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Figure 6. Notch2 is essential for antiparasite immunity of

NOTCH2 PLAYS AROLE IN MUCOSAL IMMUNITY 133

mast cells in the intestine. N2-MxcKO or control Notch2fox/flox
mice were subcutaneously injected with third-stage infective
larvae of S venezuelensis. (A) The number of mast cells per 10
vcus in the small intestine on day 8 after S venezuelensis
infection. Data are presented as means + SEM. The number of
mast cells was much less in N2-MxcKO mice; n = 3, P = .008592
(total), P = .005695 (villus, epithelium), P = .000715 (villus, lamina
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propria), P = .005245 (crypt, epithelium), and P = .045466 (crypt,
lamina propria). Note that mast cells in N2-MxcKO mice were
abnormally clustered in the lamina propria, whereas most of those
in the control Notch2"xox mice were intraepithelially migrated.
(B) Toluidine blue staining followed by eosin staining of the small
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intestine on day 8; original magnification % 200. (C) The number of
mast cells per 10 vcus in the small intestine on day 13 after
S venezuelensis infection. Data are presented as means = SEM;
n = 3, P = .026076 (villus, epithelium), P = .00194 (villus, lamina
propria), P = .021177 (crypt, epithelium), and P = .019324 (crypt,
lamina propria), P = .047445 (submucosa). (D) Toluidine biue
staining followed by eosin staining of the small intestine on day
13. Original magnification x200. (E) The total number of mast
cells per 10 vcus on day 0, day 8, and day 13 of infection. The total
number of mast cells was significantly lower in N2-MxcKO mice at
the early phase (day 8) and almost equal at the later phase (day
13) to that of control mice. Data are presented as means = SEM;
n = 10 and 8 (day 0, Notch2fexiox and N2-MxcKO); n = 3 and 3
(day 8, Notch2lexflex and N2-MxcKO); n = 4 and 4 (day 13,
Notch2oxox and N2-MxcKO). (F) Time course of egg number in
the stool. The number of excreted eggs was significantly greater
in N2-MxcKO mice compared with those in Notch2fo¥fiox mice.
Data are represented as means *+ SEM; n = 4; P = .0291 (day 8)
and P = .0219 (day 9). (G) Hematoxylin-eosin staining of the
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small intestine on day 12. Original magnification X200. Arrows tip of the villi tip of the vili .
indicate worms. Worms were still observed in the villi in the
jejunum of N2-MxcKO, but not of Notch2xox mice.
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an S venezuelensis—infection model, mast cells increase in number
in the epithelium in control Notch2fe¥*x mice, while they abnor-
mally aggregate in lamina propria in N2-MxcKO mice, especially
in the later stage of infection. This suggests that mast cell migration
from lamina propria toward the epithelium across the basement
membrane is impaired in N2-MxcKO mice. Consequently, mast
cell turnover might be prolonged in N2-MxcKO mice. Given that
the mechanism of mast cell migration from lamina propria toward
the epithelium is common in naive status and infection status, such
migration defect may also explain the mast cell increase in
N2-MxcKO mice in naive status that we observed.

The defect of mast cell migration toward intraepithelium of the
small intestine in N2-MxcKO mice is very similar to that in integrin
B6-deficient mice,'” in which activation of transforming growth
factor (TGF)- signaling is impaired.”’ A crosstalk between Notch
signaling and TGF-p signaling might occur in intestinal mast cells
as well as the cases of other cell types.?' Alternatively, Notch
signaling might directly regulate a downstream target of TGF-B1 in
intestinal mast cell migration (eg, the induction of integrin oE
expression).'?? Integrin «E, forming an integrin « ER7 complex on
mast cells, binds to E-cadherin on epithelial cells and is involved in
mast cell localization in the epithelium.??> The expression level of

integrin «ER7, measured by flow cytometric analysis, however,
was not affected by Notch-ligand stimulation in BMMCs (unpub-
lished data).

In the previous paper we showed that Notch signaling facilitates
mast cell lineage development at the expense of granulocyte/
macrophage development from both common myeloid progenitors
(CMPs) and granulocyte-macrophage progenitors (GMPs) in vitro.!!
Mast cells, however, were not depleted in N2-MxcKO mice in
naive status in vivo, but rather slightly increased in the small
intestine of N2-MxcKO mice. This clearly indicates that Notch2
signaling is dispensable for steady-state mast cell generation in
vivo. However, the dynamic increase of mast cells during the early
phase of intestinal parasite infection was markedly impaired in
N2-MxcKO mice. The mechanisms underlying the Notch2 signal-
ing requirement only in parasite-infected mice remain to be
clarified. Nevertheless, rapidly increasing intestinal mast cells have
to be supplied by mast cell progenitors. The pathways and
mechanisms responsible for mast cell progenitor recruitment and
trafficking are likely to be dynamic and susceptible to modification
during inflammation.! Such a modulation of the mast cell genera-
tion pathway during intestinal infection might underlie the require-
ment of Notch2 only during parasite infection. This is similar to
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IL-3—deficient mice. IL-3 is essential for mast cell differentiation in
vitro; however, IL-3—deficient mice have the normal number of
mast cells at the steady state, whereas mast cell hyperplasia is
impaired upon intestinal parasite infection.?

