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Cellulolytic flagellated protists in the guts of termites produce molecular hydrogen (H,) that is emitted by
the termites; however, little is known about the physiology and biochemistry of H, production from cellulose
in the gut symbiotic protists due to their formidable unculturability. In order to understand the molecular
basis for H, production, we here identified two genes encoding proteins homologous to iron-only hydrogenases
(Fe hydrogenases) in Pseudotrichonympha grassii, a large cellulolytic symbiont in the phylum Parabasalia, in
the gut of the termite Coptotermes formosanus. The two Fe hydrogenases were phylogenetically distinct and had
different N-terminal accessory domains. The long-form protein represented a phylogenetic lineage unique
among eukaryotic Fe hydrogenases, whereas the short form was monophyletic with those of other parabasalids.
Active recombinant enzyme forms of these two Fe hydrogenases were successfully obtained without the specific
auxiliary maturases. Although they differed in their extent of specific activity and optimal pH, both enzymes
preferentially catalyzed H, evolution rather than H, uptake. H, evolution, at least that associated with the
short-form enzyme, was still active even under high hydrogen partial pressure. H, evolution activity was
detected in the hydrogenosomal fraction of P. grassii cells; however, the vigorous H, uptake activity of the
endosymbiotic bacteria compensated for the strong H, evolution activity of the host protists. The results
suggest that termite gut symbionts are a rich reservoir of novel Fe hydrogenases whose properties are adapted
to the gut environment and that the potential of H, production in termite guts has been largely underestimated.

H, emission by termites, well-known insects that thrive on
recalcitrant wood or cellulose, is an interesting feature, since
biological H, emission is usually extremely limited in other
natural ecosystems (35). The digestion of cellulosic matter by
termites depends on the presence of a dense and diverse pop-
ulation of microorganisms in their guts, particularly cellulolytic
flagellated protists in the case of phylogenetically lower ter-
mites (3, 17, 26). Earlier studies postulated that the gut sym-
biotic protists phagocytose wood or cellulose particles and then
depolymerize and ferment them to produce stoichiometric
amounts of acetate, CO,, and H, (16, 25, 39). The symbiotic
protists, accounting for up to one-third of the total insect
volume, are densely packed mainly in the voluminously dilated
anterior part of the hindgut (17), where the H, partial pressure
is the highest (7). Thus, cellulolytic protists are considered to
be the major producers of H, in the gut.

Nevertheless, little is known about the detailed physiology
and biochemistry of the gut symbiotic protists of termites; this
is because most of these protists have formidably resisted cul-
tivation in vitro. Culture-independent molecular studies, how-
ever, have been successfully applied to the gut dwellers of
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termites (for reviews, see reference 26); these studies were
mainly molecular phylogenetic analyses. They revealed unex-
pected diversity among termite gut protists (12, 27-29). Genes
involved in cellulose decomposition have also been identified
previously (references 18 and 36 and references therein).

The gut symbiotic protists are unique to termites and related
wood-feeding roaches and belong to the phylum Parabasalia or
the order Oxymonadida (phylum Preaxostyla). The former in-
cludes most of the large gut protists that are responsible for the
decomposition of highly polymerized cellulose. Parabasalids
are typified by the presence of parabasal bodies and hydro-
genosomes in the cell (4). Hydrogenosomes are H,-producing
organelles that play a central role in anaerobic energy produc-
tion (19) and are distributed in a variety of anaerobic eu-
karyotes; therefore, they are considered to have evolved mul-
tiple times independently from the mitochondria (8, 11).

All the known eukaryotic hydrogenases, whether they are
located in the hydrogenosome or not, are classified as iron-only
hydrogenases ([FeFe] hydrogenases; herein referred to simply
as Fe hydrogenases), which are evolutionarily unrelated to the
other major type of hydrogenases, [NiFe] hydrogenases (37).
Fe hydrogenases are considered to play a role in H, evolution
by reducing protons; however, the eukaryotic enzymes are
poorly understood because, thus far, only a few eukaryotic
Fe hydrogenases, namely, those in Chlamydomonas and Tri-
chomonas species, have been purified and characterized (13,
30), although a higher number of primary structures have been
deduced from the genes of various anaerobic eukaryotes (1, 5,
14, 21, 38). As proposed previously (11), the gut-dwelling an-
aerobic eukaryotes of termites and other animals potentially
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harbor an enormous biodiversity of Fe hydrogenases due to
their great phylogenetic diversity. Further research regarding
the various anaerobic hydrogenosome-carrying eukaryotes and
their hydrogenases is critical for understanding eukaryotic or-
ganelle evolution and the evolutionary origin of eukaryotic Fe
hydrogenases (11).

