrobacter freundii
(Mamaeva et al., 2005; Nikulin et al, 2008),

MGLs from parasitic protozoa are unique in that they exist as two
isoenzymes with distinct substrate specificities (eg. ERMGLI1 and
ERMGLI2 in E. histolytica; 6§9% amino-acid sequence identity;
Tokoro ef al., 2003; Sato et al, 2008). A previous study demonstrated
that ERMGLI, but not ERMGL2, predominantly degrades methio-
nine and cysteine (Sato et al,, 2008). In contrast, trifluoromethionine
(TFM). the halogenated analogue of methionine, which exhibi
toxicity by being degraded by MGL in Porphyromonas gingivalts,
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T vaginalis and E. histolytica (Yoshimura ef al, 2002; Coombs &
Mottram, 2001; Tokoro ef al, 2003), was almost exclusively degraded
by ERMGL2. We also showed that the K, of ERMGLI towards TFM
was ninefold lower than that of ENMGL2, while the k., of ERMGL2
was 22-fold higher than that of ERMGLI (Sato et al, 2008), indicating
that the catalytic action of MGLs towards TFM might be different.
For structure-based design of TFM derivatives, comparison of the
tertiary structures of the two EhMGL isotypes should be helpful. We
have previously crystallized ligand-free ERMGL2 (Sato er al., 2006)
and determined its X-ray structure as well as those of structures of
complexes with substrates and inhibitors (unpublished results). In the
present study, we describe the bacterial expression, purification,
crystallization and preliminary X-ray diffraction studies of ERMGL1

2. Materials and methods
2.1. Overexpression and purification of recombinant MGL1

When we attempted to express the EAMGLI gene (AB094499) in
a bacterial expression system (pGEX-6P-1 vector, GE Healthcare
Biosciences) as an amino-terminal glutathione S-transferase (GST)
fusion protein, a fraction of protein (~20%) was produced as a
truncated form starting from Gly46 (Sato et al., 2008). This truncation
was caused by an inadvertent translation initiation at Metd35 which
was likely to be a consequence of the similarity of the nucleotide
sequence upstream of Metd5 1o the Shine-Dalgarno sequence. We
therefore mutated five nucleotides in this region, which did not cause
amino-acid substitution (Sato et al, 2008). This genetically engi-
neered ERMGLI construct allowed us to successfully express and
purify ERMGL1 protein without truncation. For large-scale
preparation, this plasmid was introduced into the Escherichia coli
BL21 Star (DE3) strain (Invitrogen) and the transformant was grown
in 2 1 M9 mintmal medium (Sambrook et al., 1989) supplemented with
| mM Mg80,, 0.1 mM CaCly, 3.3 pM FeCly, 59 uM thiamine-HC,
82 pM biotin, 20 uM PLP and 50 pg mi~’ ampicillin at 310 K. The
medium was prepared with commercially available mineral water to
supply trace elements. The induction of expression, affinity purifica-
tion and on-column digestion of the GST-ERMGLI fusion protein
were carried out as described previously for ERMGL2 (Sato et al.,
2006). The fraction containing GST-removed ERMGL] was eluted
from a GSTrap HP column (1.6 x 25 cm; GE Healthcare Bio-

1 2 3 4 M
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Figure 1

A 12% SDS-PAGE gel smined with Coomassie Brilliant Blue showing the
apparent homogeneity of the purified EhMGL1. Lane 1. E coll soluble axtract
before IPTG induction: lane 2, £ coli soluble extract after IPTG induction; lane 3,
an eluate from a GSTrap HP column after digestion with PreScission Protease; lane
4, the purified ERMOL| after size-exclusion chromatography using & HiPrepl6/60
Sephacryl §-300 column: lane M, molecular-weight markers (kDa)

sciences) with 50 mM HEPES-NaOH pH 7.5, 150 mM NaCl and
20 uM PLP and concentrated to 1-2ml with Amicon Ultra-4
Uliracel-10K. ERMGL1 was further purified by size-exclusion chro-
matography on a HiPrep 16/60 Sephacryl S-300 column (16 x 60 cm;
GE Healthcare Biosciences) equilibrated with 50 mM sodium phos-
phate pH 7.2 containing 150 mM NaCl and 20 pM PLP. ERMGL1 was
eluted as a tetramer as previously described (Tokoro er al., 2003). The
purified EhMGL1 contained ten extra amino-acid residues (GPL-
GSPEFPG) at the amino-terminus derived from the linker peptide
between GST and EhMGL]. The fractions containing the recombi-
nant EhMGL1 were dialyzed against 10 mM HEPES-NaOH pH 7.4
and concentrated using an Amicon Ultra-d Ultracel-50K 1o
~20 mg ml™". About 10 mg purified EhMGL1 was produced from 2 |
culture. The purity was estimated to be >95% pure by densitometric
quantitation of the corresponding band on SDS-PAGE (Fig. 1, lane
4) and the retained activity was comparable to the previous study
(Sato er al., 2008).

2.2. Crystallization and X-ray difiraction data collection

Crystallization conditions were screened at 277 and 293 K by the
sitting-drop vapour-diffusion method in 96-well CrystalClear Strips
(Hampton Research). A 0.5 pl droplet containing about 20 mg ml™'
EhMGLI dissolved in 10 mM HEPES-NaOH pH 7.4 was mixed with
an equal volume of reservoir solution and the droplet was allowed 1o
equilibrate against 100 pl reservoir solution. In the initial screening
experiment, Crystal Screen (Jancarik & Kim, 1991), Crystal Screen 11
(Hampton Research) and Wizard Screens | and 11 (Emerald Bio-
structures) were used as reservoir solutions. Of the 194 conditions
used, reagents containing ammonium sulfate as a precipitant gave
thin plate-shaped crystals at 277 K. Conditions were further opti-
mized at 277 K by varying the concentration of ammonium sulfate
and the buffer pH. The effects of additives were also examined using
Additive Screen kits from Hampton Research. The best crystals grew
at 277 K from reservoir solution containing 1.8 M ammonium sulfate,
0.1 M cacodylate buffer pH 6.2, 0.1 M lithium citrate and 0.01 M
betaine.

