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Fig. 1. Life cycle of Ascaris suumn. Fertilized eggs embryonate and become infective third-stage
larvae (L3) under normoxic conditions. 1.3 are ingested by the host and hatch in the small
intestine. Afterwards, larvae migrate into the host organs (liver, heart, lung, pharynx), and
finally reach the small intestine and develop into adult worms. In the small intestine, the
oxygen concentration is lower than 5%,

(CyblL), and the small (CybS) subunit, and functions as a succinate—
ubiquinone reductase in the aerobic respiratory chain (Kita and
Takamiya, 2002; Sakai et al., 2012). In a previous study, we showed
that A. suum mitochondria express stage-specific isoforms of com-
plex Il (Amino et al., 2000, 2003; Saruta et al., 1995) and recently de-
termined the structure of adult-type complex Il (Shimizu et al.,
2012). Fp and CybS subunits are distinct between the adult and larval
forms, and expressions of these genes are controlled at the transcrip-
tional level. However, the regulatory mechanisms responsible for the
stage-specific expression of these genes have not been elucidated.
Considering that A. suum does not have a respiratory or circulatory
system, transcription factors are supposed to play important roles
in sensing oxygen levels and induction of target genes.

In mammals, hypoxia-inducible factor-1 (HIF-1) is a key regulator of
physiological responses to hypoxia. HIF-1 activates the transcription of
numerous genes, including genes involved in erythropoiesis, angiogene-
sis, and glycolysis (Kaelin and Ratcliffe, 2008; Semenza, 2011). HIF-1 is a
heterodimeric protein composed of HIF-1oe and HIF-1@ subunits, both of
which are members of the bBHLH-PAS (basic helix-loop-helix/Per-Arnt-
Sim) family of transcription factors (Wang et al,, 1995). The bHLH regions
are known to be required for DNA binding and dimerization, and the PAS
domains are suggested to be involved in dimerization, ligand binding, and
other biological activities (Jiang et al, 1996; Zelzer et al, 1997). On
the C-terminal side of the PAS domain, HIF-1o¢ contains the oxygen-
dependent degradation domain (ODD) and two transactivation domains,
the N-terminal transactivation domain (N-TAD, spanning residues
531~575 of human HIF-1a) and the oxygen-regulated C-terminal
transactivation domain (C-TAD, spanning residues 786-826 of
human HIF-1a) (Jiang et al., 1997; Pugh et al,, 1997). HIF-1p also
possesses an activation domain named the C-terminal activation do-
main (CAD) (Jain et al., 1994).

Under normoxic conditions, HIF-1ew is targeted for polyubiquiti-
nation and proteosomal degradation through the oxygen-dependent
hydroxylation of the conserved proline residues in the ODD by HIF
prolyl hydroxylases (PHDs) and interaction with the von Hippel-Lindau
tumor suppressor protein (VHL) (Epstein et al,, 2001; Ivan et al., 2001;
Jaalkola et al,, 2001). The transcriptional activity of HIF-1at is also regu-
lated by hydroxylation of the conserved asparagine residue in its C-TAD
by factor inhibiting HIF (FIH) (Lando et al., 2002a,b). In contrast, prolyl

hydroxylation and subsequent degradation of HIF-1¢ is inhibited under
hypoxia. This permits HIF-1c to translocate to the nucleus, dimerize
with HIF-1B, and activate the expression of target genes, which act to
increase oxygen delivery or implement metabolic adaptation (Kallio
et al,, 1998).

HIF-1 homologs have been identified and characterized in a diverse
array of multicellular organisms, and its function is also required for
hypoxic adaptation in the free-living nematode, Caenorhabditis elegans
(Jiang et al., 2001a; Powell-Coffman et al., 1998). The ubiquitous pres-
ence and diverse functions of HIF-1 suggest that it also plays crucial
roles in hypoxic adaptation in A. suum. )

In the present study, cDNAs for HIF-1a and HIF-1f3 homologs
of A. suum were cloned by RT-PCR using degenerate primers. The func-
tional interaction between A. suum HIF-1a and HIF-1(3 was confirmed
by yeast two-hybrid assays. Furthermore, hif-1 mRNA expression
levels were examined in the aerobic free-living stages (fertilized
eggs, L3 larvae) and the anaerobic parasitic stages (LL3, young adult
worms, and adult muscle tissue). In addition, nucleotide sequences of
5'-upstream regions of complex Il genes were determined and searched
for hypoxia-responsive elements (HREs).

2. Material and methods
2.1. Experimental animals

Adult A, suum worms were collected from the intestines of infected
pigs in a slaughterhouse in Tokyo, Japan. Adult worms were dissected to
obtain muscle and uterine tissue. Fertilized eggs were isolated from
uterine tissue of adult worms, which had been stored in 0.5 M sodium
hydroxide at 4 °C, by homogenization and centrifugation and allowed
to develop to L3 aerobically as previously described (Iwata et al,
2008). For preparation of LL3 larvae and young adult worms, pigs
were orally infected with eggs containing L3 larvae (approximately
10° and 10* eggs per pig, respectively), and worms were collected
from the lungs and small intestine of the pig 7 days and 38 days after
ingestion, respectively (Islam et al.,, 2006). This study was carried out
in strict accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Animal
Health. The protocol was approved by the Committee of the Ethics of
Animal Experiments of the NIAH (Permit Number: 07-29, 08-023,
09-019, 10-007). All surgeries were performed under sodium pentobar-
bital anesthesia, and all efforts were made to minimize the animals’
suffering. Whole bodies of the A. suum worms were used for total
RNAs extraction, except that muscle tissue, which comprises the most
part of an adult worm, was used as the representative of a whole body
of an adult worm to avoid the interfusion of eggs existing in female
adult genital tracts. Each sample was immediately frozen with liquid ni-
trogen and stored at — 80 °C until use.

2.2. Cloning of A. suum hif-1ce and hif-13 cDNAs

Frozen muscle of an adult A. suum worm was pulverized in a mor-
tar and pestle containing liquid nitrogen, and total RNAs were
extracted by the acid guanidinium-phenol-chloroform (AGPC) method
(Chomczynski and Sacchi, 1987). Poly(A)* RNAs were purified from
total RNAs using an Oligo (dT)-Cellulose column (GE Healthcare). For
the cloning of the partial sequences of hif-1 cDNAs and the following
5'RACE, cDNA was synthesized with random primers (N)g (Takara)
using ReverTraAce (Toyobo) as a reverse transcriptase. For the 3
RACE, the oligo (dT) primer P-383 was used (Table 1).

Partial sequences corresponding to the bHLH and the PAS domains of
nematode hif-1cewere obtained by a TBLASTN search of the Nematode.net
website (http://www.nematode.net/) and TIGR database (http://www.
jeviorg/) using the amino acid sequences of C. elegans hif-1 (C elegans
hif-1a) (GenBank ID: NM_001028722) as a query. The degenerate
primers were designed based on the conserved amino acid sequences
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Table 1
Primers used in this study.

P-80 (F)  5-GGTTTAATTACCCAAGTTTGAG-3’

p-383 (R)  5-(T);s AAGGACGCCGGCGCTTAAGAAGGTCAA-3!
P-385 (R)  5'-GAATTCGCGGCCGCAG-3'

P-746 (F)  5-GNATGGCNGINTCNCA(C/T)ATG-3"

p-747 (R)  5-A(A/G)(A/G)AANCCAT(C/TNGC(A/C/T)GC(C/TTC-3'
P-753 (F)  5-CTATCCGTGGTACGTCTCAG-3'

P-754 (R)  5-GTATTAGGIGCTTCAGTTCTTGG-3/

P-755 (R)  5-CTGGAAGAATTCGCGGC-3/

P-758 (F)  5-GACAGACCAAGAACTGAAGC-3'

P-759 (R)  5-GAGACGTACCACGGATAGC-3'

P-1900  (F)  5'-CGCCATGGCAATGTCAAAGTATGCACGGAATG-3'
P-1904  (R)  5'-AAGGATCCTAACAAGACCGTCTITGAG-3'

P-2086  (F)  5-CC{T/AJATIGTTGA(A/C/T)GAAG-3'

P-2087  (F)  5-TA(C/T)(C/T)T(C/T/A)GGA(C/T)T(T/A)AC(A/G)CA(A/G)-3'
P-2090  (R)  S5'-CAT(A/G)TC(G/A)(C/T)A(A/T/G)GT(A/G)TG-3'
P-2103  (R)  5-ATC(T/G)GC(T/C)GGAT(G/A)(T/A)A(T/C)(T/C)AA-3
P2132 (R} °  5-CACAAATTCCTTCAGAGATCG-3'

P-2133  (F)  5-CGTGGAAGAAATCICAACCTC-3/

p-2134 (R}  5-GAGGTTGAGATTTCITCCACG-3'

P-2135  (F)  S'-CAAGAGTGCTGAAATCCCTAAC-3'

P-2582  (F)  5-CGATCTCTGAAGGAATTTGTG-3'

P-2051  (F)  5'-CATCGAATTCATGATGGCCGATCATGGTGGTG-3'
P-2953  (R)  5'-GTCGCTGAGCTCCTATGCCGCCGAAGTATCICTACG-3'

Abbreviations: F, forward; R, reverse; N, A, C, G, or T.
The underlined sequences indicate the restriction sites: CCATGG, Ncol;
GGATCC, BamHI; GAATTC, EcoRl; GAGCTC, Sacl.

among nematodes: C elegans, Brugia malayi (TIGR database ID:
14615.m00142), and Strongyloides ratti (GenBank ID: CD523815). The nu-
cleotide sequences and positions of the primers used for cloning of A.
suum hif-1ce and hif-173 are shown in Table 1 and Fig. 2, respectively. The
first PCR was performed using a forward primer designed based on the
spliced leader sequence 1 (SL1) of nematodes (Nilsen et al., 1989), P-80,
and a reverse degenerate primer P-2103. The first PCR product was
used as a template for the nested PCR with degenerate primers, P-2086
and P-2103. Further PCR amplification was carried out from the nested
PCR product with degenerate primers, P-2087 and P-2090. PCR was
performed under low stringent thermal conditions consisting of 30 cycles
of 90 °Cfor 30 5,42 °Cfor 1 min, 72 °Cfor 1 min. The resulting PCR prod-
uct with the expected size (360 bp) was inserted into the pGEM-T plas-
mid (Promega) and sequenced. Specific primers for 5’ and 3'-RACE
were designed from the nucleotide sequence of the subcloned fragment.
For 5’-RACE, the first PCR was performed with SL1 primer P-80 and a spe-
cific primer P-2134. Nested PCR was carried out using P-80 and a specific
primer P-2132. For 3’-RACE, the first PCR was carried out using a specific
primer P-2133 and an adapter primer P-755. Nested PCR was carried out
with a specific primer P-2135 and an adapter primer P-385.