Our data showed that parasite expulsion was impaired in
N2-MxcKO mice. We could not exclude the possibility that the
Notch?2 deletion in immune cells other than mast cells modulate the
response against the nematode infection. If we could show that
Th2-conditioned wild-type BMMCs successfully eradicate S ven-
ezuelensis in W*/W*" mice and that Notch2-null BMMCs do not, it
would be clearer that Notch2 signaling in mast cells per se but not
in other immune cells should be critically important for defense
against S venezuelensis infection. The failure of rescue experiments
may be caused by the abnormal mast cell distribution pattern of
wild-type BMMCs in W**/W*" mice. Nevertheless, the result of this
experiment supported the previous finding that the proper epithelial
migration of mast cells is required for efficient expulsion of
S venezuelensis* and thus provides an insight that the impaired
S venezuelensis expulsion in N2-MxcKO mice is attributed to the
mast cell-autonomous deletion of Norch2.

In conclusion, our data clearly indicate that Notch2 receptor
signaling is specifically required for proper intestinal mast cell
distribution in a cell-autonomous manner. Furthermore, involve-
ment of Notch2 signaling in mucosal immunity was proven,
particularly for eradication of infected parasites, although whether
this is due to the Notch2 signaling in mast cells is yet to be
elucidated.
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A female of Onchocerca sp. was found to be the probable causative agent of a subcutaneous nodule in the left
knee of a 70-year-old man in a rural area of Hiroshima Prefecture, Honshu, the main island of Japan. We
compared the characteristics of the agent with the features of the four previously suspected species found in
cattle and horses in various parts of the world, as well as O. lupi and O. jakutensis that were suspected or
proved, respectively, in zoonotic cases in Europe. In addition, the morphologic characteristics of this parasite
were compared with those of the four Onchocerca species found in wild animals in Japan. Based on such
characteristics as the large triangle ridges, the considerable distance between any two adjacent ridges, and
the absence of inner cuticular striae in the longitudinal sections, we found the causative agent in the present
case to be identical to the female of Onchocerca dewittei japonica. All five previous cases of zoonotic
onchocerciasis in Japan had been found in Oita, Kyushu, the main southern island. This human case caused by
O. dewittei japonica suggests that zoonotic onchocerciasis is liable to occur in rural areas in Japan where wild

boar, Simulium vectors, and humans overlap.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Zoonotic filariasis is an infection found in humans which is caused
by filarioids of animals [1]. Numerous human cases caused by
members of the genus Dirofilaria have been found throughout the
world [2]. In contrast, human cases caused by Onchocerca species
parasitic in animals are rare; the first of 15 cases known to date was
reported in Ukraine in 1965. Five human cases in Europe, five in Japan,
four in North America, and one on the Arabian Peninsula have been
discovered worldwide [3-18].

In zoonotic onchocerciasis, the causative agents suspected are
O. gutturosa Neumann, 1910 from cattle and O. cervicalis Railliet and
Henry, 1910 from horses [3-8,13]. Much more recently, in Japari,
Onchocerca dewittei japonica Uni et al,, 2001;[19] from wild boar was
identified in four of the most recent five cases in Oita, Kyushu, the main
southern island of Japan [9,12,14,15]. In retrospect, O. lupi found from
dogs was suspected to be responsible for subconjunctival infections

* Corresponding author. Tel.: +81 6 66453760; fax: +81 6 66453762.
E-mail address: uni@med.osaka-cu.ac.jp (S. Uni).

1383-5769/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.parint.2010.05.006

[3,11] in which the causative agent could not be unambiguously
determined in Europe [20]. Finally, Onchocerca of the red deer, O.
Jakutensis (Guvanov, 1964) was identified in a patient in Austria [17].

Here we present a new case of a zoonotic onchocerciasis found
from a patient living in a rural area of Hiroshima Prefecture in Honshu,
the main island of Japan.

2. Case study

The patient, a 70-year-old man living in Fuchu City, Hiroshima
Prefecture, found a nodule on the left knee in the beginning of the year
2009 and reported feeling pain in the nodule in May 2009. The nodule,
2 cm in diameter, was surgically removed from the subcutaneous
connective tissue at the knee at the Shobara Red Cross Hospital in
Hiroshima Prefecture in July 2009. The mass excised (1x2 cm) was
fixed in 4% paraformaldehyde for 24 h and embedded in paraffin, a
routine process. The sections were stained with hematoxylin and
eosin. Histologic sections examined: S3-1, $3-2, $3-4, and S7-9.

A coiled worm was found in the nodule and several longitudinal,
oblique, and transverse sections of the main part of the body (midbody)
of the worm were examined with a microscope (Fig. 1; 1-5). The worm
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was a female with its uteri in which microfilariae or embryos were not
seen (Fig. 1; 1 and 4). In addition, a section of the thin anterior part,
83 um wide, with the esophagus and asection of the posterior part of the
worm, 125 pm wide, were found. Thus, this nodule was occupied by one
female adult.