For X-ray diffraction experiments at 100 K, a crystal mounted in a
nylon loop was transferred into and briefly soaked in a solution
containing 2.2 M ammonium sulfate, 0.1 M cacodylate buffer pH 6.2,
0.1 M lithium citrate, 0.01 M betaine and 20% (w/v) glycerol and then
frozen by rapidly submerging it in liquid nitrogen. X-ray diffraction
data were collected using the rotation method on the BLSA beamline
of Photon Factory (Tsukuba, Japan) at a wavelength of 1.000 A using

Figure 2
A typical erystal of EnMGLI
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Table 1
Data-collection and p ing
Values in parentheses are for the highest resolution shell
Wavelength (A) 1.000
Space group 2,
Unit-cell parameters

a(A) .12

b (A) 8538

¢ (A) 11537

A 101 82
Solvent contentt (%) 54
Resolution range {A) &00-1.93 (2.00-1.93)
No of 491182
Unique reflections 1e0s02
Completeness (%) 963 (87.0)
Ruarget (%) 72 (39.1)
™ R4 (257)

of four in the 1 it b Reoge *

1 g the |
5o T RN = (AT e T 1 kT

2 CCD ADSC Quantum 315 detector. A total of 180 frames were
recorded with an oscillation angle of 1.0°, an exposure time of 5.0
per frame and a crystal-to-d di e of 213 mm. Data were
processed and scaled with HKL-2000 and SCALEPACK (Otwi-
nowski & Minor, 1997).

3, Results and discussion

Of the 194 crystallization d using ¢ inlly
available screening kits, reagents containing ammonium sulfate gave
thin plate-shaped crystals After optimization of the pH. the
concentration of ammonium sulfate and additives, crystals grew to
typical dimensions of 0,02 x 0.3 x 0.4 mm (Fig. 2) in 5d under the
conditions 1.8 M ammonium sulfate, 0.1 M cacodylate buffer pH 6.2,
0.1 M lithium citrate and 0.01 M betaine at 277 K. Diffraction
patterns were recorded as 180 frames at 100 K using one crystal
Analysis of the symmetry and systematic absences in the recorded
diffraction patterns indicated that the crystals belonged to the
monoclinic space group P2,, with unit-cell parameters a = 99.12,
b = 8538, ¢ = 11537 A, B = 101.82°. Assuming the presence of four
EhRMGL1 molecules (4 % 42.4 kDa) in the asymmetric unit, the Vi
value was calculated to be 2.8 A’ Da™" with an estimated solvent
content of 56%: these¢ wvalues are within the range commonly
observed for pr crystals (Matthews, 1968). A total of 491 182
observed reflections were merged to 140 502 unique reflections in the
50,0-193 A resolution range. The data-collection and processing
statistics are summarized in Table 1.

An attempt to solve the structure using the molecular-replacement
method with the MOLREP program (Navaza, 1994) as implemented
within the CCP4 package (Collaborative Computational Project,
Number 4, 1994) was carried out using the refined coordinates of
EhMGL2 (unpublished results; 69% sequence identity 10 ERMGL1)
A promising solution with a homotetramer structure was obtained
(correlation coefficient and R factor of 0.557 and 51.3%, respectively)
and the model was subsequently subjected to rigid-body refinement,
giving an R factor of 46.8%. Amino-acid residues of the initial
homotetramer model that differ from those of the search model were
replaced with Ala. Using the molecular-replacement solution,

refinement of the tetramer structure of ERMGLI s in progress. In
parallel with the refinement, we are now trying to prepare crystals of
EhMGL1 complexed with substrate analogues and inhibitors.

We are grateful 10 staff members at the BLSA beamline at Photon
Factory for their help with X-ray diffraction data collection. This
work was supported by a Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Technology of
Japan to DS (20590429) and TN (18050006, 18073001) and a grant for
research to p the development of anti-AIDS pharmaceuticals
from the Japan Health Sciences Foundation to TN.
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Trans-sulfuration pathways are ubiquitous and play
various roles, including in the formation of Met and  are
Cys, transmethylation reactions, and the synthesis of

Abbreviations

Methionine y-lyase (MGL) (EC 4.4.1.11), which is present in certain lin-
cages of bacteria, plants, and protozoa but missing in mammals, catalyzes
the single-step degradation of sulfur-containing amino acids (SAAs) o
a-keto acids. ammonia, and thiol compounds. In contrast to other organ-
1sms possessing MGL, anaerobic parasitic protists, namely Entamoeba his-
tolytica and Trichomonas vaginalis, harbor a pair of MGL isozymes. The
enteric protozoon En. histolytica shows various unique aspects in its metab-
olism, particularly degradation of SAAs. Trifluoromethionine (TFM), a
halogenated analog of Met, has been exploited as a therapeutic agent
against cancer as well as against infections by protozoan organisms and
periodontal bacteria. However, its mechanism of action remains poorly
understood. Tn addition. the physiological significance of the presence of
two MGL isozymes in these protists remains unclear. In this study, we
compared kinetic parameters of the wild-type and mutants, engineered by
site-directed mutagenesis, of the two MGL isotypes from En. histolytica
(EAMGL1 and EhMGL2) for various potential substrates and TFM. Intra-
cellular concentrations of L-Met and L-Cys suggested that these SAAs are
predominantly metabolized by EEMGLI, not by FAMGL2. It is unlikely
that Q-acetyl-L-serine is decomposed by EhMGLs, given the kinetic param-
eters of cysteine synthase reported previously. Comparison of the wild-type
and mutants revealed that the contributions of several umino acids impli-
cated in catalysis differ between the two isozymes, and that the degradation
of TFM is less sensitive to alterations of these residues than is the degrada-
tion of physiological substrates. These results support the use of TFM to
target MGL,

polyamines, antioxidants, and cofactors [1]. As there
remarkable differences in  trans-sulfuration
pathways between organisms, these pathways, and in

CS, cysteine synthase, EnMGL, Entamosba histolytica mathioning ylyase: Hoy, homocystaine, MGL, methionine y-lyase; OAS, O-acetyk
L-senine, PG, L-propargylglycing, PLP, pyndoxal 5'-phosphate; SAA. sulfur-containing amino acid; TFM, triflusromethionine {S-trifluoromethyl-

L-homocystaine)
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particular enzymes involved in the degradation of
sulfur-containing amino acids (SAAs), have been
exploited as a target for chemotherapeutic intervention
in cases of cancer and infectious diseases [2,3]. Methio-
nine y-lyase (MGL) is one such enzyme, a member of
the a-family of pyridoxal 5-phosphate (PLP)-depen-
dent enzymes [4]. MGL catalyzes the o, y-elimination
and y-replacement of L-Met and homocysteine (Hey),
and «,p-elimination and P-replacement of L-Cys and
S-substituted analogs, and produces ammonia, a-keto
acids, and volatile thiols such as hydrogen sulfide and
methanethiol [5]. MGL has been characterized in
several bacteria, such as Pseudomonas putida [6], Clos-
tridium sporog [7], Aer sp. [6], Citrobacter
intermedius [8), Citrobacier freundii [9), Brevibacterium
linens (10], and Porphyromonas gingivalis [11], parasitic
protozoa such as Trichomonas vaginalis [12] and
Entamoeba histolytica [13], and the plant Arabidopsis
thaliana [14).

