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Abstract The effect of five different cytochalasins on the
growth, encystation and excystation of Entamoeba in-
vadens was examined. At 10 uM, cytochalasins B, D, E
and dihydrocytochalasin B markedly inhibited growth.
Encystation was inhibited by cytochalasin D at 1 pM
but not by other cytochalasins at the same concentra-
tion, whereas it was inhibited by 10 uM of cytochalasins
B, E and dihydrocytochalasin B as well as cytochalasin
D. Excystation, which was assessed by counting the
number of metacystic amoebae after inducing excysta-
tion, was markedly enhanced by cytochalasin D as
previously demonstrated, whereas the enhancing effect
of cytochalasins A, B and dihydrocytochalasin B was
weak. In contrast, cytochalasin E at 10 uM inhibited
excystation and metacystic development. These results
indicate that there is a difference in the effect of different
cytochalasins on the growth and differentiation of
E. invadens, depending on differences in their chemical
structure. -

introduction

Cytochalasins are cell-permeable fungal toxins. The
primary effect of cytochalasins is to inhibit actin
polymerization, but these compounds also affect func-
tions not yet known to be related to the actin cyto-
skeleton, such as glucose transport and mitochondrial
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respiration (Lin and Spudich 1974; Brenner and Korn
1980; Flanagan and Lin 1980; Manavanthu et al. 1980).
Unlike cytochialasins A and B, cytochalasins D and E
do not inhibit glucose transport. Structurally, cytoc-
halasins are a family of compounds characterized by a
central perisohydroindole core ring and a large at-
tached macrocyclic ring which varies in size and com-
position.

Studies on the differentiation of Entamoeba histoly-
tica, including encystation and excystation, are difficult
because there is no axenic encystation medium avail-
able for this parasite (Lopez-Romero and Villagémez-
Castro 1993). The in vitro axenic encystation and
excystation of E. invadens, a reptilian parasite, are
useful models for the encystation and excystation of
E. histolytica because these processes in the human
parasite are similar to those of E. invadens (Dobell
1928; Cleveland and Sanders 1930: Geiman and Ratc-
liffe 1936; Lopez-Romero and Villagémez-Castro
1993). Transfer of E. invadens trophozoites from a
growth medium to an encystation medium induces
encystation (Sanchez et al. 1994), and the transfer of
cysts from an encystation medium to a growth medium
induces excystation (McConnachie 1955; Rengpien and
Bailey 1975; Garcia-Zapien et al. 1995; Makioka et al.
2001). Using an in vitro system for the encystation and
excystation of E. invadens, we previously demonstrated
that cytochalasin D iphibits the growth and encystation
of E. invadens, with encystation being more sensitive to
the drug than growth (Makioka et al. 2000). Like
cytochalasins, latrunculins inhibit actin polymerization,
whereas jasplakinolide promotes actin polymerization
and stabilizes polymerized actin (Spector et al. 1983;
Bubb et al. 1994), We demonstrated that cytochalasin
D unexpectedly enhances the excystation and metacy-
stic development of E. invadens, although latrunculin A
and jasplakinolide inhibit these processes (Makioka
et al. 2001). From these results, we considered it of
interest to determine whether other cytochalasins ex-
hibit similar effects to cytochalasin D on the growth
and differentiation of E. invadens.



Materials and methods

Trophozoites of E. invadens strain IP-1 were cultured in
axenic growth medium BI-S-33 (Diamond et al. 1978)
at 26°C. For experiments on the effect of cytochalasins
on growth, trophozoites (10* cells/ml) were cultivated
in the growth medium including ! uM or 10 uM of
cytochalasins A, B, D, E, or dihydrocytochalasin B for
7 days and then counted. For experiments on ency-
station, trophozoites (5x10° cells/ml) were transferred
to the encystation medium 47% LG (LG is BI without
glucose; Sanchez et al. 1994) containing 1 pM or
10 uM  of the cytochalasins above. After 3 days of
incubation, trophozoites and cysts were counted, and
their viability determined by trypan blue exclusion and
the percentage encystation was determined. For
experiments on excystation, the cells were harvested
after 3 days’ incubation of trophozoites in the ency-
station medium and treated with 0.05% sarkosyl (Sig-
ma Chemical, St. Louis, Mo.) to destroy the
trophozoites (Sanchez et al. 1994). The remaining cysts
were washed with phosphate-buffered saline, counted
and suspended in a growth medium. Viability of the
cysts was determined bg trypan biue exclusion. Dupli-
cate cultures of 5x10° cysts/ml included 1 uM or
10 uM  of cytochalasins. These were incubated for
3 days. Viable metacystic amoebae and cysts were
clearly distinguished, being pale yellow and light blue,
respectively. The former was also identified by positive
motility. The five cytochalasins used, A, B, D, E and
dihydrocytochalasin B, were purchased from Calbio-
chem (San Diego, Calif.) and were initially dissolved in
dimethyl sulfoxide (DMSO). The control cultures
received the same volume of DMSO.

Results
Effect of cytochalasins on growth

The effect of the five cytochalasins on the growth of
E. invadens is shown in Fig. 1. All cytochalasins used at
1 pM had no effect on the growth of E. invadens. With
10 uM of cytochalasins B, D, E and dihydrocytochala-
sin B, markedly inhibited growth was observed, whereas
cytochalasin A at 10 uM had no effect.

Effect of cytochalasins on encystation

The results of encystation are shown in Fig. 2. Control
cultures produced about an 80% cyst yield at 3 days
after the induction of encystation (data not shown). At
1 uM of cytochalasin D, 70% inhibition of the control
encystation was found, whereas other cytochalasins at
1 uM had no inhibitory effect. At 10 M of cytochalasin
B, dihydrocytochalasin B, cytochalasin D and cytocha-
lasin E 85%, 30%, 82%, and 100% inhibition occurred,
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Fig. 1 Effect of cytochalasins on the growth of Entamoeba
invadens. Trophozoites were cultured for 7 days in the presence
of 1 uM or 10 uM cytochalasins A, B, D, E and dihydrocytocha-
lasin B (dB). Control growth was measured in the absence of the
drug and was expressed as 100%. The percentages+SE of the
control growth for duplicate cultures are plotted
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Fig. 2 Effect of cytochalasins on the encystation of E. invadens.
Trophozoites were transferred to an encystation medium contain-
ing T pM or 10 uM cytochalasins A, B, D, E and dihydrocytoc--
halasin B {dB). The cysts and trophozoites were counted to
determine the percentages of cysts 3 days later. Control encystation
was 80%. The percentages +SE of inhibition against the control
encystation for duplicate cultures are plotted

respectively, of the control encystation, whereas cyto-
chalasin A at 10 pM had no inhibitory effect.

Effect of cytochalasins on excystation and metacystic
development

The effect of cytochalasins on the number of metacystic
amoebae is shown in Fig. 3. Cytochalasin D at 1 uM
induced a marked increase in the number of metacystic
amoebae from 5 to 48 h of incubation compared to the
controls, which is consistent with our previous results
(Makioka et al. 2001). In contrast, other cytochalasins at
1 uM had little effect on the number of metacystic
amoebae compared to the controls except for the in-
crease in number due to cytochalasin E at 48 and 72 h.
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Fig, 3 Effect of cytochalasins on the excystation of E. invadens,
Cysts were transferred to a growth medium without (open circles)
and with 1 uM or 16 pM cytochalasin A (filled circles), cytocha-
lasin B (open squares), dihydrocytochalasin B (filled squares),
cytochalasin D (open triangles) and eytochalasin E (filled triangles).
The means + SE of metacystic amoebae for duplicate cultures are
plotted (each asterisk indicates P < 0.05)

Cytochalasin D at 10 pM also markedly increased the
number of amoebae from 24 to 72 h compared to the
controls, whereas cytochalasins A, B and dihydrocy-
tochalasin B at 10 uM slightly increased the number of
amoebae. In contrast, cytochalasin E at 10 uM signifi-
cantly reduced the number of amoebae from 24 to 72 h
compared to the controls.

Discussion

The results indicate that there is a difference in the effect
of cytochalasins on the growth and differentiation of

dop

E. invadens. Only the effect of cytochalasin D on these
processes has previously been demonstrated (Makioka
et al. 2000, 2001). Since all cytochalasins are cell per-
meable and there is no report showing any difference in
cell permeability among them for a variety of cultured
cell types, it is inconceivable that this difference is due to
a difference in their permeability. As for the inhibitory
effect of cytochalasins on mammalian actin polymeri-
zation, which is the primary action common to all cy-
tochalasins, the rate of polymerization of G-actin can
be measured by viscometry. The relative inhibitory
potency was reported as: cytochalasin D > cytochalasin
E=cytochalasin B> dihydrocytochalasin B (Brenner
and Korn 1980; Flanagan and Lin 1980). In addition,
unlike cytochalasins A and B, cytochalasin D does not
inhibit glucose transport, so cytochalasin D has been
most widely used to evaluate the function of the actin
cytoskeleton. The inhibitory effect of cytochalasin D on
growth was very similar to that of our previous study
(Makioka et al. 2000), and the results also indicate that
cytochalasins B, E, and dihydrocytochalasin B have
similar inhibitory effects on growth. In contrast, cyto-
chalasin A had no effect on growth at concentrations of
up to 10 pM. Since cytochalasin A is an oxidized form
of cytochalasin B (Fig. 4), it is clear that the loss of the
inhibitory effect of cytochalasin A is attributable to the
oxidized form of oxygen group.

The inhibitory effect of cytochalasin D on encystation
is also consistent with our previous results (Makioka
et al. 2000). It is clear that cytochalasin D most potently
inhibits encystation because, unlike this cytochalasin,
other cytochalasins had no inhibitory effect at 1 pM.
The results indicate that cytochalasin A, even at 10 pM,
had no inhibitory effect on encystation. The reason for
this is again attributable to the slight difference in
structure between cytochalasins A and B. Since the
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inhibitory effect of dihydrocytochalasin B on encysta-
tion was much wezaker than that of cytochalasin B, it is
conceivable that the absence of a single double bond in
dihydrocytochalasin B (Fig. 4) is related to its reduced
potency. In this regard, it has been reported that the
inhibitory effect of cytochalasin B on sugar transport is
lost in dihydrocytochalasin B (Lin et al. 1978).