For cloning of partial sequences of hif-1[3, degenerate primers were
designed based on the conserved amino acid residues corresponding
to the bHLH regions of hif-1(3 of various organisms: Homo sapiens
(GenBank ID: NM_001668), Bos taurus (GenBank ID: AB053954), Rattus

A

P-80 P-2086

Py

P-2087 P-2133 P-213
—  —p

norvegicus (GenBank ID: NM_012780), Mus musculus (GenBank ID:
BC012870), Gallus gallus (GenBank ID: AF348088), Xenopus laevis
(GenBank ID: AY036894), Drosophila melanogaster (GenBank ID:
AF154417), and C. elegans (GenBank ID: AF039569). The PCR reaction
was performed with 30 cycles of 94 °C for 45 s, 53 °C for 30's, 72 °C
for 90 s using degenerate primers P-746 and P-747. The PCR product
with the expected size (130 bp) was cloned into the pGEM-T plasmid
(Promega) and sequenced. 5'RACE was performed with SL1 primer
P-80 and a specific primer P-754. Nested PCR was carried out using
P-80 and a specific primer P-759. For 3'RACE, first PCR was carried out
using specific primers P-753 and P-755. Nested PCR was carried out
with specific primers P-758 and P-385.

2.3. Construction of the prey and bait plasmids for yeast two-hybrid assay

A. suum hif-1ce and hif-13 cDNAs were fused to the GAL4 activation
domain of the prey plasmid pGADT7 (Clontech) and the GAL4
DNA-binding domain of the bait plasmid pGBKT7 (Clontech), respec-
tively. DNA fragments of A. suum hif-1ce and hif-13 were amplified by
PCR using Pfu turbo DNA polymerase (Stratagene) and pGEM-T
(hif-1¢t) or pGEM-T (hif-1(3) plasmid DNA as a template with primers
in which restriction sites were incorporated. Primers P-2951 and
P-2953 were used for hif-1a amplification, while primers P-1900
and P-1904 were used for hif-13 amplification. Nucleotide sequences
of the primers are shown in Table 1.

PCR products were digested with the appropriate restriction enzymes
and inserted into plasmids with T4 DNA ligase (Invitrogen).

24. Yeast two-hybrid assay

The interaction between recombinant A. suum HIF-1a and HIF-1p was
analyzed by the yeast two-hybrid assay using MATCHMAKER GAL-4
Two-Hybrid Systems (Clontech) according to the manufacturer's instruc-
tions. The prey plasmid pGADT7-GAL4-HIF-1cx expressing a fused protein
of HIF-1oe and the GAL4 activation domain, and the bait plasmid
pGBKT7-GAL4-HIF-1p expressing a fused protein of HIF-1B and the
GAL4 DNA binding domain, were introduced into competent AH109
yeast cells by the polyethylene glycol (PEG)/lithium acetate-based meth-
od. Transformants were plated on synthetic dropout (SD) agar plates
lacking leucine/tryptophan or adenine/histidine/leucine/tryptophan and
incubated at 30 °C until the appearance of colonies.

2.5. Real-time PCR

Transcript levels of A. suum hif-1ccand hif-13 mRNAs at different de-
velopmental stages were determined by real-time PCR. Triplicate sam-
ples of fertilized eggs, L3, and adult muscle tissue, and single samples
of LL3 and young adult worms were pulverized in a mortar and pestle
containing liquid nitrogen, and total RNAs were extracted using Trizol
LS Reagent (Invitrogen). Total RNAs of each sample were treated with
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Fig. 2. Positions of primers designed for RT-PCR of (A) A. suum HIF-1a and (B) A. suum HIF-113.
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DNase I (Invitrogen) and quantified using the RiboGreen reagent (Molec-
ular Probes) with a spectrofluorometer (Jasco FP-6300). Equal amounts
(1 pg) of total RNAs were used as templates for reverse transcription
with a SuperScript VILO synthesis kit (Invitrogen). Real-time PCR was
carried out on a LightCycler (Roche) using QuantiTect SYBR Green PCR
Master Mix (Qiagen). The PCR reaction was performed with 30 cycles of
94 °Cfor 15 s, 55 °C for 30 s, 72 °C for 10 s. Primers P-2582 and P-2134
were used for hif-1e, and P-753 and P-754 were used for hif-1f3. Nucleo-
tide sequences of the primers are shown in Table 1.

2.6. Normoxic and hypoxic exposure of A. suum worms

L3 and adult worms were incubated under either normoxic or
hypoxic conditions for 16 hr at 37 °C. For hypoxic exposure, L3 and
adult worms were soaked in phosphate buffered saline (PBS) and
placed into the GasPak System (BBL). Parallel to hypoxic exposure,
worms were soaked in PBS and placed into an incubator in the presence
of air. According to the manufacturer's instruction for GasPak System,
oxygen concentration decreases to less than 0.1% within 90 min, and
the establishment of this condition was confirmed using a methylene
blue indicator purchased from BBL. Total RNAs were extracted from
triplicate samples of adult muscle and a single sample of L3.

2.7. Sequence analysis of 5'-upstream regions of complex II genes

Approximately 2 kb 5-upstream sequences of the coding start sites of
A. suum complex II subunit genes were analyzed. Genomic clones
containing the corresponding regions were isolated from a lambda Fix Il
genomic library of A. suum by plaque hybridization using a digoxygenin
(DIG)-labeled nucleotide probe. Each fragment was inserted into the
pZErO-2 plasmid (Invitrogen) and sequenced (Operon).

3. Results
3.1. Cloning of A. suum hif-1¢ and hif-13 cDNAs

To obtain partial sequences of A: suum hif-1a and hif-13 cDNAs by
RT-PCR, degenerate primers were designed based on conserved amino
acid sequences corresponding to the bHLH and the PAS domains of
vertebrate and invertebrate HIF-1s. Partial sequences of A. suum hif-1c
¢DNA were not amplified using these primers, while those of hif-13
were obtained. Then, the nematode EST database was searched for
hif-1ce homologs using amino acid sequences of C. elegans HIF-1 as a
query, and degenerate primers were redesigned based on the conserved
regions among nematode species: C. elegans, S. ratti, and B. malayi. As a
result, partial sequences of A. suum hif-1ce cDNA were amplified. Finally,
by performing 5'RACE using the nematode spliced leader sequence SL1,
and 3'RACE, the full-length A suum hif-1c and hif-13 ¢cDNAs were
obtained.

The full-length A. suum hif-1cc <DNA consists of 2861 bp, which
contains 234 bp of 5'UTR, 2499 bp of open reading frame encoding
832 deduced amino acid residues, and 128 bp of 3’UTR including a
polyA signal sequence (GenBank ID: AB520828). An alignment of the
conserved N-terminal amino acid sequences of A. suum HIF-1o with
those of B. malayi, C. elegans, Daphnia magna, X. laevis, and H. sapiens is
shown in Fig. 3A. A. suum HIF-1a exhibits high sequence conservation
in the bHLH, PAS-A, and PAS-B domains, which have 76%, 67%, and 59%
identities to those of C. elegans HIF-1, respectively. In the C-terminal
side of the PAS B domain, the core sequence of the ODD, which is essen-
tial for prolyl hydroxylation and generally contains an LXXLAP motif (X
indicates any amino acid and P indicates the hydroxylacceptor proline)
(Huang et al, 2002), was found (Fig. 3B). However, homologous
sequences corresponding to neither the N-TAD nor the C-TAD were iden-
tified (Fig. 3C).

The full-length A. suum hif-13 cDNA consists of 1558 bp, which con-
tains 50 bp of 5'UTR, 1308 bp of open reading frame encoding a deduced

435 amino acid residues, and 200 bp of 3/UTR including a polyA signal
sequence {GenBank ID: AB520829). An alignment of the amino acid
sequences of the full-length A. suum HIF-1p with those of other organ-
isms is shown in Fig. 4A. The bHLH, PAS-A, and PAS-B domains are highly
conserved in A. suum HIF-1p and show 96%, 70%, and 47% identities to
those of C. elegans AHA-1 (C. elegans HIF-13), respectively. On the other
hand, the C-terminus of A. suum HIF-1[3 is significantly shorter than
those of other organisms, and the CAD was not found (Fig. 4B).

3.2. Interaction between A. suum HIF-1c and HIF-1(3

As described in previous reports on H. sapiens and C. elegans HIF-1s,
canonical HIF-1 consists of HIF-1ae and HIF-133 subunits, and their
dimerization is essential for their binding to HREs (Jiang et al,, 2001a;
Kallio et al.,, 1997). To determine whether A. suum HIF-1 forms a similar
complex, the interaction between A. suum HIF-1o and HIF-1p was ana-
lyzed by yeast two-hybrid assays. Yeast strain AH109 co-transformed
with both plasmids pGADT7-GAL4-HIF-1aw and pGBKT7-GAL4-HIF-1p
grew on selective medium lacking adenine, histidine, leucine, and
tryptophan, while cells expressing either pGADT7-GAL4-HIF-1aw or
PGBKT7-GALA4-HIF-1f3 formed no colonies (Fig. 5). The specific interac-
tion between A. suum HIF-1a and HIF-1R indicates that these two
proteins are binding partners.

3.3. Stage-specific expression of hif-1a and hif-13 mRNAs

A. suum fertilized eggs develop to L3 worms under normoxic con-
ditions (150-160 mm Hg), while adult worms inhabit a hypoxic envi-
ronment (0-10 mm Hg) (Kita and Takamiya, 2002; Takamiya et al,,
1993). In order to determine if there is a regulatory relationship
between hif-1 expression and the oxygen conditions in different
habitats, transcript levels of hif-1e and hif-13 were examined in the
aerobic free-living stages and the anaerobic parasite stages by
real-time PCR. As shown in Fig. 6, both hif-1 mRNAs were expressed
at all stages and most abundantly in aerobic free-living L3. hif-1a
and hif-13 mRNA levels in L3 were 8-fold and 6-fold higher than
those in adult muscle, respectively. In the parasite stages, both hif-1
mRNAs gradually decreased as worms developed. In fertilized eggs,
hif-1at mRNA expression was 6-fold higher than that of adult muscle,
while hif-13 mRNA expression was slightly higher (1.2-fold) than
that of adult muscle.

In hypoxia-tolerant organisms such as the mole rat Spalax, HIF-1o: ex-
pression is induced by hypoxic exposure not only at the post-
transcriptional but also at the transcriptional level (Rahman and
Thomas, 2007; Shams et al., 2004). Although there is a report that the
perienteric fluid of the adult worm was kept hypoxic even under
normoxic conditions due to existence of oxygen-avid hemoglobin, it
was suggested that at least some degree of oxygen diffused through
muscle walls (Minning et al., 1999). In order to assess the effect of oxygen
conditions on hif-1 expression, transcript levels of hif~1 mRNAs were
compared between normoxia- and hypoxia-exposed L3 and adult
worms (muscle tissue) by real-time PCR.16-hours incubation was
adopted, because 12-hour and 16-hour exposures made no difference in
expression of hypoxia-related genes in our preliminary study. Conse-
quently, no significant difference was observed in either of the two groups
as shown in Fig. 7.