MGL has been implicated n the degradation of
toxic SAAs [15], and also in energy metabolism
through the synthesis of pyruvate or 2-oxobutyrate in
En. histolytica [16). Volatile thiol compounds have also
been implicated in the pathogematy in vive of the
periodontal bacterium, Po. gingivalis [11]. It has been
recently shown that in Ar. thaliana, o-ketobutyrate and
methanethiol, generated by MGL, are utilized for 1so-
leucine biosynthesis and the production of S-methyl-
cysteine, the putative storage molecule for sulfide or
methyl groups, which is formed by the transfer of the
acetyl moiety of O-acetyl-L-serine (OAS) to methane-
thiol [14]. Unlike bacteria and plants, T. vaginalis and
En. histolytica have two isozymes of MGLs that differ
distinctly in substrate specificity [13,17). However, the
physiological roles of individual isotypes as well as the
significance of their redundancy remain to be eluci-
dated.

Entamoeba histolytica, a causative agent of amoebi-
asis, affects an estimated 50 million people and results
in 70 000 deaths per year worldwide [18]. The major
clinical manifestations of amoebiasis are amoebic
dysentery and extraintestinal abscesses, namely, hepa-
tic, pulmonary and cerebral abscesses [19]. Although
clinical resistance against metronidazole, the drug cur-
rently used most widely for invasive amoebiasis [3],
has not yet been proven for clinical isolates, cases of
treatment failure have been reported [3]. In addition,
it was shown that metronidazole resistance was easily
gained in virro  [20,21]. Moreover, metronidazole
resistance is common in bacteria and the protozoan
flagellates Giardia intestinalis and T. vaginalis [22].

Kinatics of E. histolytica methionine y-lyases

Trifluoromethionine [S-trifluoromethyl-L-homocyste-
ine (TFM)]. a halogenated Met analog in which a
methyl moiety is replaced by a trifluoromethyl group
[23], has been shown to be highly toxic to various bac-
teria [24], including Po. gingivalis [25], T. vaginalis [26],
and En. histolytica [13] (Kobayashi and Nozaki,
unpublished data). TFM affected the growth of
En. histolytica und T. vaginalis trophozoites at micro-
molar levels in vitro [13,26], and also cured infections
in mouse and hamster models [26] (Kobayashi and
Nozaki, unpublished results). The limited presence of
MGL among organisms, and the remarkable differ-
ences in the toxicity of TFM against amoeba and
mammalian cells [ICsy for En. histolytica trophozoites
or Chinese hamster ovary cells, 18 um [13] or 865 um
(unpublished results)], give further support for TFM
as a promising lead compound for the development of
new chemotherapeutics against amoebiasis,

For the further development of antiamoebic agents
based on TFM, elucidation of the underlying reaction
mechanisms of MGLs and the interaction of TFM with
the enzymes is required. In this study, we demonstrate
differences in substrate specificity and kinetic parame-
ters for four potential natural substrates and TFM of
both the wild-type and mutants, created by site-directed
mutagenesis of critical amino acid residues presumed to
play an important role in catalysis, of the two isotypes
of En. histolytica MGLs (EhMGLI and EhMGL2).
The results clearly demonstrate that EhMGLI, not
EhMGL2, plays the predominant role in the degrada-
tion of Met and Cys in the amoeba trophozoites,
whereas OAS seems to be decomposed by neither
EhMGL! nor ERMGL2. Our results also show that
TFM is mainly degraded by EhMGL2, but not by
EhMGLI. In addition, the contributions of the amino
acids implicated in previous studies [17.27.28] to the
catalysis of individual physiological and deleterious sub-
strates differ greatly between the two EhMGL isotypes.
The information provided by the present study should
help in the further rational design of novel chemothera-
peutic agents targeting MGL against amoebiasis.

Results and Discussion

Expression and purification of the genetically
engineered wild-type of ERMGL1

We were unable 1o precisely determine kinetic con-
stants for the reaction catalyzed by MGL isotypes
from En. histolytica, due to the heterogeneity of
EhMGLI in the previous preparation [13] (approxi-

Therefore, a novel amoebicidal drug is urgently  mately 20% of EhAMGLI1 was produced as a 35 kDa
needed. truncated form; Fig. 1A, lane 1). Our attempt to
FEBS Journal 276 (2008) 548-560 © 2008 The Authors Journal comgpiation © 2008 FEBS 549
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nt-substituted MGL1

1 ATGACTGCTCAAGATATTACTACTACTCTTCTTCATCCAAAAGG TGATCATGTTTTACAT 60
1 ATGACTGCTCAAGATATTACTACTACTCTTCT TCATCCAAAAGG TGATCATGTTTTACAT 60
T T TULILUBHB P K @ D HV L B

61 TCACATGCTTATCCAATCTTCCAAACTTCTACATTC 120
61 mmnmmm;ﬂmm 120
S HAY P I FQTSTTPFOCVPFDSTOQOGQSG

WI-MGL1
nt-substituted MGL1

WT-MGL1
nt-substituted MGL1 121
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Fig. 1. (A} Punfied proteins (1.0 ug) were analyzed by 12% SDS/PAGE undsr reducing conditions, and stained with Coomassie brilliant blue
Lane 1: wild-type MGL1. Lane 2' nucleotide-substituted MGL1. Lane 3: MGL2. Molecular mass markers are indicated on the right. (B) Partial
alignment of EhMGL1. Wiid-type MGL1 (upper), nucleotide-substituted MGL1 (middial and the deduced amino acids (lower) are aligned. The
five substituted nucleotides are indicated in lowar-case on a black b kg d. A box rep 15 the N-terminal end of the truncated
sequence determined by Edmann degradation. The incidental Shine—Dalgarno-ike sequance is underined.