The results indicate that only cytochalasin D
markedly enhances excystation. This suggests that the
chemical structure specific for cytochalasin D is related
to this effect. Since the central perisohydroindole core
rings are common to cytochalasins B and D, a dif-
ference in the composition of the attached macrocyclic
rings would produce a different effect between the two
cytochalasins. The results also show that cytochalasin
E, unlike other cytochalasins, has an inhibitory effect
on excystation and metacystic development. Since
cytochalasin E differs from other cytochalasins by the
presence of an epoxide in the central perisohydroin-
dole core ring (Fig. 4), it is conceivable that the
epoxide is related to the inhibitory effect of cytocha-
lasin E. ,

In summary, this study indicates that there are dif-
ferences in the effect of cytochalasins depending on their
chemical structure, which could serve as a useful
molecular tool in understanding the structure-activity
relationship on the growth and differentiation of Enr-
amoeba.
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Abstract Haliotrema species are described and/or
reported from the gills of butterfly fishes (Chaetodonti-
dae) from coral reefs of the Indo-West Pacific islands:
Moorea (French Polynesia), Palau (Micronesia), Wallis
(Wallis and Futuna), New Caledonia, Lizard Island and
Heron Island (Great Barrier Reef, Australia). Halio-
trema angelopterum sp. nov., a new species of Monoge-
noidea parasite from seven species of Chaerodon
Linnaeus, 1758 (Chaetodontidae), is described. A new
redescription and statute are given for Haliotrema auri-
gae (Yamaguti, 1968) comb. nov., a parasite from ten
species of Chaetodon and one species of Heniochus
Cuvier, 1816 (Chaetodontidae). New records of Halio-
trema scyphovagina Yamaguti, 1968 are reported from
two localities and from several host species belonging to
the genera Chaetodon and Forcipiger Jordan and
McGregor, 1898 (Chaetodontidae).

Introduction

The genus Haliotrema (Dactylogyridae, Ancyrocephali-
nae) was erected by Johnston and Tiegs (1922) for the
species Haliotrema australe Johnston and Tiegs, 1922, a
parasite of the marine black-spotted goat fish, Upeneus
signatus (Gunther, 1867) (Mullidae) (= Pseudupeneus
signatus Giinther, 1867) from Australia. However,
Yamaguti (1963), after examining the type species of the
genus together with several other species of Haliotrema,
found many differences relative to the original description
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and so redescribed the type. Leaning on this new
description, Young (1968) made the only major revision
of the genus Haliotrema with the description of ten new
species and an emendation of the diagnosis of the genus.

Since then, Haliotrema has become a much expanded
taxonomic group which now includes more than 100
species which exhibit very different morphologies and
parasitize a large number of hosts with a wide ranging
ecology and morphology. This genus is found on teleost
fishes from 33 families and belonging to six orders dis-
tributed throughout warm seas.

The Monogenoidea parasitizing butterfly fishes
(Chaetodontidae) have recently been studied (Plaisance
and Kiritsky 2004). This study focuses on species
belonging to the genera Euryhaliotrematoides Plaisance
and Kritsky and Aliatrema Plaisance and Kritsky.

In the present study, we revise the species of the genus
Haliotrema parasitizing the Chaetodontidae. We describe
Haliotrema angelopterum sp. nov., Pseudohaliotremato-
ides aurigae Yamaguti, 1968 is transferred to the genus
Haliotrema, and new records of H. scyphovagina
Yamaguti, 1968 from the Indo-West Pacific Ocean are
given. '

Materials and methods

Thirteen species of butterfly fishes (Chaetodon auriga
Forsskdl, 1775, C. citrinellus Cuvier, 1831, C. ephippium
Cuvier, 1831, C. kleinii Bloch, 1790, C. lunula (Lacepéde,
1802), C. ornatissimus Cuvier, 1831, C. lunulatus
Quoy and Gaimard, 1825, C. reticulatus Cuvier, 1831,
C. trifascialis Quoy and Gaimard, 1825, C. ulietensis
Cuvier, 1831, C. vagabundus Linnaeus, 1758, Forcipiger
Sflavissimus Jordan and McGregor, 1898 and Heniochus
chrysostomus Cuvier, 1831} were collected from six
localities in the Indo-West Pacific Ocean (Table 1). The
names of the hosts follow those provided in FishBase
(Froese and Pauly 2003). Gill baskets were removed from
each fish at the site of collection. The gills were placed in
hot (60°C) 4% formalin to relax and fix the parasites.
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Abstract

We examined the effects of six cysteine protease inhibitors on the excystation and metacystic development of Entamoeba inva-
dens. Excystation, which was assessed by counting the number of metacystic amoebae after the induction of excystation, was
inhibited by the cysteine protease inhibitors Z-Phe-Ala-DMK and E-64d in a concentration-dependent manner during incubation
compared to the controls. Neither inhibitor had a significant effect on cyst viability; thus, their inhibitory effects were not due to the
toxic effect on cysts. Metacystic development, when determined by the number of nuclei in amoeba, was also inhibited by these
protease inhibitors, because the percentage of 4-nucleate amoebac was higher than in the controls on Day 3 of incubation.
Although other cysteine protease inhibitors, Z-Phe-Phe-DMK, E-64, ALLM, and cathepsin inhibitor II1, had a weak or little effect
on the excystation, they inhibited cysteine protease activity in the lysates of E. invadens cysts. Broad bands with gelatinase activity
of metacystic amoebae, as well as cysts and trophozoites, were detected in the gelatin substrate gel electrophores and were inhibited
by Z-Phe-Ala-DMK. There was a difference in the protease composition between cysts and trophozoites, and the protease
composition of metacystic amoebae changed from cyst-type to trophozoite-type during development. These results strongly sug-
gest that cysteine proteases contribute to the excystation and metacystic development of E. invadens, which leads to successful
infection.
© 2004 Eisevier Inc. All rights reserved.

dndex Descriptors and Abbreviations: Entamoeba invadens; Protozoa; Cysteine protease; Excystation; Metacystic development; DMSO, dimethyl
sulfoxide; DTT, dithiothreitol; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis

1. Introduction

Cysteine proteases are not only important virulence
factors, but also play a role in the growth and differentia-
tion in many protozoan parasites {(McKerrow, 1989;
Rosenthal, 1999; Sajid and McKerrow, 2002). This is
also true of Entamoeba histolytica, because there is accu-
mulating evidence for the potential role of cysteine pro-
teases in the pathogenesis of invasive amebiasis as well
as in the growth of the parasites (reviewed by Que and

* Corresponding author. Fax: +3 3431 4459,
E-mail address: makioka@jikeiac.jp (A. Makioka).

0014-4894/% - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.exppara.2004.10.003

Reed, 2000). In Entamoeba invadens, which has been
used as a model of encystation and excystation of E. kis-
tolytica, specific cysteine protease inhibitors significantly
reduced the efficiency of encystation, although the effect
of inhibition was secondary through decreased tropho-
zoite multiplication (Sharma et al, 1996), However, no
studies on the role of cysteine proteases in the excysta-
tion and metacystic development of Entamoeba have so
far been reported.

Excystation and metacystic development are neces-
sary for Entamoeba infection, and their processes have
been described for E. histolytica (Cleveland and Sanders,
1930; Dobell. 1928). Since E. histolytica does not encyst
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efficiently in axenic culture, E. invadens, a reptilian para-
site, has been commonly accepted as a model for the
study of encystation and excystation (Eichinger, 1997;
Lépez-Romero and Villagémez-Castro, 1993). Excysta-
tion is the process through which the whole organism
escapes from the cyst through a minute perforation in
the cyst wall. Metacystic development is the process in
which a hatched metacystic amoeba with four nuclei
divides to produce eight amoebulae, which grow to
become trophozoites (Cleveland and Sanders, 1930;
Dobell, 1928; Geiman and Ratcliffe, 1936). The transfer
of E. invadens cysts in an encystation medium to a
growth medium induces in vitro excystation (Garcia-
Zapien et al,, 1993; Makioka et al., 2002; McConnachie,
1955; Rengpien and Bailey, 1975). In this study, we
examined the effect of cysteine protease inhibitors on the
excystation and metacystic development of E. invadens.
Here, we report that cysieine proteases contribute to
these processes of E. invadens.’

2, Materials and methods

Trophozoites of the IP-1 strain of E. invadens were
cultured in an axenic growth medium, BI-8-33 (Dia-
mond et al., 1978), at 26 °C. To obtain cysts, trophozoites
(5 x 10°celis/ml) were transferred to an encystation
medium called 47% LG (LG is Bl without glucose; San-
chez et al., 1994), After three days of incubation, the per-
centage of encystation reached 80% on average. The cells
were harvested and treated with 0.05% sarkosy! (Sigma
Chemical, St. Louis, MO) to destroy the trophozoites
(Sanchez et al., 1994). The remaining cysts were washed
with phosphate-buffered saline, counted, and then sus-
pended in a growth medium. The viability of the cysts
was determined by trypan blue dye exclusion, and the
number of nuclei per cyst was determined after staining
with modified Kohn’s stain (Kumagai et al., 2001). Cyst
preparation included 30% dead or denatured cysts and
70% viable cysts, where 4-nucleate cysts are 30% and 1-
to 3-nucleate cysts are 70%. For the experiments on the
excystation and metacystic development of E. invadens,
duplicate cultures of 5x 10°cysts/ml were incubated
with inhibitors for three days. Metacystic amoebae were
counted in a hemocytometer on Days ] and 3, and their
viability was determined by trypan blue dye exclusion.
Viable metacystic amoebae and cysts were clearly distin-
guished as light yellow and light blue in color, respec-
tively. The former was also identified by positive
motility. The cysteine protease inhibitors used in this
study, purchased from Calbiochem (San Diego, CA), are
listed in Table 1. These inhibitors were previously used
in cultures of human fibroblasts infected with Toxo-
plasma gondii to examine their effect on the intracellular
development of parasites (Shaw et al,, 2002). All of the
inhibitors were dissolved in dimethyl sulfoxide (DMSO).