In the longitudinal sections of the worm (Fig. 1; 2), the external
transverse ridges were salient on the cuticle and the distance between
two adjacent ridges in the main body is shown in Table 1. Our ex-
amination revealed two adjoining ridges of one side indicated by two
arrows; an arrowhead indicated a small overlapping ridge of the
other side (Fig. 1; 2). The distance between the ridges was therefore
measured on the ridges of the one side. The ridges formed a sharp
triangle (Fig. 1; 3). The cuticle was divided into two main parts of
equal thickness and no inner striae were found on the middle line
(Fig. 1; 3).

In the transverse sections of the main body, the cuticle was composed
of four layers, the muscle cells were 42-52 in number, and the two

lateral chords were large. No inner projections of the cuticle were found
at the lateral chords. The transverse sections of the midbody were round
and lateral thickening of the cuticle was not seen (Fig. 1; 4). The
differences of the thickness of the cuticle can be seen at the ridge in Fig. 1;
5.The difference (30 um) between the thick cuticle (55 pm) and the thin
cuticle (25 pm) corresponded to the height of the ridges of O. dewittei
japonica (Table 1).

Regarding the histologic reaction of the host, the worm was
surrounded with eosinophilic exudate in the center of the granuloma
while away from the center, macrophages, neutrophils, eosinophils,
and lymphocytes had infiltrated the granulomatous tissue (Fig. 1; 1).
Macrophages and eosinophils intensively accumulated around some
sections of disintegrating parts of the worm (Fig. 1; 5) but neutrophils
were very scarce.

The patient, a farmer, lives in a rural area near mountains inhabited
by wild boar. He has never been outside Japan and had not visited Oita,
Kyushu, within the past several years. He has not raised pets such as

Fig. 1. Histologic sections of a female Onchocerca dewittei japonica, found in a nodule excised from the left knee of a 70-year-old man. The sections are stained with hematoxylin and
eosin. Bars, micrometers. 1. A coiled female with transverse ridges (arrows) on the cuticle and the uteri (U) in the pseudocoelom. 2. The salient transverse ridges (arrows) of one side
and a small ridge (an arrowhead) of the other side (semicircular ridges are overlapping at the lateral field, see text). 3. The triangle ridge in the longitudinal section: height (H) and
width (W), and the lack of the inner striae at the dotted line with an arrow in the cuticle. 4. The transverse section at the midbody with thick cuticle, muscle cells, and two large lateral
chords (arrows). Two empty uteri (U) and intestine (1) in the pseudocoelom. 5. In the transverse section, a thick portion of the cuticle indicates the ridge (an arrow). The section is

intensively surrounded by macrophages (*).
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Table 1
Comparison of histologic characteristics of Onchocerca sp. found from a human nodule with females of Onchocerca species known in Japan.
= Onchocerca sp. 0. gutturosa 0. lienalis 0. skrjabini 0. eberhardi -~ - 0. suzukii - 0. dewittei
_(present study) . ; : : S * japonica
270310 170-250°, 140— - 180-200"",180-220°"*, 170-300 - 60-170 . 228-430 180-310
Sear ; - 2D5 TN 200—309""“ £150-220%**** : 3 3 e e SR
210-280 50-75**,70-80***, 30-40*", 48-55 25-40 “Noridges . 185-290
iR ,87-'165””“ 25-45%%re GO¥Here : Sollie Y oty . : :
Tmngle Rourided ridges © Small, rounded ridges  Small ridges - Small, rounded ~ No ridges Triangle
(13-25/23-28). (5/127,4-5/5-107"%, - (3/15-23"*"*) (6/12) ridges (3/8) : (8-23/23-30)
©130-40 4 30**,:25-35"** 12-—17""’, 10%**** 20-30 28-32 15-50° --10-32
Ea : 3:”' '4&:8”7','2—4‘”:'7' 246\-’ x_sn’ FRAEE ; 3.4 2 _. 'NODE:V:‘ V‘None 9y
. 13/547 16-21/52-63"" 15-25/50-88 10/38 5-37/125-132 10-18/45-63
g Sopren 23 12 e
: 40r 3 25-40 15-18. 30-38 4550 °
Diameter of intestine  15-18 20-34** v Nt 38-68 a 15-20 20-48 15-17 .
Host(s) 4 - Human Cattle Cattle : . Deerand serows ' . Deer =’ ~ Serows - Wild boar
Histologic sections Sections (S3-1, S3-2,. **[5]; ***[22]; ****[23]; **[5]; ****[23]; *** Sections (YG2-31) . Sections - Sections . Sections
and references '83-4, 57-9) from xrexn24) [24]; ™**14] from a serow. (S57-F3) from. - (YG2-35) from - (B57-1) from a
a human a deer ~aserow wild boar

Dimensions in micrometers.
"H/W: height/width.

dogs and cats. Immunologic deficiency was not found in his laboratory
examination at the hospital.