further purify the full-length ERMGLI with anion
exchange and gel filtration chromatography failed
(data not shown), suggesting that the truncated
ERMGLI probably forms a heterogeneous tetrameric
complex with the full-length EAMGL1. We determined
the N-terminus of the truncated EhMGLI to be Glyd6
(Fig. 1B, boxed) by Edmann degradation of the
35 kDa band excised from the SDS/PAGE gel, and
postulated that the truncation was caused by a forwu-
itous initiation of translation at Met45 due to the simi-
larity of the nucleotide sequence upstream of Metd5 of
EhMGL! to the Shine-Dalgarno sequence (Fig 1B,
underlined). The truncated enzyme lacking a glutathi-
one S-transferase tag was purified by affinity chroma-
tography, indicating that the full-length version and
the truncated version form a tetramer. The truncation
is potentially deleterious to the stability and activity of
a tetramer, because this region is involved in a dimer-
dimer interaction and catalytic reaction (e.g. Ps. putida
MGL [28]). To eliminate the production of the trun-
cated ERMGLI, we replaced five nucleotides within
this region of the EAMGL! gene without causing
amino acid substitutions (Fig, 1B, white lower-case on
a black background), and applied the engineered
EhMGLI to protein expression. This genetically engi-
neered ERMGL1 was purified to > 95% homogeneity

without traceable contamination of the truncated form
(Fig. 1A, lane 2).

Comparison of the specific activity and kinetic
parameters for potential substrates between the
wild-type MGL isotypes

To understand the specific roles of the two MGL iso-
types, which show 69% mutual identity (13, and also
to demonstrate differences between them in reaction
mechanisms towards physiological substrates and
TFM, we determined the apparent specific activity
(with a constant substrate concentration of 2 mm) and
the kinetic parameters of recombinant EAMGL! and
EhMGL2 (Tables 1 and 2). Despite the heterogeneity
of the EhMGLI preparation used in the previous
study [13], the kinetic constants of EhRMGLI in the
present study largely agreed with the previous data,
except that the relative activity towards Cys and OAS
wits underestimated by 4-5-fold previously (the relative
specific activities of EWMGLI towards Cys and OAS
were 19.7% and 11.1% relative to that towards Met
[13], and 116% or 42.4% in the present study). The
discrepancy in the kinetic constants of ERMGLI was
probably attributable to the heterogeneity of the
EhMGLI preparation in the previous study. The V,,
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Table 1. Specific actwities of wild-lypa and mutant EnMGL1 (A) and EnMGLZ (B). Apparent spacific activity (mean ¢ SD in tripiicate) s
shown as umol of aketo acid producedmin™"mg™' protein. ND, activity not detected lless than 0.05 umol of product per min per mg of

protain}

L&)

Substrate Wild-typs Y108F C1105 C110G6 RE54
L-Meathionine 139000 023 =002 1.11 £ 008 056 + 0.04 ND
Trifluoromeathionine 116 2 0,10 254 = 0.28 478=019 161 £ 010 1012015
oL-Homocysteine 183+ 026 038 = 0.05 118+ 008 0.77 £ 0.02 ND
w-Cysteine 161 =035 052 =008 1.06 =026 112012 010 =001
O-AcetylL-sering 059=012 067 =009 029=004 082 =000 014 = 002
Bl

Substrate Wild-type YIIF C13s C113G REBA
L-Methionine 071+ 002 ND 0.06 = 0.0001 0.08 = 0.002 ND
Trifluoromethioning 1403 =203 7.76 = 1.05 B.14£0.70 1467 =054 078 = 005
o-Homocysteina 7422102 064 £017 180011 234 £ 006 ND
L-Cysteine 062 =002 0.15 £ 0.0% 0090 075003 ND
O-Acetyl-L-senne 037 =004 0.26 + 0.02 0.06 = 0.01 0.90 + 0.05 ND

(or the specific activity) of EhMGL2 against DL-Hcy (0.4 mM [30]), suggest that ERMGLI. but not

previously reported (Vaqu, 1.31 pmol  product:
min~"mg~" protein; relative specific activity compared
to that against Met, 162%) was also underestimated
(kew. 10,56 s7'; relative specific activity 10.5-fold
higher than that for Met, in the present study). In
addition, the K, of ERMGL2 for OAS in the previous
study (0.89 mm) disagreed with that in the present
study (52.33 mm). We assumed that these differences
were attributable to the assay methods used; the a-keto
acid assay was employed in the present study, whereas
the nitrogen assay, which has less sensitivity, was used
previously. Taken together, the specificities of the two
isotypes are briefly summarized as follows. ERMGLI
showed comparable (within 1.1-3.1-fold differences)
specific activities towards OAS and all SAAs tested 1n
this study (0.59-1.83 pmol productmin~"mg™' pro-
tein), whereas EhMGL2 showed 10-20-fold more
activity with pL-Hey than with other substrates (7.42
and 0,37-0.71 pmol  productmin~"mg™"  protein,
respectively).

The K,, of EAMGL2 for Met (3.58 mm) is six-fold
higher than that of EAMGLI1 (0.61 mm). In addition,
the k. for Met of EhMGLI is 1.6-fold higher than
that of EhMGL2, The k../K,,. which indicates the
catalytic efficiency [29], of ERMGLI is 10-fold higher
than that of EKMGL2. Taking into account the intra-
cellular Met concentrations, measured by NMR
(2.1 £ 0.6 mm) or direct amino acid analysis (0.8 mMm,
[30]), we speculate that EnMGLI, but not EhnMGL2,
is involved in the degradation of Met under normal
conditions. Similarly, the 2.0-fold higher k., and 2.7-
fold lower K., for Cys of EAMGLI than of EhnMGL2,
together with the intracellular Cys concentration

EhMGL2, mainly catalyzes the degradation of Cys
in viva. Although Hcy is an essential component of the
Met cycle [15), it is believed that Hcy must be main-
tained at low concentrations to avoid toxicity [31]. The
intracellular Hey concentration is unknown in amoe-
bae, but is presumed to be several micromoles per liter,
as shown for human plasma [32], a much lower con-
centration than the K, of EhbMGLI and EhRMGL2 for
Hey (1.5-3.0 mM). Thus, although the ke/Ky for
Hey of ERMGL2 was 5.5-fold higher than that of
EhMGLI, the assumed Hcy concentrations suggest
that neither EhMGL plays a significant role in the
elimination of Hey under physiological conditions.
Kinetic purameters against OAS also revealed that
the two EhMGLs have discernible catalytic properties
(EhMGLI, 628 mm and 1.74s™', and EhMGL2,
5233 mum and 6.22 57", for Ky, and k. respectively),
Although the intracellular OAS concentration is
unknown for amoebae, the presence of multiple iso-
types of cysteine synthase (CS) makes it unlikely that
EhMGLs are involved in the degradation of OAS. CS,
which generates Cys from H,S and OAS, has advanta-
ges (eg Ky and ke of EhCS! are 1.27mm and
395 57!, respectively) for OAS, as compared to
EhMGLs [33]. Three isotypes of CS are constitutively
expressed, as shown by immunoblotting [34] and a
transcriptome analysis with a DNA microarray [35].
Thus, OAS is most likely utilized predominantly by
CS. Taken together, these findings suggest that
EhMGLI is responsible for the decomposition and the
maintenance of the cellular concentrations of Met and
Cys, whereas the physiological substrates of EhMGL2
under normal growth conditions remain unknown.
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Kinetic parameters of mutants of the
two MGL isotypes