Table 1

Cysteine protease inhibitors used in the present study

Inhibitor Specificity

Cysteine protease inhibitors
Z-Phe-Ala-DMK Cysteine proteases
Z-Phe-Phe-DMK Cysteine proteases
E-64 Cysteine proteases
E-64d Cysteine proteases

Calpain inhibitor 2 (ALLM) Ca®*-dependent cysteine
proteases
Cathepsin (cysteine) protease inhibitor

Cathepsin inhibitor I11 Cathepsin proteases

Abbreviations: Z-Phe-Ala-DMK, Z-Phe-Ala-diazomethylketone; Z-
Phe-Phe-DMK, Z-Phe-Phe-diazomethylketone; E-64d, (28, 38)-
trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethylester; E-64,
N-[N-(L-3trans-carboxirane-2-carbonyl)-L-leucyl]-agmatine; calpain
inhibitor 2, N-acetyl-leu-leu-methioninal (ALLM); and cathepsin
inhibitor ill, Z-Phe-Gly-NHO-Bz-pOMe.,

The control cultures received the same volume of
DMSO.

Metacystic development was determined by the num-
ber of nuclei per amoeba. The cells were harvested on
Days 1 and 3 in cultures with or without inhibitors and
stained with modified Kohn’s stain. The number of
nuclei per amoeba was determined by the double-count-
ing of least 100 amoebae.

For the assay of cysteine protease activity, cysts
(2 x 10%/ml) were harvested, washed, and subjected to
three freeze-thaw cycles in a phosphate-buffered saline.
After centrifugation, the supernatants were obtained as
lysates. Protease activity was quantified by the cleavage
of synthetic peptide substrate Z-Arg-Arg-AMC (benzyl-
oxycarbonyl-arginine-arginine-4-amino-7-methyl-cou-
marin; Sigma) as previously described (Keene et al,
1986), and recorded as the initial velocity of the cleavage
of the fluorescent 4-amino-7-methylcoumarin group/5 pl
lysate. The lysates were preincubated for 15 min at room
temperature with 10 and 50 uM each of the cysteine pro-
tease inhibitors as described above,

Protease gel activity was assessed by gelatin substrate
gel electrophoresis as previously described (Keene et al,,
1986). The cysts and trophozoites were solubilized using
a Laemmli sample buflfer (Laemmli, 1970) without a
reducing agent, and the supernatants after centrifugation
were used. To obtain metacystic amoebae with 4-nuclei
and l-nucleus separately, the cysts were transferred to
the growth medium with or without 10 pg/ml aphidicolin
{Sigma). The cultures with aphidicolin on Day 1 con-
tained a higher percentage of 4-nucleate amoebae, while
the cultures without the drug on Day 3 included that of
l-nucleate amoebae (Makioka et al., 2003). Metacystic
amoebae in both cultures were lysed by treatment with a
small volume of 0.05% sarkosyl, which had no effect on
the cysts. The supernatants afler centrifugation were
then treated with the Laemmlii sample buffer. In certain
experiments, trophozoites were treated similarly as for
metacystic amoebae. SDS-PAGE was conducted in non-
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reducing conditions on 10% gels that had been copoly-
merized with 0.1% gelatin: equivalent to 5 x 10* loaded
per lane. After electrophoresis, the gels was washed for
1 h in 2.5% Triton X-100 to remove SDS, rinsed twice in

. distilled water, and incubated in 100 mM Tris-HCI (pH
7.4) buffer containing 5SmM EDTA and 2mM DTT with
or without | mM Z-Phe-Ala-DMK for 12-18h at 37°C.
After staining with Coomassie blue and several cycles of
destaining, the gelatinase activity was detected as clear
bands on the Coomassie blue-stained background of the
control gels. All of the experiments of this study were
performed at least three times and similar results were
obtained. Therefore, the data presented in the results are
representative.

3. Results

The effect of cysteine protease inhibitors on the num-
ber of metacystic amoebae of E. invadens after the trans-
fer of cysts to a growth medium is shown in Fig. I.
Among the inhibitors tested, two cysteine protease
inhibitors, Z-Phe-Ala-DMK and E-64d, were effective.
For this reason, only the results of these inhibitors are
shown. The number of metacystic amoebae in cultures
with 10uM Z-Phe-Ala-DMK during incubation was
comparable to the controls, whereas it significantly
decreased in cultures with 50 and 100puM Z-Phe-Ala-
DMK compared to the controls. Similarly, metacystic
amoebae decreased in number during incubation in cul-
tures with more than 50 pM E-64d. The effects of cys-
teine protease inhibitors on cyst viability are shown in
Fig. 2. The number of viable cysts in the control cultures

el o
1

-
-

n

Metacystic amoebae X 104/ml

[—]
= O

Days of culture

Fig. 1. Effect of cysteine protease inhibitors on the number of metacys-
tic amoebae of Erranioeba invadens. Cysts were transferred to a
growth medium containing various concentrations of cysteine prote-
ase inhibitors Z-Phe-Ali-DMK (A) and E-64d (B). The mean
numbers + SE of metacystic amoebae for the duplicate cultures are
plotted (each asterisk indicates P <0.05). Concentrations of 0, 10, 50,
and 100uM are indicated by the white circles, black circles, white
squares, and black squares, respectively.

" Viable cysts X 10 ¥/ml

Days of culture

Fig. 2. Effect of cysteine protease inhibitors on the cyst viability of E,
invadens in the growth medium. The experimental conditions were the
same as those for Fig. |, The mean numbers £ SE of viable cysts for
the duplicate cuitures ure plotted (each asterisk indicates P <0.05).
Control (white circles), 50uM Z-Phe-Ala-DMK (white squares),
100 pM Z-Phe-Ala-DMK (black squares), S0 uM E-64d (white trian-
gles), and 100 uM E-64d (black triangies).

decreased during incubation. It is considered that most
immature cysts contained in culture degenerate or die
during incubation. The number of viable cysts in cul-
tures containing 50 and 100 uM Z-Phe-Ala-DMK or E-
64d during incubation was comparable to or greater
than that of the controls, except for 100pM E-64d on
Day 3.

The effects of cysteine protease inhibitors on meta-
cystic development were examined by counting the
number of nuclei per cell. As shown in Fig. 3, 9% of the
metacystic amoebae were 4-nucleate on Day 1 of incu-
bation in the control cultures, whereas 29 and 34% of
the amoebae were in cuitures with 100puM each of Z-
Phe-Ala-DMK and E-64d, respectively. The percentage
of 4-nucleate amoebae in the control cultures then
decreased to 3% on Day 3, following the increased per-
centages of 1- to 3-nucleate amoebae. In contrast, the
percentage of 4-nucleate amoebae in cultures with Z-
Phe-Ala-DMK and E-64d was still 19 and 27% on Day
3, respectively, suggesting the inhibition of metacystic
development due to these inhibitors.

Since there was a difference in the inhibitory effect on
excystation among the cysteine protease inhibitors used,
we examined the effects of these inhibitors on cysteine
protease activity in cyst lysates. As shown in Fig, 4,



o

30 A. Mukioka et al. | Experimental Parasitology 109 (2005) 27-32
§ 100~ T Control _Day 1 Day3
@ Z-Phe-Ala-DMK R
e S0+
E i
=
£ 6of 2
g I
S 40 4
E L)
‘s 20f ] -
2
o |
0 frh i — L i, - =
1 2 3 4 5 6 7 3 4 5 6 1

Number of nuclei per cell

Fig. 3. The effect of cysteine protease inhibitors on the metacystic development of E. invadens. The cysts were transferred to a growth medium with or
without 100 pM of Z-Phe-Ala-DMK or E-64d. ‘The numbers of nuclei per metacystic amoeba stained with modified Kohn on Days 1 and 3 of incu-
bation were counted, and the percentage of amoebae in each class (1- to 7-nucleate) was determined (each asterisk indicates P <0.05).

% inhibition

Z-Phe- Z-l’he- E-64 E-64d¢ ALLM Cathepsin
Ala- Phe- inhibitor 111
DMK DMK

Fig. 4. The effect of cysteine protease inhibitors on cysteine protease
aclivity in the lysates of E invadens cysts. The lysates of E. invadens
cysts (2 x 107/mi) were incubated with 10 or 50puM each of the six
inhibitors shown in Table 1. The percentagessSE of inhibition
against the control are ploited.

cysteine protease activity in cyst lysates against synthetic
peptide substrate Z-Arg-Arg-AMC was inhibited by all
of the inhibitors, although there was a difference in their
potency.

As shown in Fig. 5A, gelatin substrate SDS-PAGE
indicated a major band of 56kDa, broad bands of 58—
66kDa and 44-54kDa, and a minor band of 43kDz in
cyst Jysates (C). The 56kDa band and these broad bands
detected in cysts were also seen in trophozoite lysates
(T). Additional broad bands of 29-41kDa were also
detected in the trophozoite lysates, suggesting a qualita-
tive difference between these two forms. Most of these
bands disappeared in the presence of Z-Phe-Ala-DMK.
Newly hatched metacystic amoebae with four nuclei
(M1) showed a band pattern similar to that of cysts,
while more developed metacystic amoebae with one
nucleus (M2) showed a band pattern similar to that of
trophozoites (T1y (Fig. 5B).

