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ABSTRACT We have determined the primary structure of
the [2Fe-2S]ferredoxin of the anaerobic protist Trichomonas
vaginalis. This protein, situated in the hydrogenosome, is
composed of 93 amino acids. A comparison of T. vaginalis
ferredoxin with >80 other ferredoxins shows the closest sim-
ilarity to [2Fe-2S]putidaredoxin of the aerobic bacterium Pseu-
domonas putida and a lesser one to mitochondrial [2Fe-
2S]ferredoxins of vertebrates. This similarity is reflected in the
overall primary structure and in the spacing of cysteine resi-
dues coordinating the iron-sulfur center. The primary struc-
ture, but not the environment of the iron-sulfur center, also
shows similarity with [2Fe-2S]ferredoxins of photosynthetic
organisms and halobacteria. We have cloned and analyzed the
T. vaginalis ferredoxin gene. The gene is present in a single copy
and devoid of introns. It gives rise to a transcript with
unusually short 5’ and 3’ untranslated regions of 16 and 18
nucleotides, respectively. DNA sequence analysis of the gene
predicts an additional 8 amino acids at the amino terminus
which are absent from the purified protein. This amino-
terminal region of the protein is characterized by properties
typical of mitochondrial presequences.

The presence of mitochondria is regarded as a universal
hallmark of eukaryotic cells. Certain protists are an exception
to this rule. Although some have no membrane-bounded
organelles of energy metabolism, others contain hydrogeno-
somes, unusual organelles surrounded by two membranes (1,
2). These organelles are the site of oxidative decarboxylation
of pyruvate with the formation of acetyl-CoA. This process
is mediated by pyruvate:ferredoxin oxidoreductase and is
coupled to anaerobic formation of H, catalyzed by hydro-
genase. The electron carrier linking these reactions is an
iron-sulfur protein, ferredoxin. In subsequent reactions the
energy of the thioester bond of acetyl-CoA is conserved by
substrate-level phosphorylation of ADP. This pathway and
its enzymes render the hydrogenosomes markedly different
from mitochondria (1, 2).

Hydrogenosomes were originally described from tricho-
monad flagellates, among them Trichomonas vaginalis, a
parasite of humans (1, 2). Subsequently they have been
detected in a number of free-living anaerobic ciliates (3, 4)
and in ciliates and a fungus of the rumen (2). The biological
nature and origin of hydrogenosomes remain enigmatic but an
endosymbiotic origin is favored. The main difference in
opinion centers on whether hydrogenosomes arose by con-
version from mitochondria (4, 5) or through independent
endosymbiosis involving anaerobic bacteria (1, 2, 6).

A comparison of hydrogenosomal constituents with those
of other organelles and of prokaryotes should lead to a better
understanding of the nature of hydrogenosomes. We have
focused on ferredoxin, the main hydrogenosomal electron
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carrier. Ferredoxins of various prokaryotes, protists, and
eukaryotic organelles have been extensively studied (e.g.,
refs. 7-10), providing rich material for comparative studies.
Ferredoxins of trichomonad flagellates have been purified
and characterized as [2Fe-2S)ferredoxins (11, 12). T. vagi-
nalis ferredoxin has a midpoint potential of —320 mV (ref. 13;
T.E.G., unpublished results) and an iron-sulfur center with
axial symmetry (11, 13).

In this communication, we describe the primary structure
of this protein and of its gene.8 We show that T. vaginalis
ferredoxin belongs to a family of [2Fe-2S]ferredoxins that
occur in certain aerobic bacteria and vertebrate mitochon-
dria. Furthermore, our analysis of the trichomonad ferre-
doxin gene establishes a framework for studying the molec-
ular biology of these primitive eukaryotes.

MATERIALS AND METHODS

Organism. T. vaginalis strain C1 (ATCC 30001) was cul-
tured and harvested as described earlier (11).

Polyclonal Antiserum and Protein Sequencing. T. vaginalis
ferredoxin was purified as described (11). Polyclonal anti-
bodies reacting with this protein were developed in New
Zealand White rabbits. The sera were tested with enzyme-
linked immunoassay using either the purified protein or
whole cell extracts on Western blots.