3. Discussion

In the longitudinal sections, the presence of the transverse ridges
on the cuticle of the worm appeared to be typical of a female of the
species among the genus Onchocerca: 28 species and one subspecies
(0. dewittei japonica) with the ridges on the cuticle of the female
worms and three species without the ridges [21].

The present causative agent can be distinguished from 0. gutturosa
and O. lienalis, the two species found in cattle. In these species, the ridges
(evident in the posterior part in O. lienalis) are rounded, not triangular;
the distance between adjacent ridges is smaller; and the females possess
inner striae in the cuticle (Table 1), [5,22-24]. In addition, the female of
0. lienalis has fine, irregular longitudinal striations on the outer surface
[23]. The females of O. cervicalis and O. reticulata from horses have
the inner striae in the cuticle and shorter distance between adjoining
ridges than that of the causative agent [22]. These four Onchocerca
species from domestic animals can therefore be excluded from con-
sideration as the causative agent in this case.

The present agent was distinguished from O. lupi and O. jakutensis
in such characteristics as the distance between ridges, the shapes of
the ridges, and the inner striae [20,25].

To compare the causative agent with the Onchocerca species
already found from wild ungulates in Japan, we used portions of the
collections of the histologic sections made from females of Onchocerca
species in the Department of Medical Zoology, Osaka City University
Medical School (Table 1) and published descriptions of these species.
In Table 1, O. skrjabini Rukhlyadev, 1964, taken from a serow, is
distinguished from the present human-case causative agent, owing to
great differences in such principal characteristics as the distance
between adjacent ridges, shape of the ridges, and the inner striae in
the cuticle [26,27]. Onchocerca eberhardi Uni et al., 2007 taken from a
sika deer differs from the causative agent in the diameter of the
midbody as well as such characteristics as the distance between the

ridges, the shape of ridges, and the inner striae [21]. In O. suzukii Yagi
et al,, 1994 taken from a serow, the transverse ridges are absent on
the cuticle [27].

On the contrary, O. dewittei japonica taken from a wild boar was
found to be identical to the present human-case causative agent in
the distance between adjacent ridges, the shape of the ridges, the lack
of inner striae in the cuticle, and other dimensions such as the body
width, number of muscle cells, and size of lateral chords (Table 1)
[19]. Therefore, comparison of the causative agent of the human case
with the Onchocerca species, either outside Japan or present in Japan,
indicated that the agent was a female adult of O. dewittei japonica.

Detailed examinations of the histologic sections of O. dewittei japonica
found both in a human (the present study) and from wild boar now allow
us to identify retrospectively this species as the causative agent of the
first human case in Japan [7,8] which had been suspected as O. gutturosa
or O. cervicalis. Uni et al. [19] described the ridges of O. dewittei japonica
female as semicircular, with double thickness of the cuticle on the
transverse sections. Thus, the difference in the cuticular thickness has a
specific value to suggest the presence of salient ridges in transverse
sections. In the slightly oblique section shown in their Fig. 3 of the first
human case [7], it is our consideration that the difference (24 pm)
between the thick cuticle (36 pm) (with the transverse ridge) and
the thin cuticle (12 pm) (without ridges) corresponds to the height
(8-23 pm) of ridges on 0. dewittei japonica rather than that (4-13 um)
of those on O. gutturosa (Table 1). The difference in the cuticular
thickness therefore indicates that the causative agent in the first human
case found was O. dewittei japonica also, but this species had not yet
discovered from wild boar at that time.

Wolbachia bacterial endosymbionts were found in O. dewittei japonica
[28, Casiraghi et al,, ongoing work]. It is indicated that (1) Wolbachia
stimulate neutrophil infiltration in onchocercomata caused by Wolbachia-
positive filariae and that (2) eosinophils accumulate to kill the parasites
after elimination of the Wolbachia by antibiotics [29,30]. Histologic
examination showed that, rather than neutrophils, macrophages and
eosinophils were abundant around the sections of the worm. The
endosymbionts appear to have been destroyed in the altered parts of

-285-



480 S. Uni et al. / Parasitology International 59 (2010) 477-480

the worm; the neutrophils appear to have already been replaced with
eosinophils in the course of the death of the parasite in the immunological
environment.

Until now, all four known cases of zoonotic onchocerciasis caused by
O. dewittei japonica parasites found in wild boar (plus probably an
earlier case, examined in retrospect) were limited only to Oita, Kyushu.
However, the present findings indicate that zoonotic onchocerciasis has
occurred in at least one other island of Japan as well. The prevalence of
0. dewittei japonica in wild boar, as measured by the presence of
microfilariae in skin snips, was high in and near Hiroshima Prefecture:
78% (31/40) of wild boar were found to harbor this filarioid in Shimane
Prefecture adjoining Hiroshima Prefecture, examined between 2005
and 2006, and was close to the prevalence of the parasites (40/45, or
89%) in wild boar in Oita, Kyushu, in 2003. In Wakayama Prefecture,
located in the west-central part of Honshu, 77% (23/30) of wild boar
harbored this filarioid in 2007. Thus, as in Kyushu, almost all wild boar
over one year old in the western part of Honshu examined, were found
to harbor O. dewittei japonica (Uni et al., unpublished data).