In this study, we investigated the Fe hydrogenase genes and
the characteristics of the encoded enzymes in parabasalian
symbionts of the termite Coptotermes formosanus. The study
aimed to understand the molecular mechanisms underlying the
intensive H, production in termites and to investigate the
biodiversity of hydrogenases. The termite C. formosanus is a
globally distributed and economically important pest of wood
houses. It harbors only three species of gut protists, all of which
belong to the phylogenetically monophyletic phlyum Parabasa-
lia but are distantly related to the cultivated Parabasalia rep-
resentatives Trichomonas vaginalis and Tritrichomonas foetus
(28, 29). Among the three, the largest protist, Pseudotricho-
nympha grassii, is maximally responsible for the decomposition
of highly polymerized cellulose (40). Recombinant enzyme
forms of two distinct Fe hydrogenases of P. grassii were puri-
fied and characterized.

MATERIALS AND METHODS

Termite species and hydrogen emission rate. The termite species used in this
study was C. formosanus (Isoptera: Rhinotermitidae), and it was obtained from
natural colonies in Japan. In the laboratory, the termites were maintained on
infested wood blocks in polypropylene containers. Worker termites were used for
all experiments.

The termites were fed an artificial diet that comprised cellulose and water in
the ratio of 2:3 for 1 week. Ten termites were placed in 100-ml serum vials that
contained 5 g of the artificial diet; the vials were then sealed with butyl rubber
stoppers. The H, concentration in the headspace of the vials was measured every
12 h for 72 h by gas chromatography with a Shimadzu 14C chromatograph and
with a semiconductor detector and a Unibead C packed column (GL Science)
operating at 60 and 80°C, respectively. The carrier was nitrogen gas flowing at 60
ml/min. Linear emission continued (R? = 0.997) for at least 72 h.

Isolation of cDNA clones and 5’-end amplification. The sequences of the
c¢DNAs encoding hydrogenase homologs were identified by BLAST searches of
the nonredundant NCBI database as part of our ongoing expressed-sequence-tag
(EST) survey. The cDNA library used for the EST analysis has been established
from the mixed population of gut protists in C. formosanus (18). The truncated
5" ends of cDNAs were determined by 5’ rapid amplification of cDNA end
(RACE) reactions using a Gene Racer kit (Invitrogen) with sequence-specific
primers (see Table S1 in the supplemental material). The 5" RACE products
were cloned, and the DNA sequences of multiple clones were determined to
confirm the identity of the overlapping cDNA region of the original clones. The
entire coding sequences were amplified by reverse transcription-PCR (RT-PCR)
with sequence-specific primers (see Table S1 in the supplemental material), and
the PCR products were used for subsequent analyses. DNA sequencing was
performed by primer walking using an automated DNA sequencer (ABI model
3700) with BigDye Terminator chemistry (Applied Biosystems).

Identification of protist origins. Cells of each species of symbiotic protists in
the gut were manually isolated with the aid of a micromanipulator (Cell-Tram;
Eppendorf) as described previously (27), and the cells were washed extensively.
As described previously (29), a pool of five isolated cells of each protist species
was used directly for specific amplification by RT-PCR with sequence-specific
primers (see Table S1 in the supplemental material) to detect the species of
origin of the sequences. The amplification product from each protist species was
cloned, and the DNA sequences in multiple clones were determined to confirm
the identity to the corresponding cDNA sequence. Whole-cell hybridizations
using oligonucleotide probes specific for 09A82 and 06B09 sequences (see Table
S1 in the supplemental material) were applied for the in situ identification of the
organismal origins of the Fe hydrogenase genes. Fixation and hybridization were
performed as described previously (18). Due to the small amount of mRNA for
Fe hydrogenase genes, hybridization signals were detected by an enzyme-linked
immunoassay. The cells that hybridized with probes 5'-end labeled with digoxi-
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genin (DIG) were detected with alkaline phosphatase-conjugated anti-DIG an-
tibodies and colorimetric substrates by using a DIG nucleic acid detection kit
(Roche) and observed by light microscopy.