3.4. Sequence analysis of 5'-upstream regions of A. suum complex Il genes

The mammalian HIF-1 binds to specific DNA sequences called the
HREs, which contain the sequence 5'-RCGTG (Wang and Semenza,
1993). Similarly, in C. elegans, a survey of the sequences 200-2000 bp
5" upstream of the predicted translational start sites showed that the
sequence 5-TACGTG was present in 46% of hif-1-dependent genes
(Shen et al., 2005).
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Fig. 3. Alignment of the deduced amino acid sequences of A. suum HIF-1a with homologs of other organisms. Amino acid sequences are designated by single-letter codes and num-
bered. Identical amino acid residues shared by all six species are highlighted in blue. Conserved residues in three species are shaded in green or pink whether including A. suum or
not. Dashes indicate gaps introduced to facilitate alignment. (A) Conserved N-terminal amino acid sequences of HIF-1c. Black bars represent the bHLH, PAS-A, and PAS B domains.
(B) Amino acid sequences around the core sequences of the ODD. The conserved proline residues are indicated by an arrowhead. (C) Domain structures of HIF-1a of nematodes

(A. suum, B. malayi, and C. elegans) and humans.

Since the Fp and CybS subunits of A. suum complex Ii are expected to
be target genes of HIF-1, nucleotide sequences of 5/-upstream regions of
these genes were determined and searched for putative HREs on the
assumption that the HRE motif is conserved between C elegans and
A. suum. Consequently, all the subunits except for adult-type Fp were
found to possess putative HREs in their 5/-upstream regions (Fig. S1).
Nucleotide sequences are available in the DDBJ/EMBL/GenBank data-
bases under accession numbers AB626613-AB626618.

4. Discussion

Certain hypoxia-tolerant organisms are known to alter their metabol-
ic pathways from aerobic-type to anaerobic-type in parallel with
changes in the oxygen environment (Kita et al., 1997; Komuniecki and
Harris, 1995; Tielens and Van Hellemond, 1998). A. suum is the biochem-
ically best-characterized model organism among parasitic helminths and
exhibits a prominent transition in carbohydrate metabolism during
development. However, nothing is known about the regulatory mecha-
nisms by which A. suum senses environmental oxygen concentrations
and activates transcription of responsible genes for adaptation to hypox-
ia. The present study is the first report of cloning and characterization of
hif-1ae and hif-13 cDNAs from the parasitic helminth.

4.1. Cloning of A. suum hif-1ce and hif-1/3 cDNAs

The predicted amino acid sequences of both A suum HIF-1a and
HIF-1p showed high levels of sequence conservation across phyla in
the N-terminal regions from the bHLH domains to the PAS domains.
During the preparation of this manuscript, the transcriptome informa-
tion of A. suum was released (Wang et al., 2011), in which both HIF-1c
and HIF-1p3 were annotated (GenBank ID: JI166617.1 and [I171286.1,
respectively), and the deduced amino acid sequences of HIF-1a were
exactly same as our result except for one amino acid at residue 754
(valine in our result and isoleucine in the transcriptome data). The core
sequences of the ODD containing the LXXLAP motif are conserved in
A. suum HIF-1a; in addition, homologous genes encoding PHD and VHL
are found in the transcriptome analysis of A. suum (GenBank ID:
J1165998.1 and JI165450.1, respectively) (Wang et al,, 2011), supporting
the hypothesis that A. suum HIF-1o is regulated by oxygen-dependent
prolyl hydroxylation of the LXXLAP motif and functions as oxygen sensor
as reported for C. elegans and humans (Epstein et al., 2001; Jaakkola et al.,
2001). Our HIF-1{3 amino acid sequences were identical to the annotated
HIF-1p from the transcriptome analysis between residues 1-433;
however, they were 28 amino acids shorter in the N-terminus and 3
amino acids longer in the C-terminus. Because our HIF-1p sequences
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Fig. 4. (A) Alignment of the deduced amino acid sequences of A. suum HIF-1p with homologs of other organisms. Amino acid sequences are designated by single-letter codes and
numbered. Identical amino acid residues shared by all six species are highlighted in blue. Conserved residues in three species are shaded in green or pink whether including A. suum
or not. Dashes indicate gaps introduced to facilitate alignment. Black bars represent the bHLH, PAS-A, PAS B, and CAD domains. (B) Domain structures of HIF-1p of nematodes
(A. suum, B. malayi, and C. elegans) and humans.
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empty HIF-18

Fig. 5. Analysis of the interaction between A. suum HIF-1a and HIF-13 by yeast two-hybrid assays. Serial dilutions of yeast strains transformed with the indicated constructs were
grown on plates lacking Leu and Trp as a control (left) and lacking Leu, Trp, His, and Ade (right).
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those in adult muscle, respectively. In anaerobic parasite stages, both levels were gradually decreased during development.

contained both SL1 sequences and polyA signal sequences, it appears to
exist as a processed transcript in adult worms, although there may be
several splicing variants. In addition to the conservation of functionally
important domains, the yeast two-hybrid assay indicated that A. suum
HIF-1ax and HIF-13 form a complex. These results strongly suggest that
A. suum HIF-1cx and HIF-1( dimerize and play an important role in adap-
tation to hypoxia.

In contrast to the sequence conservation in the N-terminal regions,
A. suum HIF-1 subunits exhibited remarkable diversity in the C-terminal
region of the PAS domains, except for the core sequences of the ODD in
HIF-1ow. A. suum HIF-1f3 is approximately 250 amino acids shorter than
vertebrate HIF-1Ps at the C-termini, and lacks the CAD. This property is
commonly abserved in other nematodes such as B. malayi and C. elegans.
Because the CAD is conserved not only in vertebrates but also in arthro-
pods, such as D. melanogaster and D. magna (Sonnenfeld et al, 1997;
Tokishita et al,, 2006), the CAD could have been evolutionarily lost from
a common ancestor of nematode species, However, substantial induction
of hypoxia-responsive genes occurs in C. elegans lacking the CAD {Epstein
et al, 2001). Similarly, in mammals, the CAD is dispensable for transcrip-
tional activation of both hypoxia-responsive and dioxin-responsive genes
(Beischlag et al., 2004; Li et al, 1996). From these observations, A. suum
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Fig. 7. Effects of hypoxic exposure on hif-1a and hif-783 mRNA levels in L3 and adult
worms (muscle tissue). The ratios of mRNA levels in hypoxia-exposed worms to
those in normoxia-exposed worms are shown (A, hif~7x and B, hif-13 mRNA levels).

Values in adult worms are the means of three experiments +SD.

HIF-1P lacking the CAD is suggested to be capable of inducing HIF-1 target
genes.

- Neither the N-TAD nor the C-TAD is identified in the C-terminal region
of nematode HIF-1axs, and nematodes lack homologs of FIH-1, which in
mammals catalyzes hydroxylation of a conserved asparagine residue in
the C-TAD and represses HIF-1 transactivation in normoxia. This observa-
tion is consistent with a previous report claiming that no species have
been identified wherein the C-TAD or FIH-1 is retained without the
other (Hampton-Smith and Peet, 2009). Because the more phylogeneti-
cally basal Acropora millepora (Cnidaria) possesses functional FIH-1/
C-TAD signaling (Hampton-Smith and Peet, 2009), nematodes appear to
have lost the FIH-1 gene and the C-TAD from a common ancestor of
nematode species, although their biclogical significance remains to be
elucidated. Even compared with B. malayi and C elegans HIF-1as, the
C-terminal region of A. suum HIF-1e is distinct in its length and shows
no sequence similarity. In mammals, unlike the CAD, both the N-TAD
and the C-TAD are essential for the recruitment of coactivators CBP/
p300, SRC-1, and transcription intermediary factor 2 (TIF-2) (Gu et al,
2001; Lando et al., 2002a). While the C-TAD contributes to the regulation
of most HIF target genes and is the predominant transactivation domain,
the N-TAD confers HIF target gene specificity (Hu et al, 2007). The unique
features of the C-terminal region of A. suum HIF-1a may shed light on
new mechanisms of activation of HIF-1 and the regulation of target
gene specificity.

4.2, Stage-specific expression of hif-1ce and hif-1{3 mRNAs

Previous reports on in vivo expression patterns and the regulation of
hif-1a:and hif-1{3 mRNAs are controversial. It has been generally consid-
ered that both hif-1 mRNAs are constitutively expressed and that the
stability of HIF-1 is regulated primarily at the post-transcriptional
level in an oxygen-dependent manner (Powell et al., 2002; Wang et
al,, 1995). However, conflicting reports have demonstrated that hif-1c
and/or hif-13 mRNA expression are affected by oxygen concentrations
in various organisms: rats, birds, and fish (Catron et al., 2001; Rahman
and Thomas, 2007; Wiener et al,, 1996). In these organisms, particularly
in hypoxia-tolerant rats and fish, HIF-1o expression is upregulated at
both the transcriptional and post-transcriptional level by hypoxic expo-
sure (Rahman and Thomas, 2007; Shams et al., 2004).
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A.suum is a unique model organism for investigating the relation-
ship between hif-1 expression and the oxygen conditions, since
A. suum is exposed to normoxia and hypoxia in its natural habitat dur-
ing its life cycle. To examine in vivo expression patterns of A. suum
hif-1a and hif-18, mRNA levels at different developmental stages
were analyzed by real-time PCR. Fertilized eggs showed 6-fold higher
hif-1ce mRNA levels than adult muscle, while hif-13 mRNA expression
was similar between eggs and adult muscle. This difference in expres-
sion patterns of hif-1a and hif-18 mRNAs could be attributed to their
different roles in embryonic development.

In the free-living nematode C. elegans, microarray analysis of de-
velopmental gene expression have revealed that expression levels
of hif-1 and aha-1 (C. elegans hif-18) mRNAs are highest during
the larval stage, but both show only 2-fold differences at maxi-
mum throughout the life cycle (Jiang et al., 2001b). In contrast, in
A. suum, both hif-1e and hif-13 mRNA expression significantly
changed during the life cycle. They reached maximum levels at the
free-living L3 stage and were 6-fold and 8-fold higher than those dur-
ing the adult stage, respectively. After infection of the host, both hif-1
mRNAs gradually decreased with development. Significant transcrip-
tional changes of A. suum hif-1 indicate that there is a regulatory
mechanism for its expression. Given that hypoxic exposure had no
effects on hif-1 mRNA levels at any investigated stages, transcriptions
of A. suum hif-1 appear to be regulated in a stage-specific manner rather
than in an oxygen-dependent manner. In the hypoxia-tolerant mole rat
Spalax, hif-1cx transcription is induced by hypoxia; however, even in
normoxia, Spalax maintains 2-fold higher hif-1a mRNA levels than
that in the hypoxia-sensitive rat Rattus, enabling effective responses
to hypoxia (Shams et al, 2004). These findings imply that certain
hypoxia-tolerant organisms accumulate hif-1 mRNAs even under
normoxia. In A. suum, high levels of hif-1 mRNAs in L3 possibly allow
quick and sufficient responses to a sudden change of oxygen concentra-
tion after ingestion by the host by regulating genes responsible for
anaerobic energy metabolism.

