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Abstract. The proton-translocating NADH:ubiquinone
oxidoreductase or complex I is located in the inner
membranes of mitochondria, where it catalyzes the trans-
fer of electrons from NADH to ubiquinone. Here we
report that one of the subunits in complex I is ho-
mologous to short-chain dehydrogenases and reductases,
a family of enzymes with diverse activities that include
metabolizing steroids, prostaglandins and nucleotide sug-
ars. We discovered that a subunit of complex I in human,

cow, Neurospora crassa and Aquifex aeolius is ho-
mologous to nucleotide-sugar epimerases and hydroxys-
teroid dehydrogenases while seeking distant homologs of
these enzymes with a hidden Markov model-based search
of Genpept. This homology allows us to use information
from the solved three-dimensional structures of nucle-
otide-sugar epimerases and hydroxysteroid dehydroge-
nases and our motif analysis of these enzymes to predict
functional domains on their homologs in complex 1.

Key words. NADH:ubiquinone oxidoreductase; short-chain dehydrogenases/reductases; nucleotide-sugar epimer-

ases; hydroxysteroid dehydrogenases; evolution.

The proton-translocating NADH:ubiquinone oxidore-
ductase or complex I is located in the inner membranes
of mitochondria [1-5]. Complex I consists of over 40
subunits that catalyze the transfer of electrons from
NADH to ubiquinone. At least 20 subunits in complex
I are found in a hydrophobic fraction. One of these
hydrophobic subunits has been cloned and sequenced as
a 40-kDa protein from Neurospora crassa [1] and 39-
kDa proteins from cow [2] and human [3]; the function
of this subunit has not been established. Here we report
that this subunit in complex I is homologous to nucle-
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otide-sugar epimerases and hydroxysteroid dehydroge-
nases, which are members of the short-chain dehydro-
genases/reductases family (SDR) [6—9]. This family has
been extensively studied because it includes enzymes
that regulate the concentrations of steroids such as
cortisol, estradiol and testosterone, as well as
prostaglandins in humans [6—9]. As a result, there is
much structure-function information about SDRs from
solved three-dimensional (3D) structures of hydroxys-
teroid dehydrogenases [10—14] and mutagenesis studies
[6, 15-17]. We use this information to predict func-
tional domains on the ~ 40-kDa subunit in the hydro-
phobic fraction of complex I.
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Methods

Motif analysis. Motifs for a training set of 202 diver-
gent dehydrogenases were discovered using MEME
(Multiple Expectation-maximum for Motif Elicitation),
which has been described in detail elsewhere [9, 18, 19].
MEME is an artificial intelligence-based motif analysis
tool that, given a set of unaligned sequences, identifies
in an unbiased, automated fashion the conserved re-
gions (i.e. motifs) that are characteristic of the dataset.
Each motif is represented as a position-dependent prob-
ability matrix or log-odds matrix: each column of the
matrix gives the probabilities of each residue in that
position.

Database searches. The matrix representations of the
motifs discovered by MEME are input into MAST
(Motif Alignment and Search Tool) and Meta-MEME
[20, 21]. MAST searches databases such as Genpept and
SWISSPROT with each motif independently and subse-
quently combines the scores. Meta-MEME incorporates
the motifs into a single hidden Markov model, which is
then used by HMMER [22] to conduct a Smith-Water-
man search of the database. HMMER returns log-odds
scores analogous to the ‘bit score’ returned by BLAST
[23]. We also used gapped BLAST [24] to search for
homologs of the ~ 40-kDa subunit in NADH:ubiquin-
one oxidoreductase.

Sequence analysis. The ALIGN program, developed in
Dayhoff’s laboratory [25], was used to quantify the
similarity between protein sequences. ALIGN calculates
the best alignment between any pair of sequences using
the Dayhoff scoring matrix and a penalty for breaking
a sequence (gap penalty). The score for the two se-
quences is compared with that obtained from compar-
ing random permutations of the two sequences. The
alignment score is the number of standard deviations by
which the maximum score for the real sequences ex-
ceeds the average maximum score for the random. For
the analyses reported here, 10,000 random permutations
were used for the statistical analysis, and the Dayhoff
matrix was used with a bias of 6 and a gap penalty of 8.