Phylogenetic analysis. The in silico-translated amino acid sequences corre-
sponding to the genes for the Fe hydrogenase homologs were aligned with
sequences of known Fe hydrogenases and those of their homologous proteins
listed in the protein databases based on the Pfam seed alignment of Fe hydro-
genases (http://www.sanger.ac.uk/Software/Pfam/), and the alignment was cor-
rected manually. The program PHYML (version 2.4.4) (10) was used for infer-
ring the maximum-likelihood (ML) tree using the Jones-Taylor-Thornton model,
gamma distribution with four categories plus invariant sites, and the shape
parameter and the fraction of invariable sites estimated from the data set.
MrBayes (version 3.1.2) (15) was used for evaluating the posterior probabilities
at the nodes of the ML tree. MrBayes was run for 1,000,000 generations with the
Jones-Taylor-Thornton model, gamma-distributed rate variation, and a propor-
tion of invariable sites; the burn-in value was set at 100,000 generations. The
significance of the differences in tree topologies was examined by the approxi-
mately unbiased test implemented in CONSEL (34) with 1,000 bootstrap repli-
cates. All the Fe hydrogenase sequences from Parabasalia were constrained to
monophyly, and the topology of an ML tree inferred with MrBayes under the
constraint was compared with that of an unconstrained ML tree.

Production of recombinant enzymes. Hydrogenosome-targeting signals in the
amino acid sequences of the Fe hydrogenases of the termite gut symbionts were
predicted as mitochondrial targeting signals by using the programs PSORT
(http://psort.ims.u-tokyo.ac.jp/), TargetP (http://www.cbs.dtu.dk/services/SignalP/),
and MitoProt (http://ihg.gsf.de/ihg/mitoprot.html). The coding regions of the Fe
hydrogenase cDNAs of P. grassii without the predicted hydrogenosome-targeting
signals were amplified by PrimeSTAR DNA polymerase (Takara) using se-
quence-specific primers (see Table S1 in the supplemental material), and the
amplification products were subcloned into the pET47b vector (Novagen) by
using the restriction sites (Smal and NotI) introduced into these primers. Esch-
erichia coli BL21(DE3) cells carrying the resulting plasmids were cultured at
20°C in Luria broth for the production of Hiss-tagged recombinant enzymes. The
cells were grown first aerobically for 12 h and then anaerobically for 40 h. The
grown cells were transferred into fresh medium and grown anaerobically, and
recombinant enzyme production was induced by the addition of isopropyl-B-p-
thiogalactopyranoside (IPTG). IPTG was added at 48 and 60 h for the produc-
tion of the 09A82 and 06B09 proteins, respectively. After the 12-h induction, the
cells were harvested by centrifugation and disrupted by sonication to extract the
cell lysate. The recombinant proteins were purified using a His trap nickel affinity
purification column (GE Healthcare). All these manipulations were performed
anaerobically in an anaerobic chamber (Bactron). Purity was assessed by mea-
suring the absorption of the proteins at 280 and 400 nm, the latter of which was
specific for Fe-S cluster proteins, as well as by performing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