Among the several amino acid residues shown to inter-
act with PLP, the importance of a few was evaluated
in the amoebic MGL isotypes. Our preliminary crystal-
lographic study suggesis that Tyrlll, Cysl13 and
Arg58 of EnMGL?2 are oriented towards PLP in close
proximity [36] (data not shown). Tyrl14 of Ps. putida
MGL (corresponding to Tyrl08 and Tyrlll of
ERMGLI1 and ERMGL2, respectively) was implicated
in y-elimination, attacking the y-position of a substrate
as an acid catalyst [14]. Cysi10 and Arg55 of
EhMGLI, which correspond to Cysl13 and Arg58 of
EhMGL2, are also predicted to be located in similar
positions.

MGLI(Y108F) and MGL2(Y111F) showed a 79-
100% reduction in the a,y-elimination of both Met
and Hey as compared to the wild-type MGLs, whereas
these mutations only slightly affected the o, f-elimina-
tion of OAS (a 1.14-fold increase or only a 28% reduc-
tion as compared to wild-type MGLI or MGL2,
respectively). These results were similar to the Tyrl 14
mutant of Ps. putida MGL [27]. Unlike the case of
OAS, MGLI(Y108F) and MGL2(Y111F) showed
reduced o f-elimination for Cys (68% or 76% reduc-
tion); for example, MGLI(Y108F) showed a 1.6-fold
increase in the K, and a 58% decrease in the ke, for
Cys. This implies that the hydroxyl group of Tyr108 of
EhMGLI is actively involved in the f-elimination and
y-elimination of the C-S bond, but not the p-elimina-
tion of the C-O bond, of OAS.

The Cys near the active site was shown to be impor-
tant for activity by chemical modification with
2-nitrothiocyanobenzoic acid and labeling with a PLP
analog, N-(bromoacetyl)pyridoxamine phosphate, in
Ps. putida MGL [37,38]. Cys116 was shown 1o be
located in close proximity to Tyrl14 [28]. This Cys is
not conserved in other PLP a-family enzymes; Cys is
substituted by Gly or Pro in cystathionine y-lyase,
cystathionine P-lyase, and cystathionine y-synthase
[27,28]. In B. linens MGL, Gly is substituted for Cys
at this position. B. linens MGL degrades neither Cys
nor cystathionine [10], whereas Ar. thaliana MGL
decomposes Cys but degrades cystathionine only mar-
ginally, in spite of the presence of Gly at this position
[39). The Cysto Ser or Thr mutations of Ps. putida
MGL caused a reduction in activity [28]. Neither
En. histolytica MGL nor T. vaginalis wild-type MGL
degrades cystathionine [13,17]. The Cys — Gly muta-
tion of T. vaginalis MGLs reduced y-elimination activ-
ity towards Met and Hey 5-13-fold, but only slightly
changed P-elimination activity for Cys and

Kinetics of E. histolytica methionine y-lyases

OAS (0.38-2.5-fold) [17). Thus, it was proposed that
this Cys plays an important role in substrate specific-
ity, i.e. the preference of substrates for y-elimination in
T. vaginalis MGLs.

Amoebic MGL2(C113S) showed reduced activities
towards Met, Cys, and Hcy (9-26% of that of the
wild-type). whereas MGL1(C110S) showed only a
marginal reduction (65-80% of that of the wild-type).
MGLI(C110S) and MGL2(CI113S) showed reduced
kg, values for Met or Cys (49-51% or 29-42% of that
of wild-type MGL1 or MGL2, respectively), whereas
the K., values remained unchanged for MGLI1(C110S)
(72-118% of that of the wild-type) or increased
3.2-4 2-fold for MGL2(C1138). In contrast to the
Cys — Ser mutation, the Cys — Gly mutation caused
2.5-fold and 1.4-fold increases in activity towards OAS
for MGLI(C110G) and MGL2(C113G), respectively.
MGL2(C113G) also showed a 20% higher level of
activity towards Cys than wild-type MGL2. Interest-
ingly, the K, values of MGLI(C110G) for Met and
Cys were reduced by 70% and 48%, respectively. In
contrast, the ke, values of MGLI(C110G) for Met
and Cys decreased by 80% and 34%, respectively.
Additionally, MGL1(C110G)-catalyzed reactions of
Met or Cys showed saturation with 0.125 M substrate,
suggesting the K, to be < 0.1 mm (Table |, indicated
by asterisks). Taken together, these findings show that
the contribution of this Cys to the catalytic reaction
clearly differs between EhMGL1 and ERMGL2
Cys113 of MGL2 is heavily involved in substrate speci-
ficity, whereas Cys110 of MGLI is not so essential for
catalysis. However, as mutations of Cys110 of MGLI
produced 56% and 32% reductions in the specificity
constants with Met and Cys, respectively, this residue
might be also important for catalysis.

Arg35 of EnMGLI and Arg58 of EhRMGL2 are
located near the PLP of the neighboring subunit of the
catalytic dimer, as revealed by X-ray crystallography
(unpublished data), similar to what is found for MGLs
from Ps. putida [28] and Ci. freundii [40]. The mutation
of this Arg to Ala was shown to abolish the activity
for Met of Ps. putida MGL [28]. Similarly, the RS8A
mutation of MGL2 completely abolished activity
towards Met, Cys, Hey, and OAS, whereas residual
activity remained for MGLI(R55A) towards Cys and
OAS, but not Met and Hey. We confirmed by gel
filtration that the apparent molecular mass of
MGLI(R55A) and MGL2(R58A) was approximately
175 kDa, similar to that of wild-type MGLs (data not
shown). Thus, interference with dimerization was not a
reason for the observed loss of activity. It was also
shown that a mutant containing the corresponding
Arg mutation formed a tetramer in Ps. putida MGL
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[28]. It is worth considering the utilization of
MGLI(RS55A) and MGL2(R58A) mutants for domi-
nant negative effects, because these EhRMGL mutants
were shown to be associated with endogenous EAMGL
in & heterotetrameric complex (data not shown).