A Z-Phe-Ala-DMK B

kDa C M1 M2Ti
%
66-

42-
30-

Fig. 5. Gelatin substrate SDS-PAGE of the lysates of E. fnvadens
cysts. metacystic amoebae, and trophozoites. {A) Cysts (C); tophozo-
ites (T). Following the removal of SDS, the gels were incubated in
bufler alone (=) or with I mM Z-Phe-Ala-DMK (+). (B) M1 and M2
were metacystic amoebae from cultures with aphidicolin on Day 1,
and those from cultures without the drug on Day 3, respectively. T
was trophozoiles treated similarly as those for metacystic amoebae,

4. Discussion

These results strongly suggest the participation of cys-
teine proteases in the excystation and metacystic devel-
opment of E. invadens. As cyst viability was not affected
by the two cysteine protease inhibitors, Z-Phe-Ala-
DMK and E-64d, reduced excystation ¢cannot be due to
their toxic effect on cysts. Since other cysteine protease
inhibitors used in the present study inhibited cysteine
protease activity in cyst lysates, their failure to block
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excystation must be due to their lower cell permeability.
This is true for E-64, which had a strong inhibitory
potency on the cysteine protease activity in cyst lysates.
On the other hand, its inhibitory effect on excystation
was much lower than E-64d, which is a membrane-per-
meable synthetic analog of E-64. The process of excysta-
tion inctudes the loosening and separation of amoeba
from the cyst wall; the amoeba begins to move about
within the ¢yst. The amoeba then flows back and forth
through a small pore in the cyst wall and escapes from
the cyst. Thus, cyst wall destruction is necessary for min-
ute perforation of the cyst wall. Since the Entamoeba
cyst wall contains a mix of protein and chitin (Arroyo-
Begovich and Carbez-Trejo, 1982, Frisardi et al., 2000),
it is conceivable that both protease and chitinase are
essential for cyst wall destruction in the excystation pro-
cess. The walls of E. invadens cysts are electron dense
and have a uniform thickness of ~100nm when
observed by electron microscopy (Frisardi et al.,, 2000).
Electron-dense materials were also present in the secre-
tory vesicles and along the plasma membrane. Further-
more, the formation of a crescent-shaped space between
the plasma membrane and the cyst wall was observed,
and, frequently, some electron-dense bodies projected
towards this newly formed space (Chavez-Munguia et al.,
2003). Metacysts that endocytose the cyst wall residues
were also observed. These observations suggest that
secretory vesicles, including proteases and chitinase, are
sent in close apposition to the plasma membrane. These
enzymes are then secreted into the space between the
plasma membrane and the cyst wall to destroy the cyst
wall.

The hatched 4-nucleate metacystic amoeba grows
rapidly and divides to form eight amoebulae, The results
indicate that cysteine proteases are also involved in this
metacystic development because the percentage of 4-
nucleate amoebae was higher than in the controls on
Day 3 of incubation, The results indicate the difference
in the band pattern of protease activity between cysts
and trophozoites, also changing the band pattern form
from cyst-type to trophozoite-type during metacystic
development. This is related to our previous results that
suggest change in the expression of proteins during
metacystic development (Makioka et al., 2003).

Regarding other proteases, we have previously dem-
onstrated that lactacystin, a specific inhibitor of protea-
some, had little effect on the excystation and metacystic
development of E. invadens, suggesting the little contri-
bution of proteasome to these processes (Makioka et al,
2002), although lactacystin inhibited the encystation in
vitro of E. invadens (Gonzalez et al, 1999; Makioka
et al., 2002).

It has recently been demonstrated that E. histolytica
contains 20 cysteine protease (CP) genes, of which only a
small subset is expressed during in vitro cultivation
(Bruchhaus et al. 2003). Therefore, it is likely that at

least some of these enzymes are required to infect the
human host andfor complete the parasite life cycle
(Bruchhaus et al,, 2003). The gene that encodes CP35 is
missing in the closely related but non-pathogenic £ dfis-
par, suggesting the potential role of CP5 in the host
tissue destruction of E. histolytica. Since cyst wall
destruction is necessary for excystation by both amoe-
bae, it appears that CP35 is not responsible for cyst wall
destruction in either E. histolytica or E. dispar, or that
other CP isoforms are used for it in E. dispar. Regarding
CP genes in E. invadens, it has recently been demon-
strated that among the 20 CP genes of E. histolytica,
14 homologous genes are found in this parasite (Wang
et al., 2003).

Future study will focus on the identification and char-
acterization of CP isoforms responsible for the excysta-
tion and metacystic development of Entamoeba, which
will lead to a more accurate understanding of these pro-
cesses and also to the identification of targets for vacci-
nation and chemotherapy to inhibit Entamoeba
infection.
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We have characterized the iron-suifur (Fe-S) cluster
formation in an anaerobic amitochondrial protozoan
parasite, Entamoeba histolytica, in which Fe-8 proteins
play an important role in energy metabolism and elec-
tron transfer. A genomewide search showed that E, his-
tolytica apparently possesses a simplified and non-re-
dundant NIF (nitrogen fixation)-like system for the Fe-8
cluster formation, composed of only a catalytic compo-
nent, NifS, and a scaffold component, NifU, Amino acid
alipnment and phylogenetic analyses revealed that both
amebic NifS and NifU (EhNifS and EhNifU, respectively)
showed a close kinship to orthologs from e-proteobacte-
ria, suggesting that both of these genes were likely
transferred by lateral gene transfer from an ancestor of
e-proteobacteria to E. histolytica. The EhNifS protein
expressed in E. coli was present as a homodimer, show-
ing cysteine desulfurase activity with a very basic opti-
mum pH compared with NifS from other organisms. Eh-
NifU protein existed as a tetramer and contained one
stable [2Fe-2812* cluster per monomer, revealed by spec-
troscopic and iron analyses. Fractionation of the whole
parasite lysate by anion exchange chromatography re-
vealed three major cysteine desulfurase activities, one
of which corresponded to the EhNifS protein, verified
by immunoblot analysis using the specific EhNifS anti-
body; the other two peaks corresponded to methionine
vlyase and cysteine synthase. Finally, ectopic expres-
sion of the ERNifS and EhNifU genes successfully com-
plemented, under anaerobic but not aerobic conditions,
the growth defect of an Escherichia coli strain, in which
both the isc and suf operons were deleted, suggesting
that EhNifS and EhRNifU are necessary and sufficient for
Fe-S clusiers of non-nitrogenase Fe-S proteins to form
under anaerobic conditions. This is the first demonstra-
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tion of the presence and biological significance of the
NIF-like system in eukaryotes.

Tron-sulfur (Fe-8)! clusters are cofactors of proteins probably
present in all living organisms. The Fe-S clusters play various
important roles in electron transfer, redox regulation, nitrogen
fixation, and sensing for regulatory processes (1). Despite the
importance of Fe-S proteins, little is known about the biochem-
jcal mechanisms of Fe-S cluster assembly in vivo. Recent stud-
ies using genetic and biochemical methods have unveiled the
complex mechanism of the assembly in vitro and in vive (2-8).
These studies led to the identification of three distinct systems,
namely nitrogen fixation (NIF), iron-sulfur cluster (ISC), and
mobilization of gulfur (SUF). Two to six components have been
shown to participate in the formation of Fe-S clusters, depend-
ing upon the system. For instance, in the NIF system, two
genes (nifS and nifU) and their encoded proteins have been
shown to be involved in the assembly of Fe-S clusters of the
nitrogenase proteins in Azofobacter vinelendii (2, 3). NifSis a
homodimer of two identical subunits of a pyridoxal-5'-phos-
phate (PLP)-dependent cysteine desulfurase, which catalyzes
the formation of L-alanine and elemental sulfur from L-cys-
teine. The catalysis is initiated by the formation of a Schiff base
between the amino group of cysteine and PLP cofactor (3) and
nucleophilic attack of the reactive cysteine by a conserved
histidine residue near the active site (9), which in turn mobi-
lizes elemental sulfur. NifU is a scaffold protein for the tran-
gient assembly of Fe-8 clusters, which are transferred to target
apoproteins (10). The NifU protein possesses two distinct types
of iron-binding sites (10). One of these binding sites, located in
the central third of the NifU protein, binds a stable permanent
[2Fe-2812" cluster per subunit as shown in A. vinelondii (11).
The second type of site, located within the amino-terminal
third of the NifU protein, binds a labile mononuclear iron
and/or 1abile cluster (11). Site-directed mutagenesis of the clus-
ter-ligated c¢ysteine residues of NiflJ from A. vinelandii has
shown that the permanent [2Fe-28)%+ clusters play an essen-
tial role in the maturation of nitrogenase (12). The NIF system
has been identified in only nitrogen-fixing bacteria and non-
diazotrophic e-proteobacteria including Campylobacter jejuni
and Helicobacter pylori, and appears to be involved in Fe-S

! The abbreviations used are: Fe-S, iron-sulfur; NIF, nitrogen fixa-
tion; ISC, iron-sulfur cluster; SUF, mobilization of sulfur; PLP, pyri-
doxal-5'-phosphate; ORF, open reading frame; rEhNifS, recombinant
EhNifS; rEhNiflJ, recombinant EhNifU; DTT, dithiothreitol; GST, glu-
tathione S-transferase; C8, e¢ysteine synthase; MGL, methionine
y-lyase.
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assembly of the nitrogenase proteins in bacteria that belong te
the former group and of non-nitrogenase Fe-S proteins in the
latter (13). In contrast to the NIF system, the ISC system is
well conserved from bacteria {o 2 wide range of eukaryotes
including Saccharomyces, Arabidopsis, Caenorhabditis, Dro-
sophile, and Home, and thus, assumed to play more general
housekeeping roles for Fe-S cluster assembly. The components
of the ISC system are more complex than those of the NIF
system: at least six proteins, encoded in a single operon (isc-
SUA-hscBA-fdx) in prokaryotes, e.g. Escherichia coli, are in-
volved in the process (4, 6, 7, 14-16). IscS bears sequence
identity with NifS and shares function as ¢ysteine desulfurase.
IscU is similar to the amino-terminal domain of NifU and
shares function as a scaffold for intermediate Fe-S clusters.
IscA is closely related to its NIF counterpart (MflscA)} and
responsible for binding labile Fe-S clusters (5, 17) and its
transfer to apoproteins (18). HscA and HscB are chaperones
that belong to the DnaK and DnaJd proteins families, respec-
tively; but their roles in Fe-S cluster biogenesis remain unclear
(19). Protein-protein interaction between each of the compo-
nents of the ISC system hag also been demonstrated (18, 20).
The SUF system, a third bacterial system for the assembly of
Fe-S clusters, is encoded in the suf operon (sufABCDSE) and
widely present in Eubacteria, Archaea, and plastids (8). Dis-
ruption of the E. coli sif operon alone did not cause any major
defect, whereas lethality was observed when both the isc and
suf operons were inactivated (8). It has also been shown that
the SUF system plays a role for Fe-S cluster assembly and/or
repair under oxidative stress conditions (21, 22) and iron star-
vation (23). In addition, the SUF system has been shown to be
necessary for virulence of Gram-negative bacterium Erwinic
chrysanthemi, causing soft-rot disease in plants {21, 24). In
addition to the catalytic component SufS, the SUF system
requires at least five additional proteins including SufA, a
scaffold component, SufC, an unorthodox ATPase of the ABC
superfamily, SufB and SufD, which are associated with SufC
(24), and SufE, which interacts with SufS and stimulates its
cysteine desulfurase activity (25).