Fractionation of protist cells and their cellular components. The termites
were fed an artificial diet for 1 week, and 100 termites were used for fractionating
cellular components of the protist species. All of the following manipulations
were performed anaerobically. Termite guts were dissected using a fine-tipped
forceps and gently crushed in the solution described previously (28). After the
release of the gut contents and the removal of the gut tissues, the P. grassii cells
were concentrated by low-speed centrifugation at 18 X g for 5 min in a Kubota
1-13 centrifuge and the pellet was resuspended and washed three times. The
concentrated P. grassii cells were mildly broken by the addition of Nonidet P-40
(Nacalai Tesque) at a final concentration of 0.8%. A fraction of the large
particles (nuclei, flagella, and axostyle fragments) was obtained by centrifugation
at 500 X g for 4 min. From the supernatant produced by the 500 X g centrifu-
gation, the hydrogenosome-enriched fraction was obtained by centrifugation at
2,000 X g for 10 min. The fraction enriched with the intracellular bacteria of P.
grassii was obtained by centrifugation at 10,000 X g for 10 min. The presence of
the bacteria was confirmed by 4’,6-diamidino-2-phenylindole (DAPI) staining
and fluorescence microscopy. Each fraction was homogenized using a sonic
homogenizer (model UR-20P; Tomy Seiko) and used for the hydrogenase assay.

Hydrogenase assay. The hydrogenases were evaluated by measuring both H,
evolution and H, uptake activities. The H, evolution activity was measured by
gas chromatography, as described above, using reduced methyl viologen (MV) as
an electron donor. The H, uptake activity was measured by spectroscopy analysis
of the H,-dependent reduction of methylene blue (MB), and the value was used
to calculate the molar H, consumed. The reactions were performed in a tightly
closed quartz cuvette filled with 500 pl of the reaction mixture (50 mM buffer, 2
mM dithiothreitol, 1 mM electron carrier, and dithionite). The dithionite con-
centrations used for the H, evolution and H, uptake assays were 15 and 1 mM,
respectively. The reaction mixture was bubbled for 15 min with nitrogen for the
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H, evolution assay or with H, for the H, uptake assay. Measurement was
initiated by the addition of 10 pl of the enzyme solution. All these activities were
determined in triplicate. The protein concentration was determined by the DC
protein assay (Bio-Rad) using bovine serum albumin as a standard.

Optimum pH was examined using 50 mM concentrations of acetate buffer,
phosphate buffer, Tris-HCI buffer, and glycine-NaOH buffer at pH ranges of 5.0
to 6.5, 6.0 to 7.5, 7.0 to 9.0, and 8.5 to 9.5, respectively. In the H, uptake assay,
the specificity of the electron carrier was examined with benzyl viologen, flavin
adenine dinucleotide (FAD), flavin mononucleotide (FMN), NAD, NADH,
NADP, NADPH, and ferredoxin from Clostridium pasteurianum (Sigma). Only
benzyl viologen, FAD, FMN, and ferredoxin were examined in the H, evolution
assay. Enzyme stability was investigated by incubating the enzyme solution at
different pHs or temperatures for 5 min prior to the assay. A temperature range
from 5 to 60°C and a pH range from 5 to 10 were used to investigate enzyme
stability.

The effects of high H, partial pressure on the H, evolution activity of the
recombinant 09A82 enzyme were evaluated. The headspace of a quartz cuvette
containing the reaction mixture described above was first filled and compressed
appropriately with nitrogen, and then the H, partial pressure was adjusted to 10
to 50% of the final total pressure of 200 kPa. The enzyme reaction was per-
formed at 30°C, and the increase in the headspace H, was measured by gas
chromatography.

Nucleotide seq e ac s. The DNA sequences of four homol-
ogous Fe hydrogenase cDNAs have been deposited in the DDBJ database under
the accession numbers AB331667 to AB331670.

N

RESULTS

H, emission by the termite. The H, emission rate of the
termite C. formosanus was measured in order to evaluate the
H, productivity of the termite. The termite continuously emit-
ted H, at a rate of 688 = 360 (mean * standard deviation)
nmol h™' g of body weight . Cellulose consumption by the
termite was 0.16 = 0.04 mg h~! g~*. The H, emission rate per
gram of cellulose consumed was 4.3 mmol, which was equiva-
lent to approximately 0.75 mol of H, emitted per 1 M glucose.
The result indicated that the termite emitted a considerable
amount of H,, although the emission rate was lower than the
predicted maximal stoichiometry of 4 mol of H, per 1 M
glucose for gut protists (16).