Kinetic parameters of MGL wild-type and
mutants towards TFM

The specific activity of EAMGL2 against TFM was
12-fold higher than that of EAMGLI. This increase is
mostly attributable to a large difference in ke the ke
of EhAMGL2 was 21-fold higher than that of ERMGLI
(17.5s7" and 081s7'). By contrast, the K, of
EhRMGL2 was nine-fold higher than that of EAMGLI]
(0.92 and 0.10 mM, respectively). Thus, the catalytic
efficiency, expressed as ke,/Ky, of ERMGL2 is only
2.4-fold higher than that of EAMGLI (19.05 and 8.02,
respectively; Table 2). It is remarkable that the k,, of
EhMGLI! for TFM was comparable to that for Met
and Cys, whereas the k., of EEMGL2 for TFM was
16-22-fold higher than that for these physiological
substrates. The K,,, of EnMGLs for TFM was 52-470-
fold lower than that of the closest mammalian counter-
part (rat liver cystathiomine y-lyase, K, = 48 mm)
[41].

None of the mutations examined in this study,
except for MGL2(RS8A), greatly affected the activity
towards TFM, suggesting that the mechanism of the
MGL-catalyzed reaction of TFM is relatively indepen-
dent of these amino acids, unlike the case for physio-
logical substrates. The activity of MGL2(RSSA)
towards TFM was similar to that of wild-type MGL
for the physiological substrates. Moreover, the effects
of the YI0SF substitution on the Ky and ko, of
EhMGL1 for TFM are opposite to those of Y111F of
EhMGL2; the K, and k., of EhMGLI(Y108F)
increased 5.6-fold and 2.7-fold. respectively, as com-
pared to those of wild-type EAMGLI, whereas the K,
and ke, of EEMGL2(Y111F) decreased threefold. The
Tyr — Phe mutation caused only a 2.1-fold reduction
in the catalytic efficiency (k/K,) of EhMGLI (8.02
to 3.88). whereas the corresponding mutation of
EhMGL2 did not have a significant effect (19.05 to
20.29). The degradation of TFM probably proceeds
without interaction with Tyrlll, Cysl13, and ArgS8
(in the case of EhAMGL2), possibly due to the electro-
negativity of the trifluoromethyl group of TFM. It is
also worth noting that the role of Tyr108 (or Tyrl11)
in the degradation of TFM significantly differs
between EhRMGLI and ERMGL2.

As indicated, EhMGL2, but not ERMGLI, dis-
played a remarkable preference for TFM. Although

D. Sato et al,

elucidation of the mechanisms responsible for this
observation await further study, we speculate that the
preference is associated with the functional group
bound 1o the y-carbon: the triffuoromethyl moiety,
EhMGL2 also showed a remarkable preference for
Hey, similar to TFM. Three fluorides on the methyl
carbon of TFM and a sulfur atom of the thiol group
of Hey may participate in the formation of additional
hydrogen bonds in the catalytic pocket. Although we
previously reported X-ray crystallography of ERMGL2
[36], EhMGL2 cocrystallized with either TFM or Hey
has not yet been obtained.

Crosslinking of EKMGLs and a scavenger protein
by TFM

It was previously proposed that a thiol derived from
the degradation of TFM by MGL, carbonothionic
difluoride, crosslinks the primary amino group of pro-
teins, which results in toxicity [41]. This model was
supported by the detection of released fluoride, a
byproduct of crosslinking with carbonothionic difluo-
ride [41]. We attempted to directly demonstrate that
TFM-derived product(s) causes protein modification.
We investigated whether the recombinant EhkMGL was
modified after the incubation with TFM by examining
the mobility of the proteins by SDS/PAGE. When
recombinant EhMGL1 or EhMGL2 was incubated
with TFM, at least three additional bands were found
(Fig. 2A, lane 1, open arrowheads). Incubation of
EhMGLs with Met or without substrates did not result
in the appearance of these bands (Fig. 2A, lanes 2 and
3). Preincubation of EhMGLs with L-propargylglycine
(PG), a suicide substrate of PLP-enzyme, prior to the
mixing with TFM, abolished these extra bands
(Fig. 2A, lane 4). Immunoblot assay with antibody to
EhMGL2 (Fig. 2C) showed that when EhMGL1 was
reacted with TFM, but not with Met, or pretreated
with PG, EhMGLI was no longer recognized by the
antibody (the equal loading of proteins was verified by
silver staining; Fig. 2A), suggesting that ERMGL1 was
chemically altered by unknown modifications caused
by the decomposition of TFM catalyzed by MGL.
Suppression of the antibody’s reactivity by the treat-
ment with TFM was also observed for ERMGL2, but
not for EhMGLI. The additional bands described
above (open arrowheads) were not recognized by the
antibody, suggesting that these bands were also chemi-
cally modified. Alternatively, these bands were not
derived from EhMGLs, but were minor contaminants
in the recombinant protein preparations. To examine
whether irrelevant proteins can also serve as scavengers
of carbonothionic difluoride produced from TFM by
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Fig. 2. In vitro crosslinking by TFM produced by recombinant MGLs (A} The recombinant ENMGL1 or EnMGLZ or BSA was preincubated
with 4 mi PG (lane 4) or without PG (lanes 1-3) for 30 min at 37 *C, and incubated with 4 mw TFM (lanes 1 and 4), Met (lane 2) or 2 5%
dimethylsulfoxide (control, lane 3) in 100 mm sodium phosphate (pH 7.01 containing 20 um PLP and 1 mm dithiothreol for 1 h at 37 °C. The
reaction mixtures containing 50 ng of ERMGL or 100 ng of BSA were slectrophoresed on a 5-20% SDS/PAGE gel under reducing condi-
tions, and subjected to siver stainng (B) The same reactions wera parformed with the mixtures of ERMGL and BSA. (C) The reaction mix-
tures of {A) were subjected to immunoblot anelysis with antibody to ERMGL1 (left) or ERMGL2 (righti. One-fourth of the volume of each

mibture | g to 25 ng of EAMGL) was anatyzed. Open arrowheads. filled amowheads and gray amows depict the bands
that app d upon incub with TFM, ¢ of MGL prepa 15, and 8 smeared band p
BSA, respectively. Molecular mass markers are indicated on the right

nding 10 Crossi

EhMGLs, MGL was incubated with TFM in the pres-
ence or absence of BSA, electrophoresed, and silver-
stained or immunoblotted with antibody to ERMGL2
{Fig. 2B). Although we did not observe BSA-derived
extra bands, the band corresponding to BSA on a
silver-stained gel was smeared only when BSA was
incubated with TFM and EiMGLs (gray arrows), sug-
gesting that unknown modifications or degradation of
BSA probably occurred.