Having obtained experimentally the infective larvae of O. dewittei
Jjaponica from several kinds of black flies [31], and having identified as
0. dewittei japonica the larvae from black flies caught in Oita, Fukuda et
al. suggested that Simulium bidentatum is a vector in the transmission of
the zoonotic onchocerciasis caused by O. dewittei japonica in Oita [32].
The black fly inhabits Honshu and Shikoku as well as Kyushu and bites
both animals and humans. In the present case, DNA sequences of the
mitochondrial CO1 gene obtained from the causative agent, embedded
in paraffin for histologic examination, showed high similarities to those
of O. dewittei japonica [33, Fukuda et al., in preparation].

In Japan, the habitat of the wild boar (estimated population:
several hundred thousands) has recently broadened in the western
part of Honshu, Shikoku, and Awaji-shima Island as well as Kyushu,
because the annual snowfall has decreased, rice fields left unused by
migration of segments of the work forces away from rural areas are
favorable habitat for wild boar, and the population of hunters has
largely decreased [34]. Therefore, the present human-host case
caused by O. dewittei japonica suggests that zoonotic onchocerciasis
is now liable to occur in other rural areas in Japan, or wherever wild
boar and humans are in close proximity and the Simulium vectors are
known, as well as in Oita.
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The trypanosome alternative oxidase (TAO) functions in the African trypanosomes as a cytochrome-
independent terminal oxidase, which is essential for their survival in the mammalian host and as it does not
exist in the mammalian host is considered to be a promising drug target for the treatment of trypanosomiasis.
In the present study, recombinant TAO (rTAO) overexpressed in a haem-deficient Escherichia coli strain
has been solubilized from E. coli membranes and purified to homogeneity in a stable and highly active form.
Analysis of bound iron detected by inductively coupled plasma-mass spectrometer (ICP-MS) reveals a
stoichiometry of two bound iron atoms per monomer of rTAO. Confirmation that the rTAO was indeed a diiron
protein was obtained by EPR analysis which revealed a signal, in the reduced forms of rTAO, with a g-value of
15. The kinetics of ubiquiol-1 oxidation by purified rTAO showed typical Michaelis-Menten kinetics (K, of
338 UM and Vy,ax of 601 pmol/min/mg), whereas ubiquinol-2 oxidation showed unusual substrate inhibition.
The specific inhibitor, ascofuranone, inhibited the enzyme in a mixed-type inhibition manner with respect
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to ubiquinol-1.
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1. Introduction

Trypanosoma brucei is a parasite that causes African sleeping
sickness in humans and Nagana in livestock and is transmitted by the
tsetse fly. There is an urgent need for further development of chemo-
therapy against African trypanosomiasis since current chemothera-
peutic drugs are not entirely satisfactory [1].

Trypanosomal parasites are equipped with a unique energy
metabolism, they live as the bloodstream form in the mammalian
host and as the procyclic form in the vector. The procyclic form of
T. brucei fulfills its ATP requirement from a cyanide-sensitive and

Abbreviations: AOX, alternative oxidase; DM, n-dodecyl-f3-p-maltopyranoside; EPR,
electron paramagnetic resonance; ICP-MS, inductively coupled plasma-mass spec-
trometer; IPTG, isopropyl, (3-p-1-thiogalactoside; ke,, molecular activity; C10E8,
octaethylene glycol-monododecylether; OG, n-octyl-3-d-glucopyranoside; rTAO, re-
combinant trypanosome alternative oxidase; SHAM, salycylhydroxamic acid; TAO,
trypanosome alternative oxidase; Ubiquinol, reduced form ubiquinone
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cytochrome-dependent respiratory chain comparable to that observed
in the host mitochondria, whereas in the bloodstream form, trypano-
somes use the glycolytic pathway, which is localized in a unique
organelle the glycosome, as their major source of ATP [2-5]. Once the
parasites invade the mammalian host in the bloodstream form, both
its cytochrome-dependent respiratory chain and ATP synthesis by
oxidative phosphorylation disappear [2,5]. Instead a cyanide-resistant
and cytochrome-independent trypanosomal alternative oxidase
(TAO) functions as the sole terminal oxidase to re-oxidize NADH
accumulated during glycolysis [5].

TAO is generally considered to be a good target for the anti-
trypanosomal drugs because this oxidase is essential for their survival,
since it reoxidises cytosolic NADH, and mammalian hosts do not
possess this protein [5,6]. Indeed, we found that ascofuranone, isolated
from the pathogenic fungus Ascochyta visiae, specifically inhibits
the quinol oxidase activity of TAO and rapidly kills the parasites [7].
In addition, we have confirmed the chemotherapeutic efficacy of
ascofuranone in vivo [8,9].