Fe hydrogenase genes and their origin. In the EST analysis
of the mixed population of gut symbiotic protists of C. formo-
sanus, four cDNA clones (06B09, 09A82, 11B87, and 08B89)
that encoded proteins homologous to known Fe hydrogenases
were discovered. No sequence homologous to the [NiFe] hy-
drogenases was found in the ESTs examined. In 06B09, 09AS82,
and 11B87, the entire coding regions were identified by se-
quence-specific 5" RACE and subsequent RT-PCR, while the
putative translational initiation codon was found in the original
cDNA clone of 08B89. The open reading frames in 06B09,
09A82, 11B87, and 08B89 encoded 550, 476, 456, and 447
amino acid residues, respectively.

The flagellated protists in the gut of C. formosanus comprise
exclusively the three parabasalian species P. grassii, Holomas-
tigotoides mirabile, and Spirotrichonympha leidyi (28, 29). P.
grassii belongs to the family Eucomonymphidae, while the lat-
ter two belong to the family Spirotrichonymphidae. The protist
origins of the sequences 06B09 and 09A82 were examined by in
situ hybridizations with sequence-specific probes (Fig. 1). Each
probe gave positive signals only in the P. grassii cells, indicating
that P. grassii was the origin of these sequences. The protist
origin was also confirmed by sequence-specific RT-PCR using
manually isolated cells of each protist species. The specific
amplification of 06B09 and 09A82 from P. grassii and of 08B89
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FIG. 1. Whole-cell in situ hybridizations using sequence-specific
probes for 09A82 (A) and 06B09 (B). The micrographs show three
parabasalid species, P. grassii (P), H. mirabile (H), and S. leidyi (S), in
the gut of C. formosanus. The largest species, P. grassii, exhibited
significant signal staining with both probes. No significant signal was
observed in any protist species without the addition of the probes. Bars
represent 50 pwm.

from H. mirabile was detected, but no amplification of 11B87
from any of the protist species was observed. The specific
amplification products showed >99.6% identity to the respec-
tive cDNA sequences. Further in situ hybridization experi-
ments are necessary to identify the protist origins of the 08B89
and 11B87 sequences.

Protein primary structure and phylogeny. The proteins en-
coded by 09A82, 11B87, and 08B89 showed significant similar-
ity to a hydrogenosomal Fe hydrogenase of T. vaginalis
(TvHydA) and exhibited 54, 52, and 58% identity, respectively.
These three genes encoded the so-called short-form Fe hydro-
genase that comprised large and small subunits of the catalytic
domain containing H-cluster binding sites and an N-terminal
accessory domain containing two 4Fe-4S clusters (see Fig. S1
in the supplemental material). The protein encoded by 06B09
was somewhat similar in domain structure to the long-form
putative 64-kDa Fe hydrogenase of 7. vaginalis, although its
level of identity was only 35%. The long-form Fe hydrogenase
generally contains large and small subunits, three 4Fe-4S clus-
ters (one of which harbors a histidine ligand for the 4Fe-4S
cluster), and a plant ferredoxin-type 2Fe-2S cluster. The 06B09
protein, however, typically lacked the histidine-ligated 4Fe-4S
cluster and had a shorter large subunit due to deletions of
stretches of 2 to 5 amino acids in several positions in the
alignment (see Fig. S1 in the supplemental material). A hy-
drogenosome-targeting signal in the N-terminal 12 to 24 amino
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FIG. 2. Phylogenetic positions of the Fe hydrogenases of termite gut symbionts. The tree was inferred by the ML method by using amino acid
sequences of the large subunit. Nar-like protein sequences that are related to Fe hydrogenase but do not catalyze hydrogenase reactions were used
as the out-groups. The numbers at the nodes are the Bayesian posterior probabilities and the ML bootstrap values (separated by a slash). The four
sequences from the gut symbionts of C. formosanus are labeled in bold letters. Protein database accession numbers are given after the organism

names. The scale bar indicates 0.10 substitutions per site.

acid residues that preceded arginine in each of the four pro-
teins was predicted, similar to those in the hydrogenosomal
proteins of T. vaginalis (2).