As we observed differences in reactivity with the
TFM-derived product between the two EhMGLs, we
examined whether the sensitivities of the two EhMGLs
to inactivation by TFM differ. We preincubated
EhMGLs with TFM at a molecular ratio of 1 : 1000,
and further tested for the Met-degrading activity on
the basis of the detection of «-keto acid after the addi-
tion of 2 mm Met (Fig. 3). Approximately 85% of
EhMGL2 activity remained after 1 h, whereas 75% of
EhMGLI activity was lost. MGL actuvity following
preincubation with Met was indistinguishable from

that without preincubation, confirming that the
decrease was not due to inactivation of MGL during
the preincubation. These results clearly showed that
significant differences in sensitivity to TFM exist
between the two ERMGLs. Although we did not iden-
tify specific proteins that were crosslinked and inacti-
vated in vivo by the MGL-mediated degradation of
TFM, except for the amoebic MGL itself, we speculate
that carbonothionic difluoride generates crosslinks
surrounding proteins in the cytosol of the parasite,
leading to the observed toxicity to the cell.

The fact that ERMGL2, which is more active in the
degradation of TFM, is less sensitive than EhMGLI
seems (o contradict the notion that the product of the
degradation is the enzyme inactivator. However, we
speculate that the distribution of possible primary
amines, which are target of the TFM adducts (carbo-
nothionic difluonde), in close proximity to the catalytic
pocket differs between MGL1 and MGL2, and that
this difference may influence the sensitivity to the
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Fig. 3. Inactivation of MGL by incubation with TFM. Tha recombinant ERMGL1 [(A) 15 nguL™"] or EAMGL2 [(B) 30 nguL""] was praincubat-
ed with 035 mm or 0.7 mm TFM respactively (filled circles), PG (diamonds), Met (crosses) of control (0.625% dimethyisulfoxide) (opan
circles) at 37 °C for 1 h. After preincubation, the mixtures were further incubated with 2 mm Met for 0, 12, 24 or 36 min, and the amount of
a-keto acid was measured. The means for the triplicats measurements of the amount of a-keto scids produced atter the addition of 2 mm
Mat are plotted. Error bars are omitted for clarity (standard errors < 0.03)

inactivation by the TFM adducts. A comparison of
primary structures indicated that 28 hasic amino acids
(Le. Lys and Arg) were conserved, whereas cight and
12 are unique to MGLI and MGL2, respectively [13].
Thus, these eight MGLI-specific Lys and Arg residues
may be involved in the inactivation by TFM adducts.

Roles of two MGL isotypes in En. histolytica

The kinetic parameters of the two MGL 1sotypes sug-
gest that EhMGLI is the primary isotype involved in
the degradation of Met and Cys. Both an immunoblot
study [13] and a transcriptome analysis (supplemental
data of [35]) showed that EhRMGL! and ERMGL2
were expressed at comparable levels. To directly con-
firm the in vivo activity of the two isozymes in the par-
asite, we measured specific activities of MGL in the
amoebic extracts using two representative physiological
substrates, ie. Met and Hcy. The specific activities
with Met and Hcey in the parasite lysate (the 15 000 g
supernatant fraction) were 0456 and 2.28 nmol of
productmin”'mg™' of lysate, respectively. Assuming
that the substrate specificity is similar between native
and recombinant EhMGLs and that recombinant
EhMGLs are fully active, the EhMGLI/EhMGL?2
ratio was determined to be | : 1.38 (data not shown).
This ratio agreed well with the data from the immuno-
blot and transcriptome analyses. The constitutive
expression of ERMGLI and EhMGL2 in vitro ([13]
and this study) and in vive [35] strongly suggests that
both isotypes play indispensable and nonoverlapping
roles during proliferation and intestinal infection. As
the K, of EhMGL2 for most naturally occurring
SAAs and related compounds was significantly higher

than that of EAMGLI, the physiological substrates of
EhMGL2 and precise biological role of MGL2 in vive
under normal growth conditions are still not well
understood. However, it is conceivable that ERMGLI
plays a central role in the control of SAA concentra-
tions in the cell under normal conditions, whereas
EhMGL2 is involved in the control of SAA homeosta-
sis in cases where intracellular SAA concentrations are
elevated to toxic levels, e.g. on exposure to high con-
centrations of Cys precursors, including Ser, or the
engulfment of excessive amounts of bacteria or host
cells. This can be interpreted as follows to explain the
regulatory mechanism of the intracellular Met concen-
tration. Under physiological Met or Cys concentra-
tions, EAMGLI is fully active, whereas EhMGL2 is
only partially active, due to its higher K,, and lower
koK. However, at higher Met concentrations,
EhMGL2 plays an supplementary role in reducing the
concentration of this toxic amino acid. In addition,
EhMGL2 may be present specifically to degrade Hcy
Gilchrist et al. [35] reported that EhnMGL1 was over-
expressed 15-fold at the mRNA level | day after amoe-
bae were inoculated into the mouse cecum, but not a
month later, when they colonized the intestine (only
1.3-fold increase), whereas ERMGL2 mRNA was
repressed |.8-4.2-fold during this period [35], suggest-
ing that the expression of EAMGLI is induced under
stress conditions. We also speculate that EhMGL2
may prefer substrates other than those used in this study,
c.g. S-adenosylmethionine, S-adenosylhomocysteine,
and S-methylmethionine. The reaction catalyzed by
MGLs is considered to be unidirectional, because one
of the products from Met, methanethiol, is highly vol-
atile and immediately evaporates extracellularly [25).
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However, as it is not reasonable to speculate that
En. histolytica discharges methanethiol, while 1t incor-
porates sulfide, we propose that En. histelytica salvages
methanethiol. This is plausible if En. histolytica pos-
sesses a pathway to produce Cys from Met in which
MGL is used to provide reactive thiol molecules such
as sulfide and methanethiol, which are in turn utilized
as substrates to form Cys and S-methylcysteine as pro-
posed for Ar. thaliana [14]. One of the major thiols
produced by amoebic MGLs, hydrogen sulfide, is
probably assimilated to form Cys in a reaction also
catalyzed by CS [34]. This organism has three isozymes
of CS [42], which convert OAS and hydrogen sulfide
to Cys [15]; one of these may utilize methanethiol
instead of hydrogen sulfide as an alanyl acceptor.
Genes encoding enzymes that utilize methanethiol as a
substrate, such as O-acetylhomoserine sulfhydrylase
(EC 2.5.1.49) and methanethiol oxidase (EC 1.8.3.4),
are not present in the En. histolytica database. Meta-
bolomics or fluxomics using amoebic transformants
overexpressing ERMGL1 or ERMGL2 should elucidate
the physiological substrates and functions of these
enzymes.