For amino acid sequencing, apoferredoxin was prepared
by precipitation of the native protein with trichloroacetic acid
(11). The apoprotein was fragmented with CNBr and, after
propylation (14), by treatment with trypsin. The peptides
were separated by HPLC. The intact protein and the peptides
were carboxymethylated before sequencing. Gas-phase se-
quencing was performed on the whole protein, yielding
results through residue 58, on a CNBr fragment, yielding
results for residues 33-85, and a tryptic fragment, giving
results for residues 76-93.

Recombinant DNA Methods. A T. vaginalis cDNA library
was prepared in Agtll by means of standard techniques (15).
The library was screened for the expression of fusion proteins
that were immunologically reactive with the antiferredoxin
serum. The cDNA was excised, ligated into pBluescript
(Stratagene), and sequenced by the method of Sanger et al.
(16) with the help of a Sequenase kit (United States Bio-
chemical).

A genomic DNA library was constructed in AEMBL3 from
a partial Mbo 1 digest of T. vaginalis DNA. A ferredoxin
genomic clone was isolated from the library by hybridization
with 32P-labeled ferredoxin cDNA, according to standard
procedures. A 1.3-kilobase (kb) Cla I fragment, containing
the ferredoxin gene and about 900 base pairs (bp) of flanking
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FiG. 1. Restriction map of T. vaginalis ferredoxin genomic
subclone pGFD-2. The hatched box represents the coding region of
the gene. Fragments 1 and 2, shown above the map, were used to
probe DNA and RNA blots and to map the ends of the ferredoxin
transcript. nt, Nucleotides.

sequences, was subcloned into pEMBLY. This subclone
(pGFD-2; Fig. 1) was partially sequenced as described above.

DNA Extraction and Southern Hybridization. High molec-
ular weight DNA was isolated from T. vaginalis as described
(17). DNA (5 ug) was digested with restriction endonu-
cleases, size-fractionated in agarose gels, and transferred
onto nitrocellulose filters. The filters were hybridized at 65°C
to random-primed 32P-labeled DNA probes in 3x SSC (1x
SSC = 150 mM NaCl/15 mM sodium citrate, pH 7), 1%
sodium dodecyl sulfate, 0.1% sodium pyrophosphate, 5x
Denhardt’s solution (1 x Denhardt’s solution = 0.02% Ficoll/
0.02% polyvinylpyrrolidone/0.02% bovine serum albumin),
and 100 ug of denatured salmon sperm DNA per ml. Filters
were washed at a final stringency of 0.3x SSC at 65°C.

Isolation and Analysis of RNA. Total RNA was isolated by
amodified guanidinium thiocyanate procedure (17). Poly(A)*
RNA, used to construct a Agtll cDNA library (15), was
purified on poly(dT) columns. Northern blots were prepared
from total RNA, size-fractionated in 1% agarose/formalde-
hyde gels, and transferred to nitrocellulose filters. The filters
were hybridized and subsequently washed as described
above for DNA blot hybridizations.

S1 nuclease and exonuclease VII mapping was carried out
as described (18). Appropriate fragments were isolated from
pGFD-2 (Fig. 1), 3P-labeled, and ethanol precipitated to-
gether with 25 ug of total 7. vaginalis RNA. DNA‘RNA
hybrids were allowed to form in hybridization buffer for 15 hr
at 42°C. After nuclease digestion, protected DNA fragments
were separated on a denaturing 5% polyacrylamide gel.

RESULTS

Determination of the Amino Acid Sequence and DNA Clon-
ing. The amino acid sequence of purified T. vaginalis ferre-
doxin was established by gas-phase sequencing, with only
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residues 63, 72, and 74 left unidentified (Fig. 2). The protein
was found to consist of 93 amino acids. Only glycine was
detected as the first residue (6.4 nmol for 6 nmol of protein
analyzed). Glycine was also the first residue detected in partial
liquid-phase sequencing of apoprotein samples purified in two
additional experiments. The molecular mass of the purified
apoprotein calculated from its primary structure is 9930, lower
than reported earlier from less direct evidence (11).