A phylogenetic analysis of the conserved catalytic large sub-
unit domain (Fig. 2) revealed that all the four sequences ob-
tained from the gut symbionts belonged to the eukaryotic
group of Fe hydrogenases that also contains some sequences
from bacteria, such as Thermotoga maritima and Treponema
denticola, but does not include the sequence from the Nycto-
therus species ciliate. 09A82, 11B87, and 08B89 formed a ro-

bust monophyletic cluster with the sequences from 7. vaginalis,
indicating that they share a common ancestor as predicted by
their classification in Parabasalia. However, the 06B09 se-
quence was distantly related to the cluster of parabasalid se-
quences and formed a lineage unique among the eukaryotic Fe
hydrogenases. Monophyly of 06B09 with the other sequences
of parabasalids was rejected by the approximately unbiased
test (P < 0.05). The phylogenetic analyses of longer regions
(the large and small subunits, the large subunit plus 4Fe-4S
clusters, and all of these regions) always exhibited the mono-
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TABLE 1. Kinetic parameters of the recombinant P. grassii Fe
hydrogenases for H, evolution and uptake activity”

Vinax (nmol of K, keaKin

Enzyme  Reaction Hmin~ mg1) (M) keat (71 oM™
09A82  Evolution 2,033 229 1.8 X10° 7.9 x 108

Uptake 305 120 2.7 x10* 23 x10°
06B09  Evolution 117 105 1.3 x10* 1.2 x10°

“ Because H, uptake activity of the 06B09 enzyme was not detected, the
parameters could not be evaluated. The parameters were determined at 30°C
with MV for H, evolution and with MB for H, uptake and at pH 8 for the 09A82
enzyme and pH 6 for the 06B09 enzyme.

phyly of the 09A82, 08B89, and 11B87 enzymes and T. vaginalis
Fe hydrogenases and the distant relationship of the 06B09
protein to this monophyletic cluster (data not shown).

Properties of recombinant enzymes. The recombinant Fe
hydrogenases were biochemically characterized in order to un-
derstand the mechanism underlying the intensive H, produc-
tivity of termite gut protists. The N terminus-processed puta-
tive mature form of each of the P. grassii 09A82 and 06B09
proteins was heterologously expressed in E. coli as a Hisg-
tagged fusion protein. The purified recombinant 09A82 and
06B09 proteins showed single bands of 51 and 60 kDa, respec-
tively, upon sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, as predicted from the cDNA sequences. The
short-form 09AS82 protein exhibited H, evolution activity of
2,131 *+ 54 pmol of H, min~! mg of protein~' and H, uptake
activity of 431 = 12 umol of H, min~* mg of protein™ ' under
optimum conditions (see below). The long-form 06B09 protein
catalyzed only the H, evolution activity, at a level of 121 = 7.8
wmol of H, min~! mg of protein~'. The kinetic parameters of
the recombinant P. grassii Fe hydrogenases are shown in Table
1. Although the 06B09 enzyme exhibited weaker activity, it
demonstrated high catalytic efficiency (k.,/K,,) with reduced
MV. The enzymes utilized benzyl viologen as well as MV but
not MB as an electron donor in the evolution reaction, and
they utilized MB but not MV as an electron acceptor. FAD,
FMN, NAD, NADH, NADP, NADPH, and ferredoxin of C.
pasteurianum were not used as electron carriers in the reac-
tions.

The activity of the short-form 09A82 enzyme was detected in
the range of pH 6.0 to 9.5 (Fig. 3A and B) at up to 55°C, with
the optimum conditions being pH 8 at 45°C for both H, evo-
lution and uptake activities. The activity of the long-form
06B09 enzyme was detected in the range of pH 5.5 to 7.5 (Fig.
3C) at up to 45°C, with the optimum conditions being pH 6 at
40°C. The activities of the 09A82 and 06B09 enzymes remained
during incubation at pH 6.0 to 9.5 and pH 6.0 to 7.5, respec-
tively, but the activities were lost within 5 min of incubation at
35 and 15°C, respectively. The activities were lost immediately
after air was bubbled into the reaction mixture, suggesting the
high sensitivity of these enzymes to oxygen.

Because H, partial pressure in the gut of termites can be as
high as approximately 5 kPa (7), the effect of H, partial pres-
sure on the H, evolution activity of the 09A82 enzyme was
examined. Approximately half the activity (53 and 46%) was
retained under 10 and 20 kPa of H,, respectively, compared to
the level of activity under 0 kPa (control). Even under 30 and
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40 kPa of H,, 17 and 7% of the activity, respectively, was
retained.