Recent studies have demonstrated that a mitothondrial IscS
homolog in yeasts (Nfsl) is involved in Fe-S agsembly of acon-
itase and succinate dehydrogenase and thus is essential for
mitochondrial function (26). IscS homolegs are produced in the
eytosol and transported to mitochondria (27) and the nucleus in
yeasts and mammals (28, 29). An independent study also re-
vealed that mitochondria play a crucial role in the cluster
formation of extramitochondrial Fe-8 proteins (30). Thus, the
assembly of Fe-8 clusters is more complex in eukaryotes than
prokaryotes and apparently occurs in mitochondria, cytoplasm,
and nucleus, suggesting organelle-specific Fe-S cluster assem-
bly in eukaryotes (31, 32). Thus, the presence or absence, i.e.
ubiquity and specificity, of these three distinet systems for Fe-S
assembly among organisms, together with their specific fune-
tion in each organism, remains largely unknown, especially in
parasitic protozoa.

IscS has been demonstrated in an aerobic protozoan para-
site, Plasmodium falciparum (33), and two anaerobic protozoa,
Giardia lamblia and Trichomonas vaginalis (34). The latter
two parasites belong, together with another enteric parasitic
protist Entamoeba histolytica, to a group of amitochondrial
eukaryotes. Amitochondrial eukaryotes can be divided into two
metabolic types (35). Type I organisms including G. lamblia
and Entamoeba lack organelles involved in core energy metab-
olism. Instead, Fe-8 protein (ie. pyruvate:ferredoxin oxi-
doreductase)-mediated metabolism of pyruvate, substrate-level
phosphorylation, and ATP synthesis takes place in the cytosol.
In contrast, type II organisms including Trichomonas, some
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ciliates, and chytrid fungi harbor a double-membrane limited
organelle, hydrogenosome, which represents a site of the above-
mentioned core energy metabolism. The fact that the scaffold
component IsclJ is also present in Trichomonas and Giardic
(36) supported the premise that the machinery for Fe-S cluster
assembly in these amitochondrial anaerobic protists shares
common features with the ISC system in other organisms. In
contrast, the machinery for the Fe-S cluster assembly in
E. histolytice is largely unknown, The present study demon-
strates that E. histolytica possesses the NIF-like system as a
sole pathway for the biosynthesis of Fe-S clusters. We describe
here for the first time the molecular identification of NifS and
NifU from E. histolytica and provide evidence for the possible
horizontal transfer of these genes from an ancestor of e-pro-
teobacteria. We alse show biochemical properties distinet from
those of other organisms including bacteria and mammals. In
addition, we demeonstrate that the amebic NifS and NifU are
necessary and sufficient for the Fe-S cluster formation under
anaerobic conditions by heterologous complementation of an
isc/suf-lacking mutant of E, coli.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All chemicals of analytical grade were
purchased from Wako (Tokyo, Japan) unless stated otherwise. L-cys-
teine, L-cystine, O-acetyl serine, N-acetyl cysteine, pL-homocysteine,
p-cysteine, sodium sulfide, O-phenanthroline, hydroxylamine, N, N-di-
methyl-p-phenylenediamine sulfate, ferrous ammonium sulfate, PLP,
2-(N-morpholino} ethanesulfonic acid, HEFPES, N-[tristhydroxymethyl-
Jmethyl}-3-aminopropanesulfonic acid, 3-(cyclohexylamino)-1-propane-
sulfonic acid, ampicillin, and carbenicillin disodinm salt were pur-
chased from Sigma-Aldrich,

Microorganisms and Cultivation—Trophozoites of E. histolytice strain
HM-1:IMSS ¢]-6 (37) were maintained axenically in Diamond's BI-S-33
medium (38) at 35.5 °C. Trophozoites were harvested in the late-logarith-
mic growth phase 2-3 days after inoculation of 1/12 to U6 of the total
culture volume and washed twice with ice-cold phosphate-buffered saline,
pH 7.4, at 4°C. E, coli strains BL21 (DE3) and DH5x were purchased
from Novagen (Madison, WI) and Invitrogen, respectively.

Search of the E. histolytica Genome Database—The E, histolytice
genome databases (contigs and singletons) at The Institute for Genomic
Research? and Sanger Institute® were searched using the TBLASTN
algorithm with protein sequences corresponding to the catalytic com-
ponent of Fe-5 cluster formation (NifS, IscS, and SufS) from a variety of
species. We also searched for homologs of the Nif- or Isc-specific scaffold
component (NifU or IscU, respectively) from A. vinelendii and H. pylori
and components shared by both the Isc and Suf systems (IseA and Sufa)
of E. cali, A. vinelandii, and P. falciparum, or components unique to the
Suf system (SufB, C, D, and E) from E. coli, Bacillus subtilis, Methano-
coccus jannashii, Mycobacterium tuberculosis, and P. falciparum.

Amino Acid Alignments and Phylogenetic Analysis—The sequences of
NifS, IseS, NifU, IscU, and related proteins showing similarity in amine
acid sequence to EhNifS and EhNifU were obtained from the National
Center for Biotechnology Information® using the BLASTP search. Align-
ment and phylogenetic analysis were performed with CLUSTAL W ver-
sion 1.81 (39) using the neighbor-joining method with the Blosum matrix.
A rooted or an unrooted neighbor-joining tree composed of the amino acid
sequences of 25 NifS/IscS or 20 NifU/Isel? from various organisms was
constructed using 352 or 120 shared amine acid positions, respectively,
after removing gaps. The most distal members of NifS/IscS that belong to
group I including E. coli cysteine sulfinate desulfinase (CsdA) and SufS
(also known as CsdB or selenocysteine lyase) were used as the out-group
to obtain a rooted tree, Trees were drawn by Tree ViewPPC ver.1.6.6 (40).
Branch lengths and bootstrap values (1000 replicates) were derived from
the neighbor-joining analysis.

Clening of E. histolytica NifS and Nift.—On the basis of the nucle-
otide sequences of the protein-encoding region of the putative amebic
nifS and nift genes (EANifS and ERNifU) in the genome database, two
sets of primers, shown below, were designed te amplify the open reading
frames (ORFs) using a ¢cDNA library (41) as a template to construct
plasmids to produce EhNifS and EhNifU fusion proteins with a histi-

2 Internet address: www.tigr.org/tdb/.
3 Internet address: www.sanger.ac.uk/Projects/E_histolytica/,
4 Internet address: www.nchi.nih.gov/,
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dine tag or glutathione S-transferase at the amino terminus, respect-
ively, The EANifS ORF was amplified with a sense (5'-CCTGGATCC-
GATGCAAAGTACAAAATCAGT-3') and an antisense (5'-CCAGGATC-
CTTAAGCATATGTTGATGATAATTGTC-3') primer, where BamHI
sites are underlined and the translation initiation and termination
codons are italicized. The initial step, denaturation at 94 °C for 2 min
with platinum pfx DNA polymerase (Invitrogen), was followed by the 30
cycles of denaturation at 94 °C for 15 s, annealing at 55 °C for 30 s, and
elongation at 68 °C for 2 mir, and a final extension for 10 min at 68 °C.
The ~1.2-kb PCR fragment was digested with BamH]I, electrophoresed,
purified with Geneclean kit II (BIQ 101, Vista, CA), and cloned into
BamHI-digested pET-15b (Novagen) in the same orientation as the T7
promoter. The ERNIfUT ORF was amplified using a sense (5"-ATGTCA-
AAGAATAAATTAATTGGTGGAGC-3') and an antisense (§'-CTAATC-
TTTCTTTTTGATATTTAAGGT-8") primer from a ¢DNA library (the
translation initiation and termination sites are italicized). A PCR frag-
ment containing EANifU was end-blunted and cloned into the EcoRI-
digested and end-filled site of pGEX2T (Amersham Biosciences). The
final constructs were designated pHisEhNifS and pGSTENI(U,
respectively.

Expression and Purification of Recombinant ERNIfS end EANIfU
Proteins—To cxpross the recombinant proteins in B, coli, pHisEhNifS
or pGSTEhNiI{U was introduced into BL21 (DE3) or DH5a cells,
respectively, Expression of the recombinant EhNifS (rEhNifS) and
EhRNifli (rEhNifU) fusion proteins was induced with 1 mM isopropyl-
B-thiogalactoside at 30 *C for 5-6 h. The rEhNIfS and EhNifU fusion
proteins were purified using a Ni**-NTA column (Novagen) or gluta-
thione.Sepharose 4B column {(Amersham Biosciences), respectively,
according to the manufacturer’s instructions with a few modifica-
tions. The bacterial cells were washed, sonicated in the lysis buffer
{50 mMm Tris-HC] (pH 8.0}, 500 mm NaCl, 5 mm 2-mercaptoethanol,
and 10 mM imidazole) containing 0.1% Triton X-100 (v/v), 100 pg/ml
of lysozyme, and Complete Mini EDTA free protease inhibitor mix-
ture (Roche, Tokyo, Japan), and centrifuged at 24,000 X g for 15 min
at 4 °C. The histidine-tagged rEhNifS protein was eluted from the
Ni%*-NTA column with 100 m» imidazole in 50 mm Tris-HC (pH 8.0),
300 mu NaCl, and 0.1% Triton X-100 (v/v) and extensively dialyzed in
50 mM Tris-HCI, 300 mM NaCl (pH 8.0), and 0.1% Triton X-100 {v/v)
containing 10% glycerol (vfv) and the protease inhibitors. To obtain
the rEhNifU, bacterial cells were lysed in 160 mM sodium phosphate
buffer (pH 7.4), 2 mm DTT, 0.1% Triton X-100 (v/v), 1 mM phenyl-
methylsulfonyl fluoride, and 100 ug/ml of lysozyme. After the GST-
EhNifU fusion protein was bound to the glutathione-Sepharose 4B
eolumn, the rEhNifU was obtained by digestion of GST-EhNifU fu.
sion proteins with thrombin (Amersham Biosciences) in the column or
outside of the column, followed by elution from the ecolumn. Thrombin
was removed by passing through a HiTrap-benzamidine column (Am-
ersham Biosciences), and rEhNifU was extensively dialyzed at 4 °C
with 100 mM sedium phosphate buffer (pH 7.4) containing 2 mm DTT.