4.3. Hypoxia-responsive elements located in 5'-upstream regions of
A. suum complex Il genes

One of the characteristic features of the HIF-1 pathway is its broad
range of target genes. One subset of target genes regulated by HIF-1
encodes various glycolytic enzymes that are robustly upregulated
during hypoxia, contributing to metabolic adaptation (Bunn and
Poyton, 1996; Seagroves et al, 2001). In addition, recent studies
have demonstrated functional crosstalk between the HIF pathway
and mitochondria.

In human cells, HIF-1 regulates the replacement of a key subunit of
the mitochondrial cytochrome c oxidase (COX, also known as complex
V) from COX4-1 to COX4-2 to maximize the efficiency of mitochondrial
respiration under hypoxia (Fukuda et al,, 2007). Conversely, it has been
shown that inhibition of SDH activity (activity of aerobic complex II)
results in the accumulation of succinate in the cells, which reduces the
enzymatic activity of prolyl hydroxylases by product inhibition. This
leads to HIF-1a stabilization and consequently HIF-1 activation (Selak
et al,, 2005).

Our previous study showed that the expression of the stage-
specific isoforms of A. suum complex II is regulated at the transcrip-
tional level, enabling metabolic adaptation to hypoxia in the host
(Amino et al., 2000, 2003). Considering the importance of structural
rearrangements of complex Il under hypoxic conditions, a regulatory
mechanism between HIF-1 and the expression of complex II subunits
is expected to be present. Sequence analysis of 5'-upstream regions of
complex Il genes identified putative HREs, suggesting that HIF-1 di-
rectly regulates the expression of stage-specific complex H isoforms,
although the expression of the adult-type Fp appears to be regulated
by other factors regardless of hypoxia.

5. Conclusions

In the present study, we cloned hif-1 ¢cDNAs from A. suum and found
unique characteristics of their expression patterns. Stage-specific hif-1
expression may reflect an evolved strategy for hypoxia adaptation,
although the regulatory mechanisms are yet to be elucidated. The
N-TAD of HIF-1ce showed unique sequences distinct from those of
other organisms, suggesting that target genes of A. suum HIF-1 may be
different from known targets. Although further investigation is required
to determine the functional role of A. suum HIF-1 in the adaptation to
hypoxic conditions of adult worms, we consider that it is plausible
that HIF-1 is associated with stage-specific metabolic transitions,
including the rearrangement of the complex II structure.

Adaptation to changes in the oxygen environment is an important
aspect of parasitism, and studies of its regulatory mechanisms will
reveal adaptive strategies of parasites in the host.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gene.2012.12.025. )
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Parasites have developed a variety of physiological functions necessary for completing at least part of their life
cycles in the specialized environments of surrounding the parasites in the host. Regarding energy metabolism,
which is essential for survival, parasites adapt to the low oxygen environment in mammalian hosts by using
metabolic systems that are very different from those of the hosts. In many cases, the parasite employs aerobic
metabolism during the free-living stage outside the host but undergoes major changes in developmental control
and environmental adaptation to switch to anaerobic energy metabolism. Parasite mitochondria play diverse
roles in their energy metabolism, and in recent studies of the parasitic nematode, Ascaris suum, the mitochondrial
complex Il plays an important role in anaerobic energy metabolism of parasites inhabiting hosts by acting as
a quinol-fumarate reductase. In Trypanosomes, parasite complex II has been found to have a novel function
and structure. Complex II of Trypanosoma cruzi is an unusual supramolecular complex with a heterodimeric
iron-sulfur subunit and seven additional non-catalytic subunits. The enzyme shows reduced binding affinities
for both substrates and inhibitors. Interestingly, this structural organization is conserved in all trypanosomatids.
Since the properties of complex Il differ across a wide range of parasites, this complex is a potential target for the
development of new chemotherapeutic agents. In this regard, structural information on the target enzyme is

essential for the molecular design of drugs.
This article is part of a Special Issue entitled: Respiratory complex II: Role in cellular physiology and disease.
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1. Introduction
1.1. Molecular parasitology

Parasites are classified generally as either helminths or protozoans.
Helminths are multi-cellular parasites and are divided into three types:
nematodes (e.g., Ascaris suum), trematodes (e.g., Schistosoma japonica),
and cestodes (e.g., Diphyllobothrium latum). Protozoans include unicellu-
lar parasites (e.g., malaria parasites and Entamoeba histolytica), but
they differ from bacteria in that they have a nucleus, mitochondria,
vacuole, and other organelles (e.g., apicoplast, hydrogenosomes, and

Abbreviations: PEPCK, phosphoenolpyruvate carboxykinase; RQ, rhodoquinone;
QFR, quinol-fumarate reductase; Fp, flavoprotein; FAD, flavin adenine dinucleotide; Ip,
iron-sulfur protein; CybL, large subunit of cytochrome b; CybS, small subunit of cyto-
chrome b; SDH, succinate dehydrogenase; UQ, ubiquinone; SQR, succinate-ubiquinone
reductase; MK, menaquinone; RQH,, rhodoquinol; FRD, fumarate reductase; OAA,
oxaloacetate
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mitosomes). These parasites are capable of surviving and proliferating
due to avoidance of host defense mechanisms and development of
metabolic pathways adapted to the specialized environments of the
host [see reviews 1-5].

Studies of parasitic adaptation have yielded extremely informative
biological discoveries and data that are potentially useful for developing
treatments of infectious diseases. Recent advances in biochemistry
and molecular biology have provided new insights into basic parasite
biology and have led to many revolutionary discoveries concerning
biological evolution and diversity. Taken together, a new field called
‘molecular parasitology’ is being established to investigate parasitism
at the molecular level. The unique features of parasite complex II
have been revealed through data obtained through such a pioneering
sciences [1,4,5].

1.2. Functional and subunit changes of complex Il during the A. suum
life cycle

The nematode A. suum has been studied extensively as a representa-
tive of human and livestock parasites {1]. During its life cycle, A. suum
transitions from aerobic to anaerobic metabolism, reflecting the change
in the environmental oxygen concentration (Fig. 1) [2-7]. During devel-
opment from a fertilized egg to third stage larvae (L3) outside of the
host, metabolism is aerobic as the tissues of mammalian host in that
ATP is synthesized by aerobic oxidative phosphorylation [8]. In contrast,
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adult worms, which live in a low-oxygen environment, use the anaero-
bic phosphoenolpyruvate carboxykinase (PEPCK)-succinate pathway.
The last step of the PEPCK-succinate pathway involves the NADH-
fumarate reductase system, which is composed of complex I (NADH-
quinone reductase), low-potential rhodoquinone (RQ), and complex Il
(quinol-fumarate reductase, QFR) [4,9]. Electron transfer from NADH
to fumarate is coupled to ATP synthesis by site 1 phosphorylation in
complex I The difference in redox potential between NAD*/NADH
(Em'=—320 mV) and fumarate/succinate (Em'=+30 mV) is suffi-
cient to drive ATP synthesis [4].

In eukaryotes, complex 1l is localized in the inner mitochondrial
membrane and is generally composed of four peptides [4]. The largest
flavoprotein (Fp, SDHA) subunit has a molecular mass of about
70 kDa and contains flavin adenine dinucleotide (FAD) as a prosthetic
group. The relatively hydrophilic catalytic region of complex Il is formed
by the Fp subunit and the iron-sulfur cluster (Ip, SDHB) subunit, which
has a molecular weight of about 30 kDa. The remaining subunits com-
prise cytochrome b, which contains heme b. Cytochrome b is composed
of 2 hydrophobic membrane-anchoring polypeptide subunits: the
15 kDa large subunit (CybL, SDHC) and the 13 kDa small subunit
(Cybs, SDHD). These cytochrome b subunits are necessary for the inter-
action between complex II and hydrophobic membrane-associated
quinones, such as ubiquinone (UQ) and RQ [6].

In a previous study, we showed that A. suum mitochondria express
stage-specific isoforms of complex Il {6,7,10]. While there are no
differences in the isoforms of the Ip and CybL subunits of complex I
between L3 larvae and adult A. suum, there are different isoforms of
the complex Il subunits Fp (larval, Fp*; adult, Fp?) and CybS (larval,
CybSt: adult, CybS?) [7]. Quinone species in the mitochondria also
differ during the life cycle of A. suum. In the adult mitochondria, the
predominant quinone is the low-potential RQ (Em’'=— 63 mV); in
larvae, the predominant quinone is UQ (Em'=+110 mV) [11].
Similarly, Escherichia coli and other bacteria show shifts in the combina-
tion of succinate-ubiquinone reductase (SQR) and UQ, and that of QFR

- and a low-potential quinone, such as menaquinone (MK) or RQ, during
metabolic adaptation to changes in oxygen supply [12,13]. UQ has a
higher redox potential than RQ; therefore, RQ is better suited to trans-
ferring electrons to fumarate than is UQ, In L2 and L3 A. suum larvae,

Free-living

aerobic

UQ preferentially donates electrons to the cytochrome chain in the
mitochondria. Thus, UQ participates in aerobic metabolism in A. suum
larvae, whereas RQ participates in anaerobic metabolism in adult
A.suum [11].

After being ingested by the definitive host, the L3 larvae penetrate
the intestinal wall and reach the lung by migrating through other
tissues, such as liver and heart. The L3 larvae pass from the lung via
the trachea to the small intestine where they molt to L4 and develop
into sexually maturate adult worms in the small intestine [14].
Protein chemical analysis reveals that the change in complex Il begins
with the anchor CybS subunit and then the Fp subunit [15].