To complete and extend these findings, we constructed a
T. vaginalis cDNA expression library in Agtll. Three inde-
pendent cDNA clones were isolated by screening with anti-
ferredoxin serum. One clone (pCFD-1) was completely se-
quenced and shown to encode the last 60 amino acids of
ferredoxin (results not shown). We also isolated a genomic
clone from a library constructed in AEMBL3, using the T.
vaginalis cDNA as a probe. A map of the subclone (pGFD-2),
derived from the genomic clone, is shown in Fig. 1. This clone
contains the entire coding region and 150 and 800 bp 5’ and
3’ of the ferredoxin gene, respectively. We have sequenced
all but the 3’ terminal 500 bp of pGFD-2.

The amino acids predicted by DNA sequencing are iden-
tical to those identified by protein sequencing (Fig. 2). In
addition, three internal amino acids, that had not been
identified by protein sequencing, were identified.

Interestingly, the protein predicted by the DNA sequence
analysis is longer than that determined by protein sequencing
(Fig. 2). An ATG codon located eight amino acids before the
first amino acid of the mature protein is the only possible
initiation codon since there is a stop codon three nucleotides
upstream from it.

Given the hydrogenosomal location of ferredoxin (1, 2, 11),
these results suggest that this eight-residue amino-terminal
extension may play a role in the targeting of this protein to the
organelle. It is noteworthy that this octapeptide resembles
leader sequences of mitochondrial proteins (19, 20) in its
amino acid composition and in having the potential to form an
amphiphilic a-helix (Fig. 3).

The primary structure of T. vaginalis ferredoxin was
compared with those of >80 ferredoxins of prokaryotic,
protist, chloroplast, and mitochondrial origin. The greatest
overall similarity was found with proteins belonging to two
different classes of ferredoxins (10). The first consists of
[2Fe-2Slferredoxins that participate in mixed function oxi-
dase reactions. Of these the most similar was putidaredoxin
of Pseudomonas putida (21), revealing 27% identity plus 43%
conservative substitutions in a 93-amino acid overlap (Fig. 4).
The protein was also similar, but less so, to mitochondrial
ferredoxins (22, 25, 26). There is a 28% identity with porcine
ferredoxin (22) plus 53% conservative substitutions in a
72-amino acid overlap (Fig. 4). T. vaginalis ferredoxin shares
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Fi1G. 3. Helical wheel projection showing an end-on view of a
putative eight-amino acid a-helix formed by the amino-terminal part
of T. vaginalis ferredoxin. Nonpolar residues are placed in squares;
polar or charged ones are placed in triangles. Note that the helix has
opposing polar and nonpolar surfaces.

with this group of proteins the CXsCX,C sequence containing
the first three cysteine residues (10). A similarity was also
noted with [2Fe-2S]ferredoxins of certain photosynthetic
organisms and halophilic bacteria. The most pronounced is to
ferredoxin II of cyanobacterium A. sacrum (23) (Fig. 4), with
28% identity and 40% conservative substitutions in a 93-
amino acid overlap. T. vaginalis ferredoxin showed no sim-
ilarity to the 2[4Fe-4S]ferredoxins of the anaerobic protist
Entamoeba histolytica (27) and anaerobic bacteria (28).

Molecular Analysis of the Ferredoxin Gene. Genomic DNA
digested with one of seven restriction enzymes, blotted, and
probed with the coding region of ferredoxin (fragment 1, Fig.
1) invariably shows a single hybridizing band indicating the
presence of a single gene (representative results are shown in
Fig. 5A). Similarly, analysis of T. vaginalis RNA shows a
single, stable, polyadenylylated ferredoxin mRNA of =400
nucleotides (Fig. 5B).