Subcellular fractionation of hydrogenase activity. The local-
ization and properties of native Fe hydrogenases were inves-
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FIG. 3. pH profiles of hydrogenase activity. Graphs show the pH depen-
dence of H, evolution activity of the short-form 09A82 enzyme (A) and its H,
uptake activity (B) and the H, evolution activity of the long-form 06B09
enzyme (C). Diamonds, squares, triangles, and circles indicate measurements
using acetate, phosphate, Tris-HCl, and glycine-NaOH buffers, respectively.
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TABLE 2. Fractionation of the hydrogenase activity of P. grassii cells®

Value at pH 8 for:

Value at pH 6 for:

Fraction
Evolution Uptake Evolution Uptake
Cell homogenate 33+6 325 £ 17 230 £ 21 464 £ 32
500 X g ppt (large particles) 67 =15 113 = 11 93 £ 13 141 =23
2,000 X g ppt (hydrogenosomes) 4,268 = 126 2,778 = 119 28 =7 223 =41
10,000 X g ppt (bacteria) 71+ 19 11,852 = 337 573 + 46 14,183 = 632
10,000 X g supernatant (soluble material) 18 =10 51x13 ND 35+15

“ The mean hydrogenase activity (= the standard deviation) measured at either pH 8 or pH 6 is expressed as nanomoles of H, per minute per milligram. ND, not
detected. The hydrogenosome-rich fraction (2,000 X g ppt) showed that only 10.9% of the observed particles stained with DAPI, whereas 79.5% of the particles in the

endosymbiotic bacterial fraction (10,000 X g ppt) stained with DAPIL.

tigated by subcellular fractionation of the protist cells. The
mixed population of hindgut microorganisms was enriched
with P. grassii cells, which were used for the small-scale sub-
cellular fractionation after the unassociated bacteria were
washed out. Since P. grassii harbors a high density of intracel-
lular bacteria (22, 23), the bacterial and organelle fractions
were roughly fractionated by differential centrifugation (Table
2). The organelle-rich fraction (the 2,000 X g precipitate [ppt])
exhibited the highest H, evolution activity at pH 8, while the
highest H, uptake activity of the bacterium-rich fraction was
observed at both pH 8 and pH 6.

DISCUSSION

This study describes the identification of novel Fe hydroge-
nases from symbiotic parabasalian flagellates in the termite
gut. The long-form 06B09 enzyme sequence represents a phy-
logenetic lineage unique among the eukaryotic Fe hydroge-
nases and is distantly related to the sequences from the other
parabasalids. The uniqueness of this sequence is also con-
firmed by the fact that no sequence related to the 06B09 DNA
sequence was found previously in the genome of 7. vaginalis
(6) or in the EST database covering a taxonomically broad
range of eukaryotes (24). In addition to the sequence novelty
of 06B09, we observed distinct enzymatic characteristics of the
short-form 09A82 Fe hydrogenase, such as the optimal pH and
resistance against high H, partial pressure, although its se-
quence is related to those of the Fe hydrogenases of 7. vagi-
nalis. The results suggest that symbiotic protists in termite guts
are a rich reservoir of novel Fe hydrogenase biodiversity.

The levels of H, evolution activity exhibited by the Fe hy-
drogenases of P. grassii, particularly that of the short-form
09A82 enzyme, were some of the highest among those dem-
onstrated by known Fe hydrogenases. The activity of the P.
grassii Fe hydrogenases, however, is probably underestimated,
because the recombinant enzymes are considerably unstable.
These enzymes lost their activity rapidly when exposed to am-
bient temperature even under strict anaerobic conditions. The
loss of activity was irreversible, probably due to the decompo-
sition of Fe-S clusters that was revealed by the decay of the
absorption spectrum at around 400 nm. Electron paramagnetic
resonance (EPR) spectroscopy analysis of the 09A82 enzyme
indicated that only 44% of the protein formed an authentic
H-cluster (the presence of an EPR signal with principal g
factors of 2.032, 2.017, and 1.998 confirmed that the protein is
a typical Fe hydrogenase).