1.3. Parasite complex Il

Complex Il molecules are classified into four types (Type A-D) and
three classes (Class 1-3) according to the architecture of membrane
anchors and functions in vivo, respectively [16]. The membrane anchor
of Type A complex Il consists of two polypeptide chains each having
three transmembrane helices and two protoheme IX (heme b) mole-
cules. Type B has one polypeptide chain with five transmembrane
helices and two heme b molecules. On the other hand, Type C and D,
like Type A, consist of two polypeptide chains with one and no heme
b molecules in their anchors, respectively. In addition, more recent
physiological analysis indicates novel Type E complex II [17], which is
different from Type A-D in membrane-anchoring subunits and the
composition of iron-sulfur centers. Class 1 complex II functions as
SQR in vivo and catalyzes the oxidation of succinate and the reduction
of high potential quinone, typically ubiquinone, whereas Class 2
complex I (QFR) catalyzes the opposite reaction, the oxidation of low
potential quinol such as menaquinol and rhodoquinol (RQH;) and the
reduction of fumarate. Complex Il belonging to Class 3, like the Class 1
enzymes, exhibits SQR activity but reduces low potential quinone.
Crystal structures of complex II have been determined for three
QFRs from E. coli (pdb code, 1L0V; [18]), Wolinella succinogenes (1QLB;
[19]) and A. suum (3VRS8; [20]), three SQRs from E. coli (1NEK; [21]),
porcine (1ZOY; [22]) and chicken (1YQ3; [23]). QFRs from E. coli,
W. succinogenes, and A. suum belong to Type D, Type B and Type C,

larval-type

infective L3

outside
p0,:21%  (egg) 1
adult migration \‘ I
, \ ithi
small intestine : lung i within
i the host
p0,:2.5-5% |} po,:13.2% i
: i
: lung stage L3 :
- LL3 1
: CybsA !
adult-type |‘ major type: mixed-type ’;
. ) \
anaerobic S~==== anaerobic ? r=====’

Parasitization

Fig. 1. Life cycle of A. suum. Fertilized eggs grow to infective L3 under an aerobic environment. Infective L3 larvae are ingested by the host, reach the small intestine and hatch there.
Afterwards, larvae migrate into the host body (liver, heart, lung, and pharynx), and finally migrate back to the small intestine and develop into adults. In the host small intestine, the
oxygen concentration is only 2.5% to 5% of that of the exogenous environment. During the life cycle, complex Il molecules are expressed as stage-specific isoforms, larval-type,
mixed-type and adult-type [15].
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respectively, whereas SQRs from porcine, chicken and E. coli are the
Type C enzymes.

In general, the complex II molecules of helminthes, which are
multi-cellular parasites, are of Type C, although catalytic function
changes during the life cycle as mentioned above. However, complex
Il purified from the parasitic protist, Trypanosoma cruzi, consists of
six hydrophilic and six hydrophobic nuclear-encoded subunits [24].
Notably, the iron-sulfur subunit is heterodimeric; SDH2y and SDH2¢
contain plant-type ferredoxin domains in the N-terminal half and
bacterial ferredoxin domains in the C-terminal half, respectively.

In the case of malaria parasites, such as Plasmodium falciparum,
anchor subunits of complex Il have not yet been identified, although
the enzyme shows SQR activity [25]. These unusual features of parasite
complex II molecules make them targets for new chemotherapeutic
agents.

In this review, we mainly focus on recent advances in the study of
A. suum complex II, which plays an important role in the anaerobic
energy metabolism of parasites. In addition, the molecular architecture
of 12 novel complex 11 subunits of T. cruzi will be discussed.

2. Structure of adult A. suum QFR

Anaerobic mitochondrial complex [I from adult A. suum (A. suum
QFR) belongs to Type C/Class 2 and couples the oxidation of RQH; to
RQ to the reduction of fumarate to succinate, an opposite reaction
catalyzed by SQR of the aerobic respiratory chain [7]. We crystallized
A. suum QFR in the presence of malonate [26], a well-known competi-
tive inhibitor against complex Il in various organisms and determined
the crystal structure at 2.8 A resolution (3VRS; [20]) by molecular re-
placement using the structure of porcine SQR (1Z0Y; [22]) as the search
model. In addition, the structure of the ternary complex with fumarate
and flutolanil was determined at 2.9 A resolution (3VRB; [20]).
Flutolanil is a widely used commercially available fungicide [27] that
specifically inhibits A. suum QFR as shown by ICsq values for A. suum
QFR of 58 nM and porcine SQR of 46 PM. Based on these structures, as
well as the structure of porcine SQR in complex with flutolanil (3AES),
the enzymatic mechanism of A. suum QFR and the structural basis of
the specificity of flutolanil against A. suum QFR will be discussed.

2.1. Overall structure

The structure of A. suum QFR, the first eukaryotic Type C/Class 2
complex Il molecule to be characterized, is composed of four protein
subunits (Fig. 2A): hydrophilic Fp (residues A33-A645) and Ip
(B33-B281) subunits, and membrane-anchoring hydrophobic CybL
(C34-C186) and CybS (D28-D156) subunits [20]. Several terminal
residues of each mature polypeptide (Fp: A31-A645, Ip: B29-B282,
CybL: C32-C188 and CybS: D26-D156) are missing in the current
model because of faint electron density. The enzyme accommodates
five prosthetic groups: a FAD molecule, three ion-sulfur centers
([2Fe-2§], [4Fe-4S], [3Fe-4S]), and one heme b molecule (Fig. 2B).
Although there are two molecules in the asymmetric unit, A. suum
QFR, like E. coli QFR [18], porcine SQR [22] and chicken SQR [23],
exists as a monomer both in solution and crystal, which distinguishes
the enzyme from the reported dimer structure of W. succinogenes QFR
[19] and the trimer structure of E. coli SQR [21]. Further, the amino
acid sequence of each subunit of A. suum QFR (Fig. 3) shows higher
identity with porcine and chicken SQRs than with E. coli SQR and
E. coli and W. succinogenes QFRs. Accordingly, A. suum QFR is more
closely related to porcine and chicken SQRs rather to E. coli and
W. succinogenes bacterial complex IIs. The arrangement of the bound
prosthetic groups in the A. suum QFR structure [20] is similar to that
of other complex IIs with known structures {18,19,21-23]. The chain
of the FAD, [2Fe-2S], [4Fe-4S] and [3Fe-4S] prosthetic groups is
disposed between dicarboxylate- and quinone-binding sites with
the distances between neighboring centers less than 14 A (Fig. 2B),

suggesting that electron transfer from RQH; to FAD is carried out by
quantum tunneling [28], as proposed for E. coli SQR [21].

2.2. Fp subunit

The largest Fp subunit of A. suum QFR [20] folds into four
domains (Fig. 4A): a FAD-binding domain (residues A33-A280 and
A380-A465), a capping domain (A281-A379), a helical domain
(A466-A568), and a C-terminal domain (A569-A645). The FAD
molecule forms a covalent bond with His A79 and hydrogen bonds
primarily with main-chain N atoms of highly conserved residues
of the FAD-binding domain (A49, A71, A72, A73, A78, A80, A84,
A85, A86, A201, A255, A421, A432, A437 and A438). In addition, res-
idues within 5 A of the FAD group, especially those close to the FAD
isoalloxazine ring, are highly conserved (Fig. 3A).

Examination of the refined structure shows significant electron
density near the isoalloxazine ring that can be assigned as malonate,
an additive for crystallization [20]. The location of this site is in agree-
ment with the dicarboxylate-binding site assigned to other complex
TIs with known structures [18,19,21-23] and is constructed by resi-
dues of the FAD-binding domain (A84, A85, A153, A276, A387, A432
and A435) and the capping domain (A286, A288, A289 and A320).
Three basic residues, Arg A320, His A387 and Arg A432, interact
with the C3 carboxylate group of the bound malonate, and Thr A288
and Arg A320 with the C1 carboxylate group (Fig. 4A). With the
exception of A84, A153 and A435, these residues are conserved across
complex Il molecules with known structures (Fig. 3A).

A B

malonate

[2Fe-2S]

[4Fe-4S]

&, , 5 [3Fe-48]

11.9A§‘ 2&0};\ RQ
heme b
lipid

Fig. 2. Overall structure of A. suum QFR. (A) Cartoon representation of the overall structure
of A. suum QFR. FAD-binding subunit (Fp) is shown in green; iron-sulfur subunit (Ip) is
shown in cyan; and the transmembrane subunits CybL and CybS are shown in yellow
and orange, respectively. The intrinsic redox centers (FAD, [2Fe-2S], [4Fe-45], [3Fe-45]
and heme b) and bound small molecules (malonate, rhodoquinone, and lipid) are
shown as spheres. (B) The arrangement of the redox centers together with malonate,
rhodoquinone and lipid, and edge-to-edge distances between adjacent redox centers.
For calculation of edge-to-edge distances, the dominant determinants of the electron
tunneling rate, the sulfur atoms of the cysteine residues ligating to the iron-sulfur centers
are included as part of the redox centers. The FAD edge is the isoalloxazine ring system
and the heme edge is the conjugated macrocycle. Color-coding for each atom type is as fol-
lows: C, white; N, blue; O, red; S, dark yellow; and Fe, brown.
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A) Flavoprotein subunit (Fp)
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C) Cytochrome b large subunit (CybL)

1 MSLLPYNATL CRVLRHNVKF IRSVQTSAAR VSEEKTPIQV IIGWDYLMRQR ALKEIZIAERL
q
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D) Cytochrome b small subunit (CybS)

1 MLSAVRRAIP LSARILRTSL IQRCAGATSA AVTGAAPPQF DPIAAEKGFK PLHSHGTLPX
61 IFIYFARAMV P IH GREJBILC WG FVL :
EEFAAANY PIITERYNGF S Cy. EYERVEIEY PN%%VBP EEIEAAL

120 VRVEAYIFTH CLLESHLIEN EEDELTREF EMVIER

Fig. 3. Amino acid sequences of A. suum SQR. (A) Fp, (B) Ip, (C) CybL, and (D) CybS subunits. Residues conserved in the six complex [I molecules with known structures (SQRs from
porcine, chicken, and E. coli and QFRs from E. coli, W. succinogenes, and A. suum) are highlighted in red, residues conserved in SQRs from porcine, chicken, and E. coli and A. suum QFR
are highlighted in green, residues conserved in porcine and chicken SQRs and A. suum QFR are highlighted in blue. Residues within 5 A of FAD, [2Fe-2S], [4Fe-4S], [3Fe~4S],
rhodoquinone and heme b redox centers are marked by ¥, 2, 4, 3, q, and h, respectively.