We have used S1 nuclease protection (17) to map the 5’ end
of the ferredoxin transcript. Using a 750-nucleotide probe
extending 5’ of the coding region (fragment 1, Fig. 1), we
observed a single band of =235 nucleotides (Fig. 6A). This
band is absent from controls in which T. vaginalis RNA was
replaced by yeast RNA. These results map the start of the
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FiG. 4. Comparison of the amino acid sequence of purified T.
vaginalis ferredoxin (T.v.), P. putida putidaredoxin (21) (P.p.),
porcine mitochondrial ferredoxin (22) (S.s.), and Aphanothece
sacrum ferredoxin II (23) (A.s.). The Protein Identification Resource
of the National Biomedical Research Foundation (release 23) was
searched for sequences showing similarities to T. vaginalis ferre-
doxin and amino acids were aligned for maximum similarity with the
help of the FASTA program (24). Exact matches are boxed.
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F1G. 5. Analysis of total genomic DNA (4) and total RNA (B) of
T. vaginalis. (A) Southern blot analysis of DNA. DNA samples were
digested with HindIII (lane 1), Pst I (lane 2), and Xho I (lane 3). DNA
fragments were size-fractionated in agarose, transferred to nitrocel-
lulose, and hybridized to a 32P-labeled ferredoxin probe. (B) North-
ern blot analysis of RNA. RNA was size-fractionated in agarose/
formaldehyde gels and was transferred and hybridized as in A. Sizes
are in kilobases.

mRNA 15-20 nucleotides upstream of the initiation codon.
Results of primer extension analysis excluded the possibility
that the S1 data represent an intron in the 5’ untranslated
region. These experiments mapped the 5’ end of the mRNA
within a few nucleotides of that determined in S1 protection
experiments, confirming the results shown in Fig. 6A (data
not shown).

To map the 5’ end of the ferredoxin mRNA precisely, we
used anchored polymerase chain reaction (29) to produce
cDNA clones corresponding to the 5’ end of the mRNA
(results not shown). These allowed us to map the 5’ end
precisely 16 nucleotides upstream of the start of translation
(Fig. 2). It is noteworthy that the mRNA sequence corre-
sponds exactly to the genomic DNA sequence, indicating the
absence of transsplicing of mRNA such as occurs in kineto-
plastid protists (e.g., refs. 30-32).
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FiG. 6. Nuclease mapping of the ends of the T. vaginalis ferre-
doxin transcripts. (4) S1 nuclease mapping of the 5' end. DNA
fragment 1 (Fig. 1) was 32P-labeled and annealed to total RNA. Lane
1, fragment 1 only; lane 2, fragment 1 plus S1 nuclease; lane 3,
fragment 1 plus yeast tRNA and S1 nuclease; lane 4, fragment 1 plus
T. vaginalis RNA and S1 nuclease. (B) Exonuclease VII mapping of
the 3’ end. Lanes contain the same as in A, except that DN A fragment
2 was 32P-labeled and used in annealing reactions, and exonuclease
VII was used in the digestions instead of S1 nuclease. Sizes are given
in nucleotides.
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There are no typical transcription regulation motifs, such
as TATA or CAAT boxes positioned at approximately —25 or
—70, respectively, upstream of the ferredoxin gene. In the
=150-bp-long sequence upstream of the gene only one
TATA-like motif can be seen, at —97 relative to the start of
transcription (TATAAA, underlined in Fig. 2). No CAAT-
like box is present within the available sequence.

We have mapped the 3’ end of the ferredoxin mRNA using
exonuclease VII and a 900-nucleotide fragment (fragment 2,
Fig. 1) in RNA protection assays. A discrete band of =110
nucleotides was generated (Fig. 6B), mapping the 3’ end of
the mRNA 18-20 nucleotides downstream of the stop codon
(see Fig. 2). Analysis of 3’ sequences shows that the poly(A)
site(s) is flanked by possible signals (underlined in Fig. 2) that
comply, in part, with the consensus sequences AATAAA and
YGTGTTYY, thought to direct polyadenylylation in higher
eukaryotes (33, 34). Interestingly, the first A in the former of
these sequences is also the last nucleotide of the stop codon
TAA. Whether these 5’ or 3’ sequence elements are func-
tional remains to be tested.

As this is, to our knowledge, the only gene to have been
cloned and analyzed from a trichomonad, it is of interest to
note that there are no introns in the gene (Fig. 2).