The purified rELNifS and rEhNifU proteins were presumed to con-
tain additional 25 (MGSSHHHHHHSSGLVPRGSHMLEDP) or &
(GSPGI) amino acids at the amino terminus, respectively. The purified
enzymes were stored at — 80 °C with 50% glycerol before use. No
decrease in the enzyme activity of rEhNIfS was observed under these
conditions for at least 3 months. Protein concentrations were deter-
mined with the Coomassie Brilliant Blue assay (Nacalai Tesque, Inc,,
Kyoto, Japan) with bovine serum albumin as the standard,

Enzyme Assays—For the cysteine desulfurase assay, rEhNifS protein
was reconstituted with PLP by incubating 1 mg/ml of EhNiIfS with 0.1
muM PLP for 1 b on ice, followed by dialysis for 5~6 h against 100-200-
fold volumes of 50 mM N-[tristhydroxymethyl)methyl]-3-aminopropane-
sulfonic acid/NaQH (pH 9.0) with two buffer exchanges, as described
previously for the Synechocystis enzyme (42). The cysteine desulfurase
activity of EhNifS was monitored based on the production of sulfide
using L-cysteine as the substrate (43), The standard EhNifS reaction
was performed in 200 pl of reaction mixture (50 mm S-(cyclohexy-
lamine)-1-propanesulfonic acid/NaOH buffer (pH 10.0) containing 0.02
mM PLP, 1 mm DTT, 10 my MgCl,, 0.5 mM substrate (L-cysteine), and
appropriate amounts (25-50 ug) of purified EhNifS protein). In exper-
iments to determine pH optima, the following buffers were used: 50 mm
2-(N-morpholinojethanesulfonic acid/NaOH for pH. 5.5, 6.0, and 6.5;
HEPES/NaOH for pH 7.0, 7.5, and 8.0; N-[tris(thydroxymethyl)methyl]-
3-aminopropanesulfonic acid/NaOH for pH 8.5 and 9.0; and 3-(cyclo-
hexylamino)-1-propanesuifonic acid for pH 9.7, 10.0, 10.5, and 11.0. The
reaction was terminated by adding 20 pl of 20 mm N,N-dimethylp-
phenylenediamine sulfate in 7.2 w HCl and 20 ui of 30 mM FeCl, in 1.2
N HCL After further incubation in the dark for 30 min, the protein
precipitate was removed by centrifugation, and then the absorption at
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670 nm (Ag;,) of the supernatant was measured. Na,S (0-100 pv) was
used as the standard. Elemental sulfur (8°) was measured by the
cyanolysis methed (2, 44) with minor modifications. The alanine pro-
duction was monitored by measuring pyruvate formed by deamination
of alanine using L-alanine aminotransferase in a coupling reaction as
described previously (2). The rEhNifS protein was stable in the pres-
ence of 10% glycerol, and 90-95% of the initial activity was retained
when stared at 4 or ~ 20 °C for 24 h. However, it was reduced to 25-35%
when stored without any additive at room temperature, 4, or — 20°C
for 24 h,

Iron Assay—The iron content of EhNiflJ was determined by the
O-phenanthroline method as described, except that the volume of the
reaction mixture was reduced (13). The EhNifU samples were acidi-
fied by the addition of 3-5 pl of concentrated HCl and then diluted
with buffer or distilled water to 0.2 ml, The mixtures were heated to
80 °C for 10 min and cooled down to room temperature; then 0.6 il of
water, 40 1l of 10% hydroxylamine hydrochloride, and 0.2 ml of 0.1%
O-phenanthroline were added. The mixtures were further incubated
at room temperature for 30 min, and then absorbance at 512 nm
(A,») was measured with 0-100 uM of ferrous ammonium sulfate as
the standard,

Anion-Exchange Chromatography of the Native and Recombinent
EhNifS—Approximately 2 X 107 E. histolytica trophozoites (250300
mg) was resuspended in 1.0 mi of 200 mu Tris-HC! (pH 8.0), 1.0 mam
EDTA, 2.0 mM DTT, and 15% glycerel containing 10 ug/mi of trans-
epoxysuecinyl-L-leucylamido-(4-guanidino)butane and the protease in-
hibitor mixture. After sonication, the lysate was centrifuged at
45,000 % g for 15 min at 4 °C, filtered through a 0.45 pm cellulose
acetate membrane, and dialyzed with the binding buffer (100 mM Tris-
HCI (pH 8.0), 1 my DTT, 1 mm EDTA, 0.1 mu phenylmethylsulfonyl
fluoride, 1 ugfml of trans-epoxysuccinyl-L-lencylamido-(4-guanidino)bu-
tane and 10% glycerol) using a Centricon YM-10 (Millipore). The sam-
ple (1 ml) containing ~5 mg of soluble lysate protein or recombinant
EhNifS was applied to 2 Mono @ 5/5 HR column preequilibrated with
the binding buffer on the AXTA Explorer 108 system {Amersham
Biosciences). After the column was extensively washed with the binding
buffer, bound proteins were eluted with a linear gradient of 0-0.7 M
NaCl. All of the fractions {0.3 ml) were analyzed for cysteine desul-
furase activity as described above and subjected to immunoblot analy-
ses as described below.

Size Exclusion Chromatography of the Native and Recombinant
EhNifS and ERNifU—Approximately 500 ug of recombinant proteins
or the fractions that were eluted from the anion-exchange chroma-
tography were dialyzed against gel filtration buffer (100 mm Tris-HCI
(pH 8.0}, 0.1 M NaCl) at 4 °C and concentrated to 1 ml with the
Centricon YM-10. A Sephacryl S300 HR Hiprep prepacked ¢olumn
(60-cm long and 1.6-cm in diameter} (Amersham Biosciences) was
preequilibrated, loaded, and eluted with the gel filtration buffer of a
flow rate of 0.5 mi/min. The same column was calibrated with ferritin
{440 kDa), catalase (232 kDa), aldolase (158 kDa), albumin {67 kDa),
ovalbumin (43 kDa), and chymotrypsinogen A (25 kDa) {Amersham
Biosciences).

Immunoblot Analysis—--Polyclonal antisera against recombinant
EhNifS and EhNifU were raised in rabbits by Kitayama-Rabes (Na-
gano, Japan). Immunoblot analysis was carried out as described
previously (45). Primary antibodies were used at either 1:500 (for
anti-EhCS1 antiserum) (41) or 1:1000 (for anti-methionine y-lyase 2
(EhMGL2) {46) and anti-EhNifS antisera). The blots were visualized
using alkaline phosphatase-conjugated anti-rabbit IgG antibody
(ICN-Cappel, Cappel, OH) (1:2000) with nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyly phosphate selution (Roche) according to
the manufacturer's protocol.

Heterologous Expression of the Amebic NifS and NifU Genes in the
isc/suf-Mutent E. coli Strain—A plasmid to coexpress EhNifS and Eh-
Nift] in E. eoli was constructed. The EhNifS and EhNifU ORF were
PCR-amplified using a sense (3'-CTCTCTAGAGATGCAAAGTACAAA-
TCAGT-3') and an antisense (5'-GGTACATGTTTAaaactectcAGCATA-
TGTTGATGATAATTGTC-3") primer {(EhNifS); a sense (5'-GCACCAT-
GGCAAAGAATAAATTAATTGGTGGAG-3') and an antisense (5'-
GCTGCTAGCCTAATCTTTCTTTTTGATATTTAAGG-3') primer (Eh-
NifU), where Xbal, Peil, Ncol, and Nhel sites are underlined, the
translation initiation and termination cedons are italicized, and the
ribosome binding sequence is shown in lowercase. Because of the engi-
neered ribosome-binding sequence, the resulting EhNifS protein has
three additional amino acids (EEF) at the earboxyl terminus. The PCR
fragments of EhNifS and EhNifU were digested with appropriate en-
zymes and cloned in tandem in the Xbal and Nhel double-digested
pRENMC (7) to produce pREEhNifS1. The pRKISC or pRKSUF, which
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Fic, 1. Multiple alignment of de-
duced amine acid sequences of Nif$/
IscS from E. histolytica and other or-
ganisms. Protein sequences were aligned
using the CLUSTAL W program (www.
ebi.ac.uk/clustalw/). Sequences are as fol-
lows: Escherichia coli IscS (accession
number A65030); Azotobacter vinelandii
IseS and NifS (AAC24472, P05341); hu-
man IseS (AADO09187); Saccharomyces
cerevisice IscS (Nfsip, tRNA splicing pro-
tein SPL1 M98808), Trichomonas vagina-
Iis IseS (TviseS-2, AAKGED174); Giardia
lambiia Isc8 (AAK39427); Plasmodium
yoelii 1s¢S (EAA21518); Campylobacter je-
Juni NifS (CABT2709); Helicobacter pylori
NifS (D64547); E. histolytica NifS
(AB112427); and Anabaena sp. PCC 7120
NifS (P12623). Conserved residues in-
volved in PLP binding are highlighted
with a grey background. Invariable cys-
teine and other residues involved in sub-
strate binding are boxed with thin lines. A
carboxyl-terminal extension consisting of
20-21 amino acids including the consen-
sus sequence SPL{W/YXE/DXM/LXE/