2.3. Ip subunit

The Ip subunit (Fig. 4B) is constructed by two domains, a plant
ferredoxin-like N-terminal (B33-B130) and a bacterial ferredoxin-like
C-terminal (B131-B281) domain [20]. The [2Fe-2S] center is bound to
the N-terminal domain through coordination bonds with four cysteine
residues (B89, B94, B97, and B109). The [4Fe-4S] and [3Fe-4S] centers
are bound to the C-terminal domain and are coordinated by four
(B182, B185, B188, and B249) and three (B192, B239, and B245) cyste-
ine residues, respectively. Except for Cys B97, which is replaced by
aspartate {Asp B63) in E. coli SQR {21], the cysteine residues are con-
served (Fig. 3B). Out of 47 residues located within 5 A of the iron-sulfur
center of A. suum QFR [20], 44 residues are conserved in porcine and
chicken SQRs, but that number decreases to 20 residues when compared
across all complex I molecules with known structures [18,19,21-23].
The sulfur atoms of the cysteine ligands of [2Fe-2S] and [4Fe-4S]
form -S:*---H-N<interactions with main-chain amino groups of the

N-terminal domain (B91, B92, B93, B96, and B108) and C-terminal
domain (B184, B186, B187, B189, and B251), respectively. In addition,
sulfur atoms of the iron-sulfur centers interact with the Ip subunit: the
[2Fe-2S] center interacts with B90 N and B95 N, the [4Fe-4S] center
with B183 N and B186 N, and the [3Fe-4S] center with B243 N. The
-S:--*H-N<interaction is also found in other complex 1l molecules
[18, 19, 21-23, pdb code: 1LOV, 1QLB, 1NEK, 1ZOY and 1YQ3] and
could affect the basicity of sulfur atoms of the cysteine ligands and the
redox centers. It is worth noting that side chain atoms of Ser B96, Cys
B187, and Tyr B202 interact with sulfur atoms of Cys B94, Cys B185,
and [3Fe-4S], respectively (Fig. 4B). Although these residues are con-
served in porcine and chicken complex I molecules (Fig. 3), Cys B187
is replaced by Leu in E. coli QFR, and Tyr B202 is replaced by Phe in
E. coli and W. succinogenes QFRs and E. coli SQR. Therefore, A. suum
QFR is more similar to mitochondrial porcine and chicken SQRs than
bacterial complex ll molecules with respect to the environment of the
iron~sulfur centers.
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Fig. 4. Depiction of subunits. (A) Cartoon representation of the Fp subunit. The FAD-binding domain, capping domain, helical domain and C-terminal domain are shown in pale
green, light blue, light pink and white, respectively, together with the stick models of FAD and malonate. The close-up view of the neighborhood of FAD is also represented in
the inset. Color-coding for each atomn type: C, white; N, blue; and O, red. Carbon atoms of residues from the FAD-binding domain and capping domain are shown in pale green
and light blue, respectively. (B) Cartoon representation of the N-terminal domain (cyan) and C-terminal domain (light blue) of the Ip subunit together with the iron-sulfur centers
shown as stick models. The close-up view of the iron-sulfur centers, cysteine ligands and residues interacting with the centers are shown in the insets. In (A) and (B), hydrogen
bonds are shown with dashed lines. (C) Cartoon representation of the membrane-anchoring CybL (yellow) and CybS (orange) subunits together with heme b and the bound
lipid molecule viewed from orientations perpendicular to each other. C131 and D95 are histidine residues from Cybl. and CybS subunits, respectively.
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2.4. Transmembrane CybL and CybS subunits

The membrane anchor of A. suum QFR, like E. coli, porcine and
chicken SQRs [21-23], is made up of CybL and CybS subunits. They
are composed of five (CybL: all-«lL5) and four (CybS: aS1-«qS4)
o-helices, of which al2, al4, ol5, aS1, aS2, and «S3 are transmem-
brane helices [20]. Four helices, al2, al4, aS1, and «S2, form a helix
bundle in which a heme b molecule is accommodated through
ligation of conserved His C131 and His D95 (Fig. 4C). Unlike the
FAD molecule and the iron-sulfur centers, most residues near the
heme b molecule are not conserved (Fig. 3C and D). A lipid molecule
is bound below the heme b site in the helix bundle. Phosphatidyleth-
anolamine is incorporated into the current model, although electron
density patterns are not clear enough to identify the lipid species.
Both heme b and lipid molecules are located at the interface of CybL
and CybS subumnits and may contribute to the assembly of the CybL
and CybS subunits. Interestingly, a segment comprising 27N-terminal
residues (D28-D54, Fig. 4C) of the CybS subunit extends to the
Fp and.Ip subunits and five residues (D29, D39, D41, D42, D46)
form inter-subunit hydrogen bonds with residues of Fp (A471, A195,
A192) and Ip (B150). The segment is unique to A. suum QFR, and
seems to contribute to the stabilization of the multi-subunit structure
of the enzyme. A definite cleft is formed at the interface of the
Ip, CybL, and CybS subunits, and residual electron density probably
revealing a bound RQ molecule is found in the cleft. The location of the
cleft is in agreement with the quinone-binding sites assigned in the
structures of other complex [l molecules [18,21-23]. In the refined struc-
ture (3VR8), RQ is well situated in the cleft (Fig. 2) and is surrounded by
residues that are highly conserved among complex Il molecules from
porcine, chiclken and A. suum (Fig. 3C and D).

2.5, Mechanisms of fumarate reduction and rhodoquinol oxidization

The crystal structure of the fumarate-bound A. suum QFR (3VRB)
clearly reveals that a fumarate molecule is bound to the dicarboxylate
site in a non-planar conformation (Fig. 5A); C2, C3, and C4 carboxyl
groups are in the same plane parallel to the FAD isoalloxazine ring
but the C1 carboxyl group deviates from the plane as indicated by a
(C3-C2-C1-01A dihedral angle of 83.7°. The non-planar conformation
is stabilized by hydrogen bonds with conserved residues; the C1 car-
boxyl group with Gly A85, His A276, Thr A288, and Glu A289, and the
C4 carboxyl group with Arg A320, His A387, Arg A432, and Ala A435.
Accordingly, the structure suggests that the uniform distribution
of m-electrons over the conjugated double bonds of fumarate is
disrupted and that a partial charge separation, C2°+ and (357, is
induced on the bound fumarate molecule. This charge separation
seems to be the key to the reduction of fumarate because the contact
of C2°+ with FAD N5 (3.5 A) observed in the crystal structure should fa-
cilitate the hydride (or hydride equivalent) transfer from reduced FAD
N5 to C2°*. The twisted conformation of fumarate is also observed in
E. coli [29] and W. succinogenes [19] QFRs, as well as in flavoproteins
such as flavocytochrome ¢ [30] and T. cruzi dihydroorotate dehydroge-
nase [31], and the similar mechanism of fumarate reduction has been
proposed for these enzymes. The crystal structure also suggests that
conserved Arg A320 probably supplies a proton to C3°~ to complete
the fumarate reduction.

Fig. 5B shows the RQ binding site of A. suum QFR. Of 12 residues
within 5 A of the bound RQ, nine residues (B193, B194, B197, B240,
B242, C72, C76, D106, and D107) are conserved in porcine, chicken,
and E. coli SQRs (Fig. 3). The [3Fe~4S] center, the nearest iron-sulfur
center to the bound RQ, is located at distances of 9.1 and 7.7 A from
RQ O1 and 02, respectively, indicating that electrons are transferred
from RQH, to FAD vig the [3Fe-4S], [4Fe-4S], and [2Fe-2S] centers.
Although residues surrounding heme b are mostly not conserved
among complex Il molecules (Fig. 3), the possibility of heme b to act
as an electron acceptor from RQH, remains because heme b is also

the redox center close to the bound RQ (Fig. 2B) and its redox poten-
tial (—34 mV, [16]) is higher than that of RQH, (—63 mV). RQ is also
surrounded by conserved amino acid residues in SQRs from porcine,
chicken and E. coli (Ser C72, Arg C76, Asp D106, and Tyr D107) and
is involved in these hydrogen bond networks: RQ O1---Tyr
D107+ --Arg C76'--Asp D106 and RQ 02'---Ser C72---'RQ N-"-"Arg
C76--+-Asp D106. Protons abstracted from RQH, can leave along
these networks. It should be noted that the amino group of RQ,
which is replaced by the methoxy group in ubiquinone, is involved
in one of the hydrogen bond networks.

2.6. Flutolanil-binding site

In both crystal structures of A. suum QFR (Fig. 6A, 3VRB) and porcine
SQR (Fig. 6B, 3AE8) complexed with flutolanil, an inhibitor specific for
A. suum QFR [26], flutolanil is bound to the quinone-binding site located
near the [3Fe-4S] center (Q, site), where residues of A. suum QFR and
porcine SQR within 5 A of the bound flutolanil are mostly identical
(73%). The isopropoxy-phenyl moiety of flutolanil comes in contact
with conserved hydrophobic residues and the carbonyl oxygen forms
hydrogen bonds with tyrosine and tryptophan residues. Accordingly,
these hydrogen bonds as well as van der Waals contact seem to be
important for the binding of flutolanil to both enzymes. It is worth
noting that there is close contact between the isopropoxy group of the
bound flutolanil and the aromatic indole ring of A. suum QFR Trp C69;
these are -separated by 3.3 A, significantly less than the distance
expected for van der Waals contact (3.7 A), indicating that they interact
with each other through a C-H- ' interaction. Since the tryptophan
residue is replaced by methionine (Met C39) in porcine SQR, this elec-
trostatic interaction is unique to A. suum QFR. Another electrostatic
interaction unique to A. suum QFR is formed between the flutolanil
trifluoromethylbenzene moiety and Arg C76 guanidino group. Since
the trifluoromethyl group is an electron-withdrawing group, the
m-orbital of the flutolanil aromatic ring is expected to be deficient in
electrons. In contrast, the m-orbital of the guanidino group of Arg C76
seems to be rich in electrons because the arginine residue located in
the hydrophobic environment of the membrane-anchoring CybL
subunit may preferentially the unprotonated form over the protonated
one, Therefore, the stacking of the two m-orbitals, one is deficient and
another rich in electron, with the distance of 3.2 A observed in the
A. suum QFR-flutolanil complex reinforce the attractive interaction
between flutolanil and A. suum QFR. In porcine SQR, however, the
guanidino group of Arg C46, the counterpart residue to Arg C76, is a
greater distance from the flutolanil trifluoromethylbenzene moiety
and is poorly stacked.

In contrast to flutolanil, 2-thenoyltrifluoroacetone (TTFA), a potent
inhibitor against mammalian SQR, does not inhibit both A. suum QFR
and SQR [11]. There are two TTFA binding sites in porcine SQR [22], Q,
and Qq sites. The Q, site TTFA, lile flutolanil bound to the Qj, site, accepts
hydrogen bonds and van der Waals contacts from residues that, except
for Trp C35 (Pro C65 in A. suum enzymes), are conserved in the A. suum
enzymes, whereas the Qq site TTFA is surrounded mostly by residues
unconserved in the A. suum enzymes and interacts with porcine SQR
mainly through water molecules [22]. Therefore, if it is assumed that
the Q, site is more crucial for the inhibition of complex Il than the Qq
site, the insensitivity of A. suum enzymes toward TTFA may be caused
by the change from Trp C35 to Pro C65.