The alternative oxidase (AOX) is a non-protonmotive ubiquinol
oxido-reductase catalyzing the 4-electron reduction of dioxygen to
water [5,10-12]. Genes encoding AOX have been found in higher
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plants, algae, yeast, slime molds, free-living amoebae, eubacteria and
nematodes [13-16]. Moreover, recent bioinformatic searches have
broadened the taxonomic distribution of AOX to some members of the
animal kingdom [17]. The primary role of AOX in non-thermogenic
plants is to regulate cellular redox balance and to protect against
reactive oxygen species particularly when the cytochrome pathway is
inhibited [18-20]. In addition to this role, many other physiological
roles have been described for AOXs in other organisms and these have
been discussed in detail elsewhere [13,21]. The ubiquitous occurrence
of AOX may suggest that the metabolic flexibility that the alternative
pathway confers upon an organism allows it to respond to a wide
range of developmental and environmental conditions [22].

Despite universal conservation of the gene and diversified
physiology, the molecular features of AOX have not yet been well
characterized. Although no high-resolution AOX structure has been
determined to date, current structural models predict that it is an
integral interfacial membrane protein that interacts with a single
leaflet of the lipid bilayer, and contains a non-haem diiron carboxylate
active site [23,24]. This model is supported by extensive site-directed
mutagenesis studies [18,25-29] and furthermore both EPR and FTIR
spectroscopies have confirmed the presence of a binuclear iron center
in both the plant and trypanosomal enzymes [30-32].

- Further detailed structural and biochemical analyses of AOXs,
however, requires further development of purification protocols to
produce sufficiently purified and highly active protein to enable
crystallization trials and kinetic analyses to proceed. In this paper, we
report on the further refinement of our previous protocol through
over-expressing rTAO in an E. coli AhemA mutant (FN102) strain,
which lacks quinol oxidase activity of cytochrome bo and bd
complexes [33-35]. Purified rTAO protein is highly active and exhibits
an exceptional stability upon storage. The analysis of the prosthetic
groups by inductively coupled plasma-mass spectrometer (ICP-MS)
and electron paramagnetic resonance (EPR) reveals the presence of
two ferric ions stoichiometrically bound per rTAO monomer. To our
knowledge this is the first direct confirmation of two ferric irons per
AOX. Furthermore we show that purified rTAQ is potently inhibited by
ascofuranone with mixed function kinetics.

2. Materials and methods
2.1. Preparation of membrane sample

The strain FN102/pTbAO carrying cDNA for T. b. brucei TAO [36]
was pre-cultured at 37 °C in 100 ml of LB medium containing 10 mg
ampicillin, 5 mg kanamycin, and 5 mg 5-aminolevulinic acid for
4-6 h. The pre-cultured cells were aerobically grown at 30 °C in 10 1 of
S-medium containing 100 g tryptone peptone, 50 g yeast extract, 50 g
casamino acid, 104 g K;HPO4, 30 g KHoPOy, 7.5 g trisodium-citrate - 2H,.
0,25 g (NHy4)2504, 0.5 g MgS04-7H,0, 0.25 g FeSO4- 7H,0, 0.25 g FeCls,
0.2%(w/v) glucose, and 1 g carbenicillin. The culture was initiated at O.
D.soo=0.01 and expression of rTAO was induced by the addition of
isopropyl -p-1-thiogalactoside (IPTG) (25 uM) at O.D.ggo=0.1. Cells
were harvested 8-10 h following induction and were resuspended in
50mM Tris-HCl (pH 7.5) containing 20%(w/w) sucrose, 0.1 mM
phenylmethane sulfonyl fluoride (PMSF) and protease inhibitor
cocktail (Sigma) and broken by a French Pressure Cell (Ohtake,
Tokyo). Unbroken cells were removed by centrifugation at 8000 g for
10 min (Hitachi 21G). Inner membranes of FN102/pTbAO were
fractionated in high density sucrose after ultracentrifugation at
200,000¢ for 1h at 4°C (Hitachi 85H) (35 ml of supernatant was
overlaid over 35 ml of 50 mM Tris-HCI pH 7.5 containing 40%(w/w)
sucrose per ultracentrifuge tube). Buoyant inner rich membranes upon
40%(w/w) sucrose layer were fractionated and the inner membrane
pellet was separated by further ultracentrifugation at 200,000 gfor1h
(HITACHI 85H). The membrane pellet was resuspended in 50 mM Tris—
HCI (pH 7.5) containing 20%(w/w) sucrose.

2.2. Solubilization

Membranes were treated with solubilization buffer (6 mg/ml
protein in 50 mM Tris-HCl, 1.4%(w/v) n-octyl-B-p-glucopyranoside
(0G), 200 mM MgS0y, 20%(v/v) glycerol, pH 7.3) at 4 °C and imme-
diately ultracentrifuged at 200,000 g for 1 h at 4 °C. The quinol oxidase
activities of the samples before centrifugation, as well as that of
supernatant and pellet were determined.