The excellent reactivity of TFM, a promising lead
to target MGL

We demonstrated in this study that TFM is an ideal
lead compound as a prodrug targeting MGL. from
an enzymological point of view. The excellent ability
of TFM to act as a prodrug 1s primarily attnibutable
to the high kg, and low K, of MGL2 against TFM.
It is considered that both EhMGL! and EhMGL2
are, despite their clear differences in K, and ke,
probably responsible for the decomposition of TFM,
because the concentration that is effective against the
amoebae is two orders of magnitude lower than the
K, values. It was reported that the incorporation of
TFM into proteins and recycling via the Met cycle
are extremely poor [43,44]. which reinforces the
notion that TFM and its derivatives are not very
toxic to mammalian cells (data not shown). Finally,
the elucidation of reaction mechanisms against both
physiological substrates and prodrugs such as TFM
should provide a rauonale for the further design of
TFM derivatives.

Experimental procedures

Chemicals

All chemicals of analytical grade were purchased from Wako
Pure Chemical Industries (Qsaka, Japan) or Sigma-Aldrich
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(St Lows, MO, USA) unless otherwise stated. PG was pur-
chased from PepTech Corp. (Burlington, MA, USA), TFM
was a gift from T Toru and N. Shibata (Graduate School
of Engincering, Nagoya Institute of Technology, Nagoya,
Japan),

Mutagenesis, expression and purification of
recombinant enzymes

To eliminate the production of a truncated EhMGLI in
Escherichia coli, due to the fortuitous transiation tnitiation
at the second Met (Met45) within the coding region, five
synonymous nucleotide changes were introduced into
EhMGLI (accession number AB094499). Nested PCR was
performed with appropriate oligonucleotide primers (sup-
plementary Table S1) and pGEX6P1-EhMGLI [13] as tem-
plate, and subsequently with primers having BamHI and
Xbal sites for “nested PCR, using the first PCR product as
template. To make use of the BamHI site in the vector and
the Xbal site in the EhtMGLI gene, the product of the nes-
ted PCR was replaced with the corresponding region in
pGEX-EhMGLI [13] to produce pGEX-EhMGLIA. The
following mutations were introduced into ERMGLI und
EhMGL2 (AB094500), using the GeneTailor site-directed
mutagenesis  system (Invitrogen, Carlsbad, CA, USA):
YI08F, C1108, CI110G and RS5SA in EWMGLI: and
YIUHIF, C1138, Cl13G and RSBA in MGL2. PCRs were
performed with the corresponding oligonucleotide primers
(supplementary  Table S1) and methylated pGEX-
EhMGLIfl and pGEX-EWMGL2 [13] ss templates. The
transformation and selection of mutated plasmids were per-
formed according to the instructions of the manufacturer.
Both wild-type and mutated proteins were expressed and
purified as described previously [13.36)

Activity assay and measurement of kinetic
parameters

The MGL activity was measured on the basis of the pro-
duction of a-keto acids [45]. Assays were carried out in
60 pL of 100 mm sodium phosphate (pH 7.0) containing
I mm dithiothreitol and 20 um PLP, and 3-60 pgmL™" of
the recombinant enzymes, al 37 °C for 10 min. The ranges
of substrate concentrations for the measurement of kinetic
parameters were 0.125-20 mM for Met, Cys, OAS, and
TFM, and 0.125-2 mM for Hey. Specific activity with 2 mm
substrates was also measured. These measuremenls were
performed independently. To assay the activity of MGLs in
the parasite, amocba cells were lysed with 100 mm sodium
phosphate (pH 7.0) containing 20 ym PLP and 0.1%
Triton X-100. The insoluble matenals were climinated by
centrifugation at 15000 g for 10 min, and subsequently
12.4 and 1.24 mgmL™' of the supernatant was incubated
with 2 mm Met and Hey, respectively. After the reaction
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was terminated by the addition of 6 uL of 50% trichloro-
acetic acid, the solution was centrifuged ar 15000 g for
10 min at 4 °C, and 39.3 uL of the supernatant was incu-
bated with 110 uL of 0.33 m sodium acetate (pH 5.0) con-
taining 1.55 mm  3-methyl-2-benzothiazolinone hydrazone
hydrochlonde hydrate for 1 h at 50 °C. The amounts of
azines generated were estimated by measuring absorbance
at 320 nm [45), with pyruvic acid and sodium 2-oxobutyrate
as standards. The kinetic parameters were estimated using
Hanes-Woolf plots.

Crosslinking of recombinant MGLs

The purified recombinant MGL1 or MGL2 (at & final con-
centration of 60 ngul"" each) was incubated with 1 mm
TFM or Met in 100 mM sodium phosphate (pH 7.0)
containing 20 pm PLP in the presence or absence of
120 ngpL™' BSA for | h at 37 °C. For some experiments,
the recombinant MGLs were preincubated with 10 mM PG
for 30 min at 37 °C before the substrates were added. The
reaction mixtures were electrophoresed on a 5-20% gradi-
ent SDS/PAGE gel under reducing conditions, and proteins
were detected with silver staining und immunoblot analysis
with antibody to MGL1 or MGL2 [13].

Measurement of remaining MGL activity after
the incubation with TFM

The recombinant MGL! (15 ngpl™") and MGL2
(30 ngpl™") were mixed with 0.35 mm or 0.7 mm TFM,
PG and Met at 37°C in 100 mM sodium phosphate
(pH 7.0) containing 20 um PLP. The molar ratio of MGL
to substrate or inhibitor was mumntained at 1 : 1000 After
Ih of preincubation, 2mm Mot was added, and the
amount of a-keto acid was measured after 0, 12, 24 and
36 min, as described above. After the amount of a-keto-
butyric acid produced in the preincubation mixture was
subtracted, the estimated amount of a-keto acid generated
after the addition of 2 mm Met was plotted.
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