DISCUSSION

In the present study, we have determined the primary struc-
ture of the hydrogenosomal [2Fe-2Slferredoxin of the anaer-
obic protist T. vaginalis by protein and DNA sequencing. In
addition, we have characterized in detail the structures of the
gene and of its transcript.

The primary structure of 7. vaginalis ferredoxin was found
to be most similar to two ferredoxins of different origin—on
one hand, to putidaredoxin of the aerobic bacterium Pseu-
domonas putida (21) and, on the other, to the [2Fe-
2S¥ferredoxin II of a cyanobacterium, Aphanothece sacrum
(23). Somewhat less similarity was noted to ferredoxins of
vertebrate mitochondria (22, 25, 26) and of some photosyn-
thetic and halophilic organisms.

These proteins belong, however, to two distinct families of
[2Fe-2Slferredoxin that differ in their metabolic function and
in a number of their properties (10). One of these comprises
putidaredoxin and mitochondrial ferredoxins, which are
components of mixed function oxidase systems (10, 35, 36).
Similarities noted in the midpoint potential, optical, and EPR
spectra of T. vaginalis ferredoxin (11, 13) and of proteins of
this family (35, 36) already indicated their possible relation-
ship (11), now further supported by characteristic spacing of
the first three cysteine residues noted in this study.

On the basis of information from adrenodoxin (37) it is
likely that of the five cysteine residues found, Cys-38,
Cys-44, Cys-47, and Cys-78 are coordinating the iron-sulfur
center, and Cys-49 carries the free sulfhydryl group. The
CXC sequence situated at positions 47-49 is unusual for
ferredoxins (38) and its functional significance remains to be
established.

The cyanobacterial ferredoxin (23), together with ferre-
doxins of other photosynthetic organisms and halobacteria,
belongs to another major group of [2Fe-2S]ferredoxins (10).
Ferredoxins of this family differ from those of the first group
in the spacing of the cysteine residues coordinating the
iron-sulfur center (10) and in their midpoint potentials and
EPR spectra (39).

T. vaginalis ferredoxin is the major electron transport
component of hydrogenosomes. It links pyruvate:ferredoxin
oxidoreductase to hydrogenase (1, 2, 40). It is not surprising
that an organelle that produces hydrogen contains a ferre-
doxin. This protein is the electron donor for hydrogenase in
many organisms (9). What is peculiar, however, is that this
ferredoxin is not a 2[4Fe-4S]ferredoxin, which is the usual
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electron carrier in hydrogen-producing bacteria, but is re-
lated to ferredoxins that are components of mixed function
oxidase systems (35, 36).

Ferredoxins of other anaerobic protists have not been
characterized save the ferredoxin of E. histolytica, an orga-
nism which contains neither mitochondria nor hydrogeno-
somes. This is a 2[4Fe-4S}ferredoxin (27, 41) with marked
similarities in its amino acid sequence to Clostridium pas-
teurianum ferredoxin (28). E. histolytica ferredoxin also
serves as electron acceptor for pyruvate:ferredoxin oxidore-
ductase (41). It is noteworthy that two main groups of
anaerobic protists contain distinct types of ferredoxins, al-
though both are acceptors for similar enzymes (2).

The DNA sequence reveals the presence of an amino-
terminal octapeptide that is absent from the purified protein.
The simplest interpretation of this finding is that the addi-
tional amino acids comprise a leader sequence that is prote-
olytically removed upon translocation into hydrogenosomes.
Although we cannot rigorously exclude the possibility of
proteolytic degradation of ferredoxin during its purification,
we regard it unlikely. In three independently purified sam-
ples, only glycine was detected as the amino-terminal resi-
due, indicating the absence of random degradation. The
purified protein was functionally active in a number of assays
(11, 40). Unfortunately, our attempts to confirm this assump-
tion in vivo by pulse~chase experiments have been thwarted
by the apparent rapid processing of the protein.