3. Twelve novel subunits of T. cruzi complex II

3.1. Subunit structure of T. cruzi complex Il

The parasitic protist T. cruzi is the etiological agent of Chagas
disease, a public health threat in Central and South America. These
parasites are normally transmitted by the reduviid bug via vector
feces after a bug bite and are also transferred via transfusion of infected
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GluA289 \

Thr A288

B

Fig. 5. Close-up view of active site structures. (A) The fumarate molecule bound to the dicarboxylate-binding site of A. suum QFR and residues interact with fumarate, Hydrogen
bonds are shown in yellow dashed lines. Red dashed lines indicate probable routes of hydride (FAD N5— fumarate C2°*+) and proton (Arg A320 Nrj—»C3°) transfers to reduce
fumarate. (B) Rhodoquinol binding site of A. suum QFR. Hydrogen bonds are shown in yellow dashed lines. Color-coding for each atom type is as follows: N, blue; O, red; S, dark
yellow; and Fe, brown. Carbon atoms of FAD, RQ and heme b are shown in white, residues from Fp, CybL and CybS are shown in light green, yellow, and orange, respectively.

blood. About 16 to 18 million people are infected and 100 million are at
risk, but there are no definitive chemotherapeutic treatments available
[32].

To our surprise, the complex Il purified from T. cruzi consists of six
hydrophilic (SDH1, SDH2y, SDH2, and SDH5-SDH?7) and six hydropho-
bic (SDH3, SDH4, and SDH8-SDH11) nuclear-encoded subunits (Fig. 7;
[24]). SDH1 and SDH2 correspond to Fp (SDHA) and Ip (SDHB), respec-
tively. Orthologous genes for each subunit were identified in most
trypanosomatids, including T. brucei and Leishmania major [33-35].
Notably, the iron-sulfur subunit was heterodimeric; SDHBy and SDHB¢
contain the plant-type ferredoxin domain in the N-terminal half and
the bacterial ferredoxin domain in the C-terminal half, respectively.
Catalytic subunits (SDHA, SDHBy, plus SDHBc, SDH3, and SDH4) contain
all key residues for binding of dicarboxylates and quinones, but the
enzyme showed lower affinity for both substrates and inhibitors than
mammalian enzymes. In addition, the enzyme binds protoheme IX, but
SDHS3 lacks a histidine ligand [24].

3.2. Split Ip subunit of Trypanosomal complex I

In contrast to the monomeric iron-sulfur subunit (SDHB) found in
all known families of complex II, the Trypanosomal iron-sulfur
subunit is composed of two nuclear-encoded genes for SDHBy and
SDHBc subunits (Fig. 7) [24]. The crystal structure of the Ip subunit
from porcine complex 1l [22] and the PHYRE? model {36] of T. cruzi
SDHBy (residues By66 to By161) and SDHBc (residues B34 to B¢163)
are shown in Fig. 8A and B, respectively. The C-terminal extension
of TcSDHBy, (residues By162 to By270) was removed from the model
to allow better comparison between porcine Ip (Fig. 8A) and split
Trypanosomal Ip (Fig. 8B) subunits. According to this model, the
[2Fe-2S] center is bound to the TcSDHBy subunit (Fig. 8B) by four
cysteine residues, By120, By125, By128, and By140 (Fig. 9), which
correspond to cysteine residues B65, B70, B73, and B85 from porcine
SDHB [22]. The [4Fe-4S] center is bound to TcSDHB¢ by cysteine resi-
dues Bc71, Bc74, B¢77, and B¢138 (Fig. 9), which correspond to cysteine
residues B158, B161, B164, and B225 from the porcine SDHB subunit
and, finally, the [3Fe-4S] center is bound by cysteine residues B¢81,

Bc128, and Bc134 (Fig. 9), which correspond to cysteine residues
B168, B215, and B221 from porcine SDHB subunit {22]. The residues
from SDHB subunit which interact with flutolanil from porcine complex
I (B216, B218, B169, and B173 from Fig. 4B) are also found in TcSDHB¢
(Bc82, Bc86, Bc129, and B131 in Fig. 9). Thus, even if the Ip subunit of
the Trypanosomatid complex II is comprised of two distinct peptides,
the three iron-sulfur clusters as well as all cysteine residues necessary
to bind those clusters are structurally conserved among all families of
complex IL Such spatial organization of iron—-sulfur clusters is expected
to be crucial for optimal electron transfer from succinate to ubiquinone.

3.3. T. cruzi complex Il as a drug target

Purified T. cruzi enzyme shows reduced binding affinities for both
substrates and inhibitors. Its K, values for ubiquinone (18.8 6.4 uM
(Q,)) and succinate (1.48 4+ 0.17 mM) were higher than those with bo-
vine enzyme [37] (0.3 and 130 M, respectively) and E. coli enzyme
[38,13] (2 and 277 uM, respectively). Interestingly, the T. cruzi enzyme
Ky, value for succinate was comparable to 610 pM in adult A. suum
[10], which expresses the stage-specific complex If as QFR under hypoxic
environments in the host organisms mentioned above.

Sensitivity to inhibitors also differs from that of other complex Il
molecules. Atpenin A5, a potent inhibitor for complex II, inhibited
the T. cruzi enzyme with an 1Csq value of 6.4+ 2.4 uM, which is
three orders of magnitude higher than that of bovine enzyme
(4 nM) [39]. Furthermore, T. cruzi enzyme does not respond to
carboxin, 2-theonyltrifluoroacetone (TTFA), plumbagin, and 2-heptyl-
4-hydroxyquinoline N-oxide (HQNO) (100 pM<ICsp). Structural diver-
gence in Trypanosomatid SDH3 and SDH4 could be the cause for
lower binding affinities for both quinones and inhibitors. In addition,
the ICsp for malonate (40 pM) was much higher than the K; value for
bovine complex II (1.3 pM) [37], indicating different structures of the
dicarboxylate-binding site.

These unusual features are unique in Trypanosomatidae and make
their complex Il molecules a target for new chemotherapeutic agents.
Insensitivity to a known inhibitor is a promising feature for identify-
ing a specific and potent inhibitor. Ascofuranone, which is a most
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lle C30

Trp B173

Fig. 6. Flutolanil binding site. The structures of flutolanil binding sites of (A) A. suum QFR and (B) porcine SQR. In each structure, the flutolanil molecule is bound to the
quinone-binding site and surrounded by residues from Ip (cyan), CybL (yellow), and CybS (orange) subunits. Most of these residues are conserved between the two enzymes.
Close-up views of the C—H-"* ' interaction between the isopropoxy group of flutolanil and Trp C69 side chain, and the electrostatic interaction between the flutolanil
trifluoromethylbenzene moiety and Arg C76 guanidino group are shown in insets. Hydrogen bonds are shown in yellow dashed lines.

FAD TcSDHA
TcSDHE
TcSDHF TcSDHBy
TcSDHG TcSDHB,
heme b

TeSDHC/D/H~K

Fig. 7. Subunit organization model of Trypanosomal complex II. The Trypanosomal com-
plex 1l is composed of six hydrophilic subunits (SDHA/Bn/Bc/E~G) and six hydrophobic
subunits (SDHC/D/H-K). In the case of Trypanosomal complex II, the canonical SDHB is
split into SDHBy (pink) and SDHBc (blue).

potent inhibitor of cyanide-insensitive alternative oxidase of T. brucei
is good example [40].

4. Perspectives and conclusion

As described above, parasites have exploited a variety of energy-
transducing systems in their adaptation to specific environments
inside their hosts. Dynamic rearrangement of the respiratory chain
during the life cycle is one of the key elements of this adaptation.
However, the control mechanism responsible for stage-specific
expression of the genes of parasites remains unclear because research
on parasites at the molecular level has only recently begun. In this
regard, recent reports indicating that complex II functions as an
oxygen sensor are of great interest [41]. Mammalian cells are able
to sense decreased oxygen availability and activate response systems,
including transcriptional activation of several genes controlled via
hypoxia-inducible factor-1 (HIF-1) [42]. Although the molecular
mechanism of gene expression has not been elucidated for parasites,
A. suum shows a very clear transition of the metabolic systems
between larvae and adult stages, and it is, thus, a very promising
research model. Our recent results show that a HiIF-1 homologue
plays a role in oxygen adaptation in A. suum and sequence analysis
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Swine SDHB

TcSDHB,,

Fig. 8. PHYREZ model of split T. cruzi SDHB subunits. Superposition of porcine SDHB crystal structure (green, residues Pro B9 to Glu B237) (A), with the PHYRE? model of T. cruzi
SDHBy (pink, residues Thr By66 to Asp By161) and SDHB¢ (blue, residues Val Bc34 to Pro Bc163) subunits (B). All cysteine residues coordinating with the Fe-S clusters are
conserved and represented as stick, while iron (orange) and sulfur (yellow) clusters as spheres. The C-terminal residues from By162 to By270 of TcSDHBy were removed from

the PHYRE? model for ease of comparison between porcine and T. cruzi SDHB subunits.

of the 5/-upstream regions of complex Il genes identified putative
hypoxia-responsive element (HREs), suggesting that HIF-1 directly
regulates the expression of stage-specific complex II isoforms [43].
Diversity of complex I is found not only in parasites but also in
human host. Two isoforms of human Fp, type I and type HI, were
reported [44,45]. These isoforms differed from each other only in two
amino acid residues: Tyr 586 and Val 614 of type I Fp are replaced by
Phe 586 and Ile 614 in type Il Fp, respectively. Type I Fp are well
conserved among the Fp of mammals, and type Il Fp is found only in
human complex II. Although the type I Fp gene is located on chromo-
some 5p15 and has an exon-intron structure [44,46], the type Il Fp
gene is not found in the NCBI database. Baysal et al. suggested that
type I Fp is a variant of the Fp subunit and can be explained by
balancing selection over the long term [47]. Interestingly, expression
of type Il Fp mRNA is increased in normal cells cultured under ischemic
conditions [48]. It is of interest to speculate that complex I has higher
QFR activity and plays an important role in fumarate respiration in
human mitochondria as the terminal oxidase of the system similar to
that in A. suum adult complex Il Anti-cancer activity of pyrvinium
pamoate an anthelmintic, which is a known fumarate reductase inhibi-
tor, against human cancer cells should be studied further [49]. The
diversity of mitochondrial complex I molecules lends itself to studies

Cys By120
[2Fe-2S]
Cys By 140

v [3Fe-48]
Cys Bp128

Fig. 9. All cysteines necessary for binding Fe-S clusters are conserved in Trypanosomal
split Ip subunits. Cysteine residues from SDHBy are colored and labeled in pink and
residues from SDHB¢ are in blue. The equivalent residues from Trypanosomal SDHBc,
which were found to interact with flutolanil from porcine SDHB are labeled in red.
The three iron (orange) and sulfur (yellow) clusters are represented as spheres.