Results and discussion
Sequence analysis

Hidden Markov-based database search for homologs of
hydroxysteroid dehydrogenases. In the course of an evo-
lutionary analysis of hydroxysteroid dehydrogenases
and their homologs, we used MEME [9, 18, 19] to
determine motifs in 202 divergent dehydrogenases.
These motifs were incorporated into Meta-MEME [20,
21], a hidden Markov model database-searching tool,
which was used to search Genpept for distant dehydro-
genase homologs. The search assigned the 40-kDa sub-
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unit of N. crassa NADH:ubiquinone oxidoreductase
(NUEM_NEUCR) a score of 15.5 bits. This score
indicates that the sequence matches the given model
2153 =4.6 x 10* times better than it matches a random
background model. Since the Genpept database con-
tains 280,000 sequences, of which approximately 900
are SDR homologs, any log-odds score greater than
log, (280,000/900) = 8 is statistically significant. Thus a
score of 15.5 bits for NUEM_NEUCR indicates that
this protein belongs to the SDR family.

Gapped BLAST analyses of the N. crassa subunit in
complex I. A gapped BLAST search of Genpept of
NUEM_NEUCR found two close homologs in human
(NUEM_HUMAN) and cow (NUEM_BOVIN) with
E values of 7 x 10~%3 and 2 x 105!, respectively. The
next closest protein is Aquifex aoelicus 2982870, with an
E value of 9 x 10-13. A. aoelicus is a thermophilic
bacterium whose genome was recently sequenced [26].
A. aoelicus 2982870 is about 24% identical to NUEM _
NEUCR and the human and bovine homologs, over a
length of about 300 amino acids. 4. aoelicus 2982870 is
characterized in GenBank as an NADH ubiquinone
oxidoreductase based on its BLAST score.

Further gapped BLAST analysess NUEM_NEUCR
and each of its three close homologs was used for a
Gapped BLAST search of GenBank. Because these
homologs are divergent, each search identified different
proteins in the SDR family. The results of the searches
are summarized in table 1, which shows that each
complex I protein has a gapped BLAST score that
shows that it is related to at least one SDR.
NUEM_HUMAN has a gapped BLAST score of 4 x
10— 3 with Nocardia cholesterol dehydrogenase, an SDR
[6, 7, 9. NUEM _BOVIN has a gapped BLAST score
of 5 x 103 with S. coelicolor €1245724, an oxidoreduc-
tase that is an SDR. NUEM_BOVIN also has a

Table 1. Sequence analysis of a subunit in the mitochondrial
proton-translocating  NADH:ubiquinone oxidoreductase (com-
plex I).

Test sequence Homologous

sequence identified

Gapped BLAST
score

NUEM_NEUCR  Pseudomonas aerugi- 3x107%
nosa WbpK

NUEM_ HUMAN Nocardia cholesterol 4x10°3
dehydrogenase

NUEM_BOVIN S. coelicolor €1245724 5x10°7

NUEM_BOVIN  human 3f-hydroxy- 1073
steroid dehydrogenase

A. aoelicus 2982870 A. aeolicus 2983546 2x10- 1

Sequences in column 2 are either known to be members of the
short-chain dehydrogenase/reductase superfamily or are described
in their GenBank entry as members of this protein superfamily
because they have high gapped BLAST scores with known ho-
mologs.
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gapped BLAST E value of 10~3* with 3f4-hydroxys-
teroid dehydrogenase. The gapped BLAST alignment
shows that the two proteins are 21% identical with only
five gaps. This similarity confirms Fearnley and Walk-
er’s dot matrix analysis of these two proteins, which
suggested that they were homologs [27].

Gapped BLAST analysis of A. aoelicus 2982870 indi-
cates that it is the closest of the four NADH:ubiquinone
oxidoreductases to SDRs. 4. aoelicus 2982870 has a
gapped BLAST E value of 2 x 10~ for A4. aeolicus
2983546, which is listed in GenBank as a uridine
diphosphate (UDP)-glucose-4-epimerase.

ALIGN analyses. Due to the unusual nature of the
homology that we have found, we used another method
to quantify the relationship between the subunit in
NADH:ubiquinone oxidoreductases and SDRs. Pair-
wise comparisons of a segment of over 250 amino acids
in the NADH:ubiquinone oxidoreductase subunit with
corresponding segments in SDRs using the ALIGN
program [25] are in agreement with the gapped BLAST
results. For example, an ALIGN