It is generally believed that the production of heterologous

Fe hydrogenase in E. coli is difficult since E. coli lacks auxiliary
maturases for the metal clusters. In Chlamydomonas, such
assembly factors have been shown to be necessary for active Fe
hydrogenase production (32). In 7. vaginalis, the homologous
maturases are reported to localize in the hydrogenosomes (33),
although their contribution to active Fe hydrogenase assembly
has not been estimated. The P. grassii Fe hydrogenases prob-
ably assembled, albeit imperfectly, with the aid of unknown E.
coli machinery or spontaneously without auxiliary maturases.
Similarly, an Fe hydrogenase of Entamoeba histolytica is re-
ported to be active when expressed in E. coli, although it shows
only weak activity (21).

The presence of the two Fe hydrogenases in P. grassii and
their distinct characteristics in terms of optimal pH and do-
main structure suggest that they play different physiological
roles. The difference in the accessory domains in the N termini
may affect the redox potentials of the Fe hydrogenases since
these domains conduct electrons between the donors and the
H,-activating center (20, 31). The in vivo electron donors may
be ferredoxin reduced by pyruvate-ferredoxin oxidoreductase
or involve NADH dehydrogenase as predicted previously for
T. vaginalis (6). Further studies are necessary to address the
physiological differences. The localization of both P. grassii
enzymes in hydrogenosomes also needs to be ascertained.

A notable characteristic of the P. grassii Fe hydrogenases
was that they preferentially catalyzed H, evolution. Another
interesting feature was that the evolution activity of the short-
form 09A82 enzyme was resistant to high H, partial pressure.
In addition to their advantageous application for H, produc-
tion, these characteristics are suitable for the hydrogenosomal
function of anaerobic energy production. Since the elimination
of reducing equivalents is an important rate-limiting step for
anaerobic fermentation, the efficient production of H, stimu-
lates cellulose fermentation by the protist cells. The reducing
equivalents produced during the fermentation as forms of
NADH and reduced ferredoxin are rapidly eliminated by
reoxidizing these electron carriers through the intensive H,
production activity. Indeed, the hydrogenosome fraction of P.
grassii cells exhibited strong H, evolution activity at pH 8—the
optimal pH for the short-form 09A82 enzyme. The simulta-
neous presence of strong H, uptake activity in the endosym-
biotic bacterial fraction (Table 2), however, appears to disturb
the evolution activity. The H, evolution activities of both P.
grassii enzymes at pH 6 are lower than the evolution activity of
the short-form enzyme at pH 8; similarly, H, evolution activity
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in hydrogenosomes at pH 6 is probably lower than that at pH
8, and the uptake enzyme quickly utilizes the produced H,.

The potentially strong H, evolution activity of the gut pro-
tists and the considerable H, uptake activity of the endosym-
biotic bacteria suggest that interspecies H, transfer is involved
in the symbiotic relationship between the host protist and the
endosymbiont that has been shown to be a novel member of
the “Bacteroidales” (22, 23). This novel aspect of the intracel-
lular symbiotic relationship is beneficial to the host since, as
shown for intracellular methanogens in anaerobic protists (9),
the rapid removal of the reducing equivalent (H,) by the as-
sociated bacteria leads to enhanced fermentation by the host
protists. The electron acceptor(s) for H, utilization in the en-
dosymbiotic bacteria remains to be identified in order to un-
derstand the true nature of this symbiotic relationship.

In addition to the H, uptake by the endosymbiotic bacteria,
the presence of hydrogenotrophic populations, such as meth-
anogens and homoacetogens, in the gut microbial community
of termites is well known (3). As apparent by the low level of
activity in the unfractionated homogenate of P. grassii (Table
1), the H, evolution ability of gut symbiotic protists is under-
estimated. Nevertheless, termites emit H, at a considerable
rate, as shown in this and previous studies (35), and this is a
unique characteristic of natural ecosystems. Their potentially
strong H, evolution activity as well as their efficient cellulolytic
ability indicates that termites and their gut symbiotic protists
represent an attractive biological model of H, production from
cellulosic dead plant matter.
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