2.3. Purification of rTAO

Hybrid batch/column procedure described in the manufacturer's
instruction was used as stated below. Ten milliliter of the resin (BD
Bioscience, TALON Metal Affinity Resin) was equilibrated in a batch
format by 100 ml of equilibration buffer (20 mM Tris-HCl, 1.4%(w/v)
OG, 100 mM MgS0,, 20%(v/v) glycerol, pH 7.3). Twenty milliliter of
OG extract was mixed with the resin for 20 min at 4 °C. The resin was
washed twice with 100 ml of wash buffer (20 mM Tris-HCl, 20 mM
imidazole, 0.042%(w/v) n-dodecyl--p-maltopyranoside (DM), 50 mM
MgSO4, 20%(v/v) glycerol pH 7.3) and the resin bound rTAO was
transferred to a column for additional washing with 20 ml of second
wash buffer (20 mM Tris-HCl, 165 mM imidazole, 0.042%(w/v) DM,
50 mM MgS0,, 20%(v/v) glycerol pH 7.3; flow rate 1 ml/min) and
protein elution. Finally, rTAO was eluted with elution buffer (20 mM
Tris-HCl, 200 mM imidazole, 0.042%(w/v) DM, 50 mM MgS0,, 60 mM
NaCl, 20%(v/v) glycerol pH 7.3; flow rate 1 ml/min). Fractions (4 ml
each) were collected.

24. Quantitative analysis of metals and EPR spectroscopy

Three independent preparations of rTAO were analyzed (details in
Section 3). Each sample solution containing 0.1 g of rTAO was added
to 1 ml of nitric acid and 7 ml of water. Organic compounds were
hydrolyzed by microwave-assisted protein digestion system (Ethos
Pro, Milestone General). Fe, Mn, Cu, Zn and Co in each sample were
quantified by inductively coupled plasma-mass spectrometer (ICP-
MS, ELAN DRC PerkinElmer Japan). Analysis was performed by the
Sumika Chemical Analysis Center (Osaka, Japan). Protein concentra-
tion was determined by the Lowry method.

EPR spectra were recorded on a JEOL X-band JES-FA300 spec-
trometer equipped with an ES-CT470 Heli-Tran cryostat system and a
Scientific Instruments digital temperature indicator/controller model
9700a. For EPR analysis of 1TAO, 13 mg/ml purified rTAO was frozen
in EPR tubes in liquid nitrogen. The purified rTAO was reduced by
2 mM dithionite and 1 mM phenazine methosulfate prior to freezing.

2.5. Ubiquinol oxidase assay

Ubiquinol oxidase activity was measured by recording the absor-
bance change of ubiquinol-1 at 278 nm (Shimadzu spectrophotom-
eter UV-3000). Reactions wete started by the addition of ubiquinol-1
(final concentration 150 pM, £73 = 15,000 M~ ! cm™") after 2 min
preincubation at 25 °C in the presence of rTAO and 50 mM Tris-HCl
(pH 7.4). For the enzyme kinetics of purified rTAO, the reaction was
initiated by the addition of ubiquinol-1 after 2 min preincubation at
25 °Cin the presence of rTAO and 50 mM Tris-HCl (pH 7.4) containing
0.05%(w/v) octaethylene glycol-monododecylether detergent
(C10ES).

2.6. Chemicals

All chemicals were biochemistry grade. Ubiquinone-1 and prote-
ase inhibitor cocktail were purchased from Sigma-Aldrich. The other
detergents were purchased from Dojin Chemicals (Tokyo, Japan).
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3. Results
3.1. Purification of fully active TAO

Although we previously established a protocol for the overpro-
duction of rTAO in E. coli FN102 (AhemA) lacking cytochrome bo and
bd complexes of the bacteria, the yield of the active enzyme was too
low to analyze its prosthetic group [36]. Such a preparation also
hampered the determination of kinetic parameters of rTAO such as its
molecular activity. Therefore, conditions for the expression of rTAO
and purification protocols were optimized to obtain large quantities of
active and stable rTAO to enable such determinations. Three factors
were critical to obtain large amounts of active rTAO, namely, growth
time of the culture prior to addition of IPTG, absolute concentration
of IPTG, and the use of purified inner membranes as the starting
material.

After extensive screening of detergents and additives to establish
the procedure for efficient extraction of active rTAO from the inner
membranes, we found that n-octyl-3-p-glucopyranoside (OG) specif-
ically solubilized rTAO as shown in Table 1 (specific activity increased
from 23.3 to 63.2 pmol/min/mg after solubilization). Approximately
60% of the membrane quinol oxidase activity was recovered with
1.4%(w/v) OG in the extract (Sup. Fig. 1). Thus, recovery of the activity
was significantly higher than that of previously reported digitonin
extraction (17%) [36]. Following solubilization, it was possible to
maintain enzymatic activity for at least 1 month at 20 °C,