Although the presence of a leader on this hydrogenosomal
protein remains to be proven, the similarity of the overall
features of this octapeptide to those of mitochondrial leader
peptides (presequences) is striking (e.g., refs. 19, 20). For
example, this short peptide includes all 3 amino acids that are
typically overrepresented in mitochondrial leader sequences
(leucine, serine, arginine). Furthermore, there is an arginine
at —2 from the predicted cleavage site (20) and the peptide is
hydrophobic and devoid of negatively charged amino acids.
Finally, it appears to have the potential to form an am-
phiphilic a-helix, a characteristic of mitochondrial prese-
quences that is regarded to be essential for function. Whether
such a short a-helix (two turns) could function is unclear,
however. It should be noted that mitochondrial presequences
as short as 12 amino acids (three helical turns) have been
shown to be translocationally effective (42). Mitochondrial
and chloroplast proapoferredoxins have leader sequences.
However, these are significantly longer than the octapeptide
noted here (26, 43, 44).

In addition to providing a definitive primary structure of
ferredoxin, our characterization of the T. vaginalis ferre-
doxin gene provides information on the structure and expres-
sion of what is to our knowledge the first gene to be cloned
from a trichomonad flagellate. Analysis of the transcript of
this single-copy gene reveals the presence of unusually short
5’ and 3’ untranslated regions (16 and 18 nucleotides, respec-
tively). It is noteworthy that very short untranslated regions
have invariably been observed in the limited number of genes
that have been analyzed from other anaerobic protists, E.
histolytica (26, 45) and Giardia lamblia (46). Furthermore,
the only other T. vaginalis protein-coding gene for which the
3’ end has been mapped likewise has a short untranslated
region of only 20 nucleotides (C. Lahti and P.J.J., unpub-
lished observations). The possibility that this is the conse-
quence of a limited genome size can be ruled out, as genomes
of these organisms are as large as those of other protists that
are not characterized by this feature. It may, however, reflect
some unusual mechanism(s) used by these organisms for the
formation of mRNAs.

The lack of TATA and CAAT sequence motifs situated at
approximately 25 and 70 nucleotides 5’ of the start of the
mRNA is not surprising, as transcription units from lower
eukaryotes often lack these regulatory signals. Interestingly,
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the only TATA box identified 5’ of the T. vaginalis ferredoxin
transcript, situated at —97, has considerable homology to
TATA boxes situated at —80 in the E. histolytica actin gene
(45), —102ina G. lamblia B-tubulin gene (46), and —121 in the
E. histolytica ferredoxin gene (27). Examination of these
sequences reveals a consensus sequence of TATAAAA.
However, the significance of this consensus is still uncertain
in view of the small number of genes analyzed so far and the
general AT-richness of examined 5’ sequences. Nonetheless,
there is precedence for distal TATA boxes, as those of yeast
genes are typically found at —40 to —120 5’ of the cap site of
the mRNA (47). Whether this 5’ distal sequence motif as well
as those identified in the 3’ untranslated region (underlined in
Fig. 2) of the T. vaginalis gene are functional awaits further
analysis.

The similarity of the primary structure of T. vaginalis
ferredoxin to functionally different ferredoxins present in
organisms of different systematic positions is a challenging
observation. Data on other hydrogenosomal ferredoxins will
be needed to assess the phylogenetic significance of this
finding. The similarities, in amino acid sequence and in the
environment of the iron-sulfur center, between T. vaginalis
ferredoxin and ferredoxins of an aerobic bacterium and of
mitochondria are intriguing. Taken by themselves, these
similarities and the presence of an amino-terminal extension
comparable to mitochondrial presequence could support the
idea that hydrogenosomes are derived from mitochondria or
from a common progenitor of these two organelles (4, 5).
Nevertheless, one should not lose sight of the fundamental
differences in enzymatic composition between mitochondria
and hydrogenosomes, notably the presence of a pyruvate
dehydrogenase complex and the lack of hydrogenase in
mitochondria as against the presence of pyruvate:ferredoxin
oxidoreductase and hydrogenase in hydrogenosomes (1, 2).
These differences seem to be sufficiently large as to argue
against a direct conversion of mitochondria into hydrogeno-
somes. In any case, the question of the origin of hydrogeno-
somes remains open at present. Further comparative data on
different constituents of this organelle from various protists
could shed light on this problem.
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