in many areas, including bioenergetics, molecular evolution and drug
discovery.
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In addition to haem copper oxidases, all higher plants, some algae,
yeasts, molds, metazoans, and pathogenic microorganisms such as
Trypanosoma brucei contain an additional terminal oxidase, the
cyanide-insensitive alternative oxidase (AOX). AOX is a diiron car-
boxylate protein that catalyzes the four-electron reduction of
dioxygen to water by ubiquinol. In T. brucei, a parasite that causes
human African sleeping sickness, AOX plays a critical role in the
survival of the parasite in its bloodstream form. Because AOX is
absent from mammals, this protein represents a unique and prom-
ising therapeutic target. Despite its bioenergetic and medical im-
portance, however, structural features of any AOX are yet to be
elucidated. Here we report crystal structures of the trypanosomal
alternative oxidase in the absence and presence of ascofuranone
derivatives. All structures reveal that the oxidase is a homodimer
with the nonhaem diiron carboxylate active site buried within
a four-helix bundle. Unusually, the active site is ligated solely
by four glutamate residues in its oxidized inhibitor-free state;
however, inhibitor binding induces the ligation of a histidine res-
idue. A highly conserved Tyr220 is within 4 A of the active site and
is critical for catalytic activity. All structures also reveal that there
are two hydrophobic cavities per monomer. Both inhibitors bind
to one cavity within 4 A and 5 A of the active site and Tyr220,
respectively. A second cavity interacts with the inhibitor-binding
cavity at the diiron center. We suggest that both cavities bind
ubiquinol and along with Tyr220 are required for the catalytic
cycle for O, reduction.

diiron protein | neglected tropical diseases |
monotopic membrane protein | drug target | ubiquinol oxidase

he alternative oxidase (AOX) is a nonprotonmotive ubig-

uinol oxidase catalyzing the four-electron reduction of
dioxygen to water (1). The gene encoding this protein has been
found in all higher plants, some algae, yeast, slime molds, free-
living amoebae, eubacteria, nematodes, and some parasites
including Trypanosoma brucei (2-5). T. brucei is a parasite that
causes human African sleeping sickness and nagana in livestock
and is transmitted by the tsetse fly (5). The development of
chemotherapy and the continued search for new, unique ther-
apeutic targets for African trypanosomiasis are urgently re-
quired, because current treatments, which are poorly targeted,
have unacceptable side effects and efficacy (6).

The bloodstream form of 7. brucei is equipped with a unique
energy metabolism, namely an altered respiratory chain (5) and
a modified ATP synthase (7). The parasites live as the blood-
stream form in the mammalian host and as the procyclic form
in the tsetse fly (5). The procyclic form of T. brucei contains
a cytochrome-dependent respiratory chain in addition to an
alternative oxidase, whereas within the bloodstream trypano-
somes use the glycolytic pathway, localized in the glycosome, as
their major source of ATP (5, 8). Once the parasites invade the

www.pnas.org/cgi/doi/10.1073/pnas.1218386110

mammalian host in the bloodstream, both the cytochrome re-
spiratory pathway and oxidative phosphorylation disappear and
are replaced by the trypanosomal alternative oxidase (TAO),
which functions as the sole terminal oxidase to reoxidize NADH
accumulated during glycolysis (5). Because NADH reoxidation is
essential for parasite survival and mammalian hosts do not possess
this protein, TAO is considered to be a unique target for anti-
trypanosomal drugs (9). Indeed, we have previously reported that
the antibiotic ascofuranone (AF), isolated from the pathogenic
fungus Ascochyta viciae, specifically inhibits the quinol oxidase
activity of TAO at subnanomolar concentrations and rapidly kills
the parasites (10). Furthermore, we have confirmed the chemo-
therapeutic efficacy of ascofuranone in vivo (11, 12).

Despite universal conservation of the gene encoding the
AOX and diversified physiology (2), the molecular features of
this protein have yet to be fully characterized. Current struc-
tural models predict that the AOX is an integral interfacial
membrane protein that interacts with a single leaflet of the lipid
bilayer and contains a nonhaem diiron carboxylate active site
(1, 13, 14). This model is supported by extensive site-directed
mutagenesis and spectroscopic studies (3, 15-20).

There are many proteins that belong to the diiron carboxyl-
ate protein family, and in each case they are characterized by
the possession of two copies of the diiron binding motifs (21,
22). To date the majority of proteins within this family whose
crystal structures have been determined are soluble proteins,
and hence determination of a crystal structure of a member of
the membrane-bound class is vital, because it would trans-
formationally improve our understanding of the structure-
function relationships of this functionally diverse family of
proteins. In this paper we report on the crystal structure of the
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oxidized form of the trypanosomal alternative oxidase at 2.85 A.
In addition to this very important milestone we also describe the
structures of the active site of the enzyme in the presence of AF
derivatives, AF27790H and colletochlorin B (CCB), at 2.6 A
and 2.3 A resolution, respectively. We believe that a detailed
knowledge of the active site of the enzyme in the presence of
such inhibitors will lead to a greater rational design of further
potent and safer antitrypanosomal drugs.

Results and Discussion

Overall Structure of TAO. We have recently established protocols to
prepare highly purified and stable TAO, which has enabled us to
crystallize the enzyme (23, 24). The crystal structure of TAO
determined at 2.85 A resolution (SI Appendix, Table S1) contains
four monomers per asymmetric unit that associate to form
homodimers (Fig. 14 and SI Appendix, Fig. S14). Each monomer,
which lacks about 30 residues in both N- and C-terminal regions
due to faint electron density, consists of a long N-terminal arm, six
long « helices (al-a6), and four short helices (S1-S4). The long
helices are arranged in an antiparallel fashion with o2, &3, o5, and

Matrix

Inner membrane

Intermembrane space

Fig. 1. Structure of TAO. Long helices are labeled a1 to a6 and short ones S1
to S4. Diiron and hydroxo atoms are shown as magenta spheres. (4) Dimeric
structure of TAO viewed roughly perpendicular (Left) and parallel (Right) to
the helix axes. Helices are shown as cylinders. Chain A is colored in rainbow
from blue (N terminus) to red (C terminus) and chain B in pink. (B) Surface
representation of the TAO dimer showing the hydrophobic (Left) and hy-
drophilic {Right) surfaces. Colors are according to the following hydropho-
bicity scale: red, high hydrophobicity; white, low hydrophobicity (www.
pymolwiki.org/index.php/Color_h). (C) Proposed binding model of the TAO
dimer to membranes shown by surface (Left) and cartoon (Right) repre-
sentations. The hydrophobic region on the molecular surface of the TAO
dimer faces the membrane. Conserved basic amino acid residues, which are
distributed along a boundary between the hydrophobic and hydrophilic
regions of the dimer surface, are colored in blue. Residue names are labeled
in black (asterisk denotes in chain B).
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a6 forming a four-helix bundle that accommodates a diiron cen-
ter, as widely observed in other diiron carboxylate proteins (1, 14)
(SI Appendix, Fig. S2). Except for the N-terminal arm, each
monomer is shaped as a compact cylinder (50 x 35 x 30 A), and
there are no significant structural differences among monomers jn
the asymmetric unit, as indicated by rms deviations (0.49~0.68 A)
for superimposed Ca positions of the six helices calculated be-
tween a pair of monomers. However, loops connecting adjacent
helices show larger differences among monomers, resulting in
somewhat larger rms deviations (0.67~0.88 A) when calculated
using all Co atoms.

In the dimer, two monomers are related by a noncrystallo-
graphic twofold axis approximately perpendicular to the bundle
(Fig. 14). Helices o2, 03, and a4 of one monomer and a2*, o3*,
and o4* of the other (asterisk denotes helix of a neighboring
monomer) build a dimer interface, where six completely con-
served residues (H138, L1142, R143, R163, L166, and Q187) and
12 highly conserved residues (M131, M135, L139, S141, M145,
R147, D148, 1.156, A159, M167, R180, and 1183) are involved in
the interaction between monomers (SI Appendix, Fig. S3), sug-
gesting that a dimeric structure is common to all AOXs. In ad-
dition, the N-terminal arm (P31~R62) of one monomer extends
into the other monomer (Fig. 14), suggesting that the arm js
important for dimerization. Upon dimerization, about 2,490 A?
of solvent-accessible surface (35% of the total dimer surface) is
buried. A large hydrophobic region is visible on one side of the
dimer surface that is formed by ol and o4 plus the C-terminal
region of o2 and the N-terminal region of o5 from both mono-
mers (Fig. 1B Left). Because the opposite side of the dimer
surface is relatively hydrophilic (Fig. 1B Right), we propose that
the dimer is bound to the mitochondrial inner membrane via this
hydrophobic region in an interfacial fashion, as originally sug-
gested by Andersson and Nordlund (13). The membrane pene-
tration depth of TAO, calculated by PPM web server (25), is 8.4
A, roughly corresponding to the radius of a helix. In addition,
basic residues (R106, R143, R180, R203, and R207) are distrib-
uted along a boundary between the hydrophobic and hydrophilic
regions of the dimer surface (Fig. 1C and SI Appendix, Fig. S4).
They are conserved across all amino acid sequences of the
membrane-bound AOXSs shown in ST Appendix, Fig. S5, and their
locations make these residues ideal candidates to interact with the
negatively charged phospholipids head groups of membranes.

Structure of Diiron Active Site. The structure of the diiron active
site was refined as an oxidized Fe(III)-Fe(III) form with a single
hydroxo-bridge (Fig. 2 and SI 4ppendix, Fig. S6), as previously
predicted from spectroscopic studies (19, 20). The active site,
which is located in a hydrophobic environment deep inside the
TAO molecule, is composed of the diiron center and four glu-
tamate (E123, E162, E213, and E266) and two histidine residues
(H165 and H269), all of which are completely conserved (SI
Appendix, Fig. S5). In addition, the conserved hydrophobic resi-
dues (1122, A126, 1212, A216, Y220, and 1262) are within 6 Aof
the diiron center (Fig. 24). The average Fel-Fe2 distance of the
four monomers in the asymmetric unit is 3.3 + 0.2 A and, in ad-
dition to the hydroxo-bridge, Fel and Fe2 are bridged by E162
and E266 and furthermore coordinated in a bidentate fashion by
E123 and E213, respectively, thereby resulting in a five-co-
ordinated diiron center possessing a distorted square pyramidal
geometry (Fig. 2B and SI Appendix, Fig. S6 and Table S2). The
most striking feature of the diiron active site in the oxidized state
is that, as predicted from our earlier FTIR studies (26), histidine
residues (H165 and H269) are too distant from both Fel and Fe2
(H165: 3.3~4.0 A, H269: 3.8~4.4 A) to coordinate to the diiron
center. They do, however, form hydrogen bonds with E123, N161,
E162, E213, and D265. N161 and D265 are situated in the center
of the hydrogen-bond network and extend the network to W65,
Y246, and W247. These residues, apart from W65, are again
completely conserved (SI Appendix, Fig. S5), suggesting that the
hydrogen bond network is important for the stabilization of the
AOX active site. To our knowledge, TAO is the only structure of
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