Since rTAO was fused with N-terminal histidine tag, solubilized
r'TAO was purified by cobalt affinity chromatography. Although the
enzyme solubilized by OG was bound to the cobalt affinity resin in
the presence of OG, it was not possible to elute bound rTAO from the
resin with buffer containing OG. Interestingly, however, we found
that 100% of the rTAQ activity could be recovered from the column
when OG in the washing and elution buffers was exchanged with
n-dodecyl-p-p-maltopyranoside (DM). In the final step, purified
I'TAO was obtained by a two-step elution with 165 mM and 200 mM
imidazole, which resulted in a very efficient purification of active
r'TAO in the presence of DM. A typical elution profile of quinol oxidase
activity with increasing imidazole concentration is shown in Sup.
Fig. 1B. Purified rTAO, with a molecular mass of 34 kDa, was estimated
to be 95% pure by SDS-PAGE (Fig. 1A, lane 5). In addition to the 34 kDa
band, it is apparent that other bands are also present including two
with a smaller size than rTAO and one band with an approximate
molecular mass of 74 kDa. Since all of these bands were recognized
in Western blot using a monoclonal antibody against TAO (Fig. 1B),
the smaller protein bands possibly represent proteolytic breakdown
products whilst the 74 kDa band most likely represents the dimeric
form of rTAO. The specific activity of purified rTAO was more than
200 wmol/min/mg protein when 150 M of ubiquinol-1 was used as a
substrate, which had a five-fold higher activity than that of the pre-
viously purified rTAO (approximately 40 umol/min/mg) [36]. Quinol
oxidase activity of purified rTAO was insensitive to 5 mM KCN but was
completely inhibited by 10 nM ascofuranone. A greater than 35-fold
increase in purification was achieved using the techniques described
above, and 13.2% of the total activity was recovered from the lysate of

Table 1

Purification of rTAO.
Fractions Total activity Protein Specific activity Recovery

(umol/min) (mg) (pmol/min/mg) (%)

E. coli lysate 14100 2410 5.85 100
Inner membrane 3500 150 233 248
0OG extract 2400 379 63.2 17.0
Co-column 1860 895 207 13.2

The activities listed here were measured using 150 pM of ubiquinol-1. Fractions (eluate
numbers 6-13 in Supplemental Fig. 1B) were collected as purified rTAO after co-
column.
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Fig. 1. SDS-PAGE and Western blotting of rTAO in purification steps. A: CBB-staining
12.5% SDS-PAGE of each fraction from the cobalt column chromatography. Lane 1,
marker; lanes 2 and 3, each 5 ml of OG extract and flow through fraction; lane 4, 500 ml
of wash fraction; and lane 5, 60 ml of eluted fraction collected from fractions 6-12.
Loading samples on lanes 2 to 5 were precipitated with acetone. B: Western blot of
purified rTAO. The same sample to lane 5 in panel B was electrophoresed on 12.5%
polyacrylamide gel. Monoclonal antibodies were used against highly purified rTAQ
obtained by a nickel column in the presence of guanidine. Epitope recognized by this
antibody is the C-terminal domain of the enzyme. The arrow indicates rTAO with an
apparent molecular mass of 34 kDa.

FN102/pTAO cells as summarized in Table 1. Such procedures resulted
in approximately 10 mg of highly purified rTAO from a 10 I culture.

3.2. Iron content in purified TAO

Since a highly active and stable purified rTAO could be obtained by
the protocol described above, the metal content of purified rTAO was
measured by ICP-MS. On the basis that TAO has a diiron center as
previously proposed [23,24], then two equivalents of iron should be
detected per monomer of rTAO. To this end we analyzed the iron
content of purified native rTAO, inactive rTAQ, denatured rTAO, and
iron within the buffer eluted from the cobalt-column. Purified native
1TAOs derived from three independent E. coli cultures were precipi-
tated by PEG 3350 and resuspended in the elution buffer at three
different concentrations as shown in Sup. Table 1. To prepare inactive
rTAO, precipitated rTAO was resuspended in 50 mM Tris-HCl pH 7.4,
which resulted in complete loss of enzyme activity. Denatured rTAO
was prepared by resuspending the precipitant in elution buffer con-
taining 6 M guanidine-HCl and 0.3 M EDTA. Metal contents in these
preparations were 9000 ng/ml, 2900 ng/ml and 1800 ng/ml of Fe
respectively for the native rTAO (3.71, 1.19 and 0.80 mg/ml), 230 ng/
ml, 100 ng/ml and 28 ng/ml of Fe for inactive rTAO, denatured rTAO
and the elution buffer, respectively (Sup. Table 1). From these results,
the stoichiometry of bound iron per rTAO monomer can be deduced as
indicated below, based on the following parameters namely, a molec-
ular mass of rTAQO of 39,391 Da (including the 6 x histidine tag), purity
of 95% based on SDS-PAGE gels, and the atomic weight of Fe being
55.85. Thus the ratio of iron atoms per rTAO is 1.76 for native rTAQ
and 0.2 and 0.08 in inactive rTAO and denatured rTAO, respectively
(Table 2). This data indicates that one monomer of TAO possesses two
atoms of iron which are released during inactivation or denaturation
of the enzyme. To our knowledge, this is the first direct measurement
of iron in purified AOX and the stoichiometry is consistent with the
active site of AOX being a diiron carboxylate-center.

Other metals including Mn, Cu and Zn were also analyzed (Sup.
Table 1). In all cases, these metals were below their detection limit
(10 ng/ml sample solution) or background level. Although cobalt was