QQAGIVIDIWVDXXV/VIXWEXY found in

proteobacterial and eukaryotic IseS, and
a similar extension found in nitrogen-fix-
ing bacteria is also boxed with thin lines.
A circle on the alignment (also boxed) in-
dicates the conserved histidine involved
in the substrate deprotonation. Asterisks
indicate identical amine acids; colons and
dots indicate conserved amino acid substi-
tutions; and deshes indicate computer-
generated gaps.
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indicate computer-generated gaps.

contains the E. coli iseSUA-hscBA or sufABCDSE operon in pRENMC,
respectively (6, 8}, pRKEhNIfSU, or pRENMC was introduced into E.
coli strain UT109 [A(iscUA-hscBA):Km*, AlsufABCDSEU)::Gm™] har-
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FiG. 2. Multiple alignment of deduced amino acid sequences of NifU/IsclU/Nfu from a variety of organisms including E. histolytica.
Protein sequences were aligned using the CLUSTAL W program. Sequences are as follows: S. cerevisize Isu2p (NP_014869); E. coli IscU
(AP002562.1)%; G. lamblia IseU (EAA38480); A. vinelandii IscU and NifU (AAC24473, AAA22167); human IscUl (AAG37427); P. yoelii IscU
(EAA18972); Cyanothece sp. PCC 8801 NifU (AAC33371.1); H. pylori NifU (NP_222928.1); €. jejuni Nifll (NP_281434.1); and E. histolytica NifU
(AAKS5709), Conserved cysteine and aspartate residues are boxed with a gray background Unique insertions shared by NifU from E. histolytica
and e-proteobacteria arve boxed. Asterisks indicate identical amino acids; ¢colons and dots indicate conserved amino acid substitutions; and dashes

bering pKO3-SUF, a complementation plasmid carrying E. coli sufAB-
CDSE and the temperature-sensitive replication origin. The transfor-
mants were plated and grown at 30 °C (permissive temperature) and
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Fic. 3. Phylogenetic trees of NifS/IscS and NifU/IseU from a variety of organisms. Phylogenetic reconstructions for NifS/IscS (4) and
NifU/IscU (B) were performed using the CLUSTAL W program, and trees were drawn using the Tree view PPC program. NifS/Ise8: E. colt (CadA
or cysteine sulfinate desulfinase, F65063 and SufS or CsdB, H64925); Synechocystis sp. (ST6601)%; A. thalione (AAF22900); Desulfovibrie
desulfuricans NifS (ZP_00129032.1); Klebsiella prewmonioe NifS (S37298); Gluconacetobacter diazotrophicus NifS (CAA31118.1); Rhizobium sp.
NifS (P55690); Cyanothece sp. PCC 8801NifS (AAC33372.1); Neisseria meningitidis 1s¢S (Z2491); Pseudomonas putida KT2440 (NP_746465);
Candide albicens IscS (P87187); Drosophile melanogaster IscS (AAF53143); Cryptosporidinm parvum IscS (AAK38323.1). NifU/scU: K. pneu-
monige NifU (P05343);, Anabaena variabilis NifU (AAA93019); D. desulfuricans NifU (ZP_00129033% D. melanogaster IstU (NP_649840);
A, thalianae IscUl (NP_193953); Pseudomonas putida KT2440 (NP_746465); Ralstonia metallidurans IscU (ZP_00021929); Vibrio cholerae IscU
(NP_230398); Neurospora crasse IscU (CAAQ4802); C. parvum Iscl) {AALS3713). Also see legends of Figs. 1 and 2 for other proteins. Numbers at
the nodes represent bootstrap values for 1000 replicates. The scele bar indicates Q.1 substitutions at each amino acid position.

43 °C (restrictive temperature) in Luria broth containing 0.5% D-giu-
cose and 10 pg/ml of tetracycline under ambient atmosphere or in
anaerobic culture bags using Anaerocult A (Merck).

RESULTS

Identification and Features of EANIfS and ERNIfU Genes
and Their Encoded Proteins—We identified putative NifS/IseS/
SufS and NifUllseU gene homologs in the E. histolytice genome
database as described in “Experimental Procedures.” Putative
EhNifS and ERNifU genes contained an ORF of 1173 and 1047
bp encoding a protein of 390 and 348 amino acids with pre-
dicted molecular masses of 42.8 and 38.9 kDa and a pI of 5.9
and 5.6, respectively. Neither the PSORT II program, which
predicts protein localization in cells® nor a Kite-Doolittle hy-
dropathy plot suggested any possible cellular localization other
than a cytosolic distribution for both EhNifS and EhNifUU, A
protein alignment of 26 NifS/TscS/SufS homeologs from Archaea,
bacteria, fungi, protists, plants, and metazoa revealed (an
alipnment of only representative members is shown in Fig. 1}
that EhNifS showed greatest homology (52-55% identity) to
NifS from e-protecbacteria Campylobacter jejuni and Helico-
bacter pylori; 37—42% identity to NifS from nitrogen-fixing
Eubacteria including A. vinelandii, Klebsiella pneumoniae, and
cyanchacteria; and 32-33% identity to IscS from nitrogen-fix-
ing and non-fixing Eubacteria, fungi, and cther protists includ-
ing G. lamblia, T. vaginalis, P. yoelii, and Cryptosporidium
parvum, and metazoa. EhNifS also showed limited homology
(21-24% identity) to other (group II) NifS/IscS/SufS homologs
meluding CsdA (cysteine sulfinate desulfinase) and SufS (CsdB
or selenocysteine lyase) from E. eoli, a hypothetical protein
from Synechocystis, and a chloroplast homelog from Arabidop-

5 Internet address: psort.ims.u-tokyo.ac.jo/.

sts thaliana (data not shown; see also “phylogenetic analyses”
and Fig. 34). All of the residues of the active site and amino
acids implicated in the cysteine desulfurase activity were con-
served: (i) His'® (numbered according to EhNifS), which is
involved in the initial deprotonation of the substrate (9); {ii) the
PLP-binding site with the Schiff base-forming aminc acids
Lys?%, Asp*®, and GIn'®® that bind the pyridine nitrogen and
the phenolate oxygen of PLP, respectively; (iii) Thr'®, His2®",
Ser/Thr?®, and Thr?%?, inveolved in the formation of an addi-
tional six hydrogen bonds anchoring the phosphate group of
PLP (2, 9); and (iv) the substrate-binding site including Cys®%°,
which provides a reactive cysteinyl residue (3), as well as
Arg®® Asn® and Asn®®, which anchor the cysteine with a
salt bridge and hydrogen bond (9). A carboxyl-terminal exten-
sion consisting of 20—21 amino acids including the consensus
sequence SPL{W/YXED)MLIX(K/QXGIVIDLIXX/V)X-
WXXX was previously proposed to differentiate proteobacterial
and eukaryotic IscS from homologs of all other organisms (34)
but also is present in nitrogen-fixing bacteria and cyanobacte-
ria (Fig. 1). However, this extension is absent in the NifS
homologs from E. histolytica and e-protecbacteria.

A protein alignment of 21 NifU/TscU/Nfulp homologs from |
Archaea, bacteria, fungi, protists, plants, and metazoa revealed
(an alignment of only representative members is shown in Fig,
2) that EhNifU showed, similar to NifS, greatest homology
(55~56% identity) to NifU from e-proteobacteria and less ho-
mology (32-35% identity) to NifU from diazotrophic Eubacteria
throughout the proteins. The amino-terminal half of EnNifU
(residues 15-151) also exhibited 28-37% identity to IscU from
non-diazotrophic bacteria, fungi, other protists, plants, and
metazoa. The amine terminus of EhNifU showed insertions of
five and six amino acids at {wo positions (38~42 and 118-123),
which are also observed in e-protecbacteria. In addition, the
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carboxyl-terminal half of EhNifU (178-348) showed limited
homology (12-14% identity) to Nfulp homologs from S. cerevi-
sine and A. thalicna. Nine of 12 cysteine residues of EhNifU
(Cys®, Cys®!, Cys'®1, Cys!®, Cys'83, Cys'%, Cys'®?, Cys*!,
and Cys?™) were conserved. These residues include three cys-
teines (Cys®, Cys®!, and Cys'*'} in the amino terminus, which
constitute a binding site for iron and transient Fe-S cluster (5)
and are essential for the function of 1scU, Isulp, and NifU (12,
47). In contrast, Cys®® was conserved only in EhNifU and
among NifU proteins from e-protecbacteria. The central por-
tion of EWNifU contains four conserved cysieine residues,
Cys?®, Cys'®, Cys'®® and Cys!®, which were shown to be
responsible for permanent [2Fe-25]2* cluster binding as de-
scribed in 2 mutational study on A. vinelandii NifU (12). Two
additional cysteines (Cys®®! and Cys®®*) at the carboxyl-termi-
nal region that are present in mammalian Nfu and have been
shown to function as a seaffold protein for one transient {4Fe-
48]** cluster per two Nfu monomers (29) are also conserved in
EhNifU. Asp® was conserved in all species and was implicated
in the release of the NifU-bound transient Fe-S cluster {10).

Phylogenetic Analysis of ERNIfS end ERNifU—NifS/TscS/
SufS homologs were shown previously to form two distinct
groups, 1 and II {48). Distal members of the homologs that
belong to group II (SufS and CsdA) were used as the outgroup
to examine the phylogenetic relationship of EhNifS. IscS from
a wide range of non-diazotrophic Eubacteria other than epro-
teobacteria, fungi, metazoa, and parasitic protists (G. lemblia,
T. vaginalis, P. yoelii, and C. parvum) and NifS from: nitrogen-
fixing Eubacteria formed independent clades that were well
supported by high bootstrap values (99.8-100%) (Fig. 34). The
amebic NifS formed a separate clade (also well supported by a
100% bootstrap value) with e-protecbacteria H. pylori and C.
Jejuni. This, together with high amino acid identities among
this group, reinforces a close kinship of EhNifS with homologs
from e-proteobacteria.

The phylogenetic relationship of EnNifU with 20 other NifU/
IscU homologs from Archaea, bacteria, fungi, protists, plants,
and metazoa was presented as a radial unrooted tree as an
appropriate outgroup was not available (Fig. 3B). IscU from
nitrogen-fixing and non-fixing bacteria, fungi, protists except
for E. histolytica, plants, and metazoa and NifU from nitrogen-
fixing bacteria, cyanobacteria, e-protecbacteria, and E. histo-
Iytica form two independent clades, well supported by high
bootstrap values (92-96%). EhNifU showed strong affinity for
homologs from e-protecbacteria as shown in the case of EnNifS
and represents an independent group well separated from the
group of NifU from nitrogen-fixing bacteria. This, together with
the high amino acid identities and common insertions, clearly
supported a close association of E. histolytica NifU with NifU
from e-protecbacteria. )

Expression and Purification of rERNifS and rERNifU Pro-
teins—The rEhNifS protein was purified at high yield, ~100
mg/l of E. coli culture. Cells, cell extracts, and purified EhNifS
were yellowish in color. The rEhNifS protein revealed an ap-
parently homogeneous band of 45 kDa on SDS-PAGE (Fig. 44),
which was consistent with the predicted size of the deduced
EhNifS protein with the extra 25 amino acids added at the
amino terminus, The purified rEhNifS protein was evaluated
~08% pure by densitometric measurement of the Coomassie-
stained SDS-PAGE gel. The cell pellet of the E, ¢oli that over-
expressed the GST-EhNifU fusion protein was brown in color.
The purified recombinant GST-EhNifU protein also showed &
slight brownish color, characteristic of Fe-S proteins. The re-
combinant GST-EhNifU protein showed an apparently homo-
geneous band of 65 kDa on SDS-PAGE run under reducing or
non-reducing conditions (Fig. 4B, data for under the non-redue-
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F1G. 4. Expression and purification of recombinant EhNifS
and EhNifU proteins. A, EhNifS was expressed as a protein contain-
ing the amino-terminal histidine tag and purified with the Ni**-NTA
column as described in “Experimental Procedures.” The total cell lysate
and samples at each purification step were electrophoresed on 12%
SDS-PAGE gel and stained with Coomassie Brilliant Blue. Lane I,
protein marker; lane 2, control (an E. eoli transformant with pET-15b
control vector); lane 3, total lysate of cells expressing EANIfS; lane 4,
supernatant of lane 3 after 24, 000 X g centrifugation; lene 5, unbound
fraction of the Ni2*-NTA column of lane 4; lane 6, elute from the
Ni?*-NTA column with 100 muM imidazole; lane 7, elute from the gel
filtration column. The right panel shows a Western blot for EhNifS:
lanes 8 and 9, 10 ng of rEhNifS protein and 10 ug of soluble E,
histolytice lysate protein, respectively. B, EhNifU was expressed as a
GST-fusion protein and purified with a glutathione-Sepharose 4B coi-
umn. Lene I, protein marker; lane 2, total cell lysate of an E. coli
transformant expressing EhNifU; lane 3, supernatant of lane 2 after 24,
000 X g centrifugation; lane 4, unbound fraction of the glutathione-
Sepharose 4B column; lane 5, fraction eluted with 10 mu glutathione
from the glutathione-Sepharose 4B column,; lane 6, thrombin-digest of
lane 5; lane 7, purified rERNIfU after the removal of the GST por{ion;
lane 8, GST-EhNifU purified by gel filtration chromatography. The
right panel shows a Western blot for EnNifU: lanes 9 and 10, 10 ng of
rEhNIfU protein and 10 pg of soluble E. histolytica lysate protein,
respectively.

ing conditions not shown), which was consistent with the pre-
dicted size of the deduced monomeric EhNifU protein with the
extra 26-kDa GST fused at the amino terminus. This also
indicates that GST-EhNifU does not form an inter-molecule
disulfide bridge. After final purification, TEhNifU protein was
evaluated ~98% pure. The final yield of purified rEhNifU was
lower than rEhNifS (3 mg/l of E. coli culture). The antibedy
raised against either rEhNifS or rEhNifU recognized an appar-
ently single protein in the E. histolytica lysate, which is similar
in size to YELNifS or rEhNifU, respectively (Fig. 4, A and B,
right panels), confirming the molecular mass of native E. his-
tolytico proteins. We roughly estimated from immunoblots of a

“series of diluted recombinant proteins that the ameba contains

a comparable amount of EhNifS and EhNifU, which consists of

~{(.1% of the total soluble protein (data not shown).
Biochemical Characterization of Recombinant ERNifS—The

purified rEhNifS protein showed an absorption spectrum typ-
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Fig. 5. UV-visible absorption specira and pH optimum of EhNifS protein. A, UV-visible spectra of purified EhNifS protein (1 mg/ml} in
the absence of cysteine (spectrum 0°} and presence of 0.5 m cysteine (spectra 10, 30, and 60 min) in 0.1 M Tris-HC) buffer, pH 8.0, B, the pH effects
on cysteine desulfurase activity of YEhNifS was measured in 50 mM buffers containing 0.5 mM L-cysteine, 1 mym DTT, 10 mm MgCl,, 20 pm PLP,
and 25 pg of purified protein as described in “Experimental Procedures.” Each experiment was carried out at least twice in duplicate.

ical of a PLP-binding protein, a characteristic peak at 370-380
nm (Fig, 54). Incubation with 0.5 mM L-cysteine shifted the
peak to 348 nm, with a broad shoulder at 410 nm (Fig. 54),
similar to NifS from H. pylori (13). In contrast, A. vinelandii
NifS showed major and minor peaks at 416 and 370 nm, re-
spectively, in the presence of L-cysteine (2). The spectral change
was observed previously for NifS-like protein from T. maritima
and proposed to be attributable to deprotonation/protonation of
aldimine, leading to the formation of either germinal diamine
or enolimine species (49), which occurs in conjunction with
persulfide formation (9). The whele reaction required 10--15
min to complete. At 30 min after the addition of cysteine, no
further spectral change was observed. The optimum pH for

EhNifS was 10-10.5; the half-maximum activity was reached
at about pH 9.0 (Fig. 5B). The rEhNifS protein showed cysteine
desulfurase activity, as measured in sulfide production, of ~9.5
nmol/min/mg pure protein with 0.5 mM cysteine, which is com-
parable to NifS from H. pylori (9.9 nmol/min/mg with 50 mm
cysteine) (13) and lower than other bacterial homologs
(A. vinelandii NifS, 89.4 nmol/min/mg with 0.5 mM cysteine (2);
A. vinelandii IscS, 67.6 nmol/min/mg with 2.5 mm cysteine (4);
E. coli IseS, 78 nmol/min/mg with 2.5 mM cysteine (16); E. coli
CED, 3.4 pmolmin/mg (V,,,,) (48); and E. coli SufS, 0.019 or
0.2 umol/min/mg (V,,,) in the absence or presence of SufE,
respectively (25)). Among a variety of possible substrates, Eh-
NifS was shown to be specific for L-cysteine and L-cystine. No
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Fii. 6. Absorption spectrum of Eh-
Nify protein. UV-visible absorption
spectra of EhNifU under non-reducing (as
purified) (solid line) conditions or under
sodium  dithionite-reducing conditions
{clashed line) are shown. The protein con-
centration was 0.8 mg/ml, and the sample
was reduced with a 20-fold molar excess
of sodium dithionite. The dominant
peak at 315 nm in the reduced spectrum
(Ay;5 = 0.972, not shown) was attributa-
ble to dithienite.
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Fi16. 7. Determination of the molecular masses of YEhNif$ and rEhNifU proteins, The molecular masses of rEhNifS and rEhNifU were
determined by gel filtration chromatography on a Sephacryl S-300 HR (60 X 1.6-em) column. The void volume of the column was identified using
blue dextran. Diamonds represent protein markers: ovalbumin (43 kDa), albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), and ferritin
{440 kDa). A circle and a rectangle represent rEhNIfS and rEhNifU, respectively.

sulfide production was observed when p-cysteine, N-acetyleys-
teine, DL-homocysteine, Di-selenocysteine, cysteine sulfinic
acid, or L-cysteic acid was used at up to 5 muM. rERNifS showed
40-50% cysteine desulfurase activity toward iL-cystine (4.0
nmol sulfide/min/mg) in the presence of DTT. Both &lanine and
cyanolysie assays also showed the comparable cysteine desul-
furase activity of rEhNifS (8.1 nmel alanine/min/mg and 8.0
nmol sulfur/min/mg, respectively) with 0.5 muM cysteine,
whereas rEhNifS showed the specific activity of 3.0 nmol ala-
nine/min/mg against L-cystine by alanine assay.

Biochemical Characterization of Recombinant EANifU—
Spectrophotometric analysis of the purified recombinant Eh-
NifU revealed peaks at 330, 420, and 460 nm and a shoulder at
550 nm, which indicates the presence of a [2Fe-28]2~ cluster
(Fig. 6), as described for NifU of A. vinelandii (11). Extinction
coefficients of EhNifU per 38-kDa subunit were also consistent
with the premise that EhNifUJ contains a {2Fe-28]%* center: the

peaks at 330 nm {extinction coefficient, 11700 M~ e ™1), 420
nm (6800 M~ em™?), and 460 nm (7000 M~ em™?), a shoulder
at ~550 nm (4700 ™ em ™), and a ratio between 280 and 335
nm (Agggflsg,) of 0.27. The dithionite-reduced rEhWNIfU
showed, in contrast, a relatively featureless spectrum, which
increased in intensity at shorter wavelengths because of dithioc-
nite. Effects of Fe chelators on the cluster structure were as-
sessed by treating oxidized and reduced rEhNifU with a 40-fold
excess of 2,2’ -dipyridyl or EDTA. No change of Agy, was ob-
served over 2 h (results not shown), indicating that the Fe-S
cluster is either stable or inaccessible to solvent, which is also
similar to A. vinelandii NifU (11). The iron analysis indicates
that EhNifU contains two irons per subunit (2.1 = 0.084 Fe/
subunit from three independent EhNIfU preparations).
Determination of Multimeric Structure of ERNIfS and Eh-
NifU—The cysteine desulfurase activity of rEhNifS was eluted
at the predicted molecular mass of 85-95 kDa (Fig. 7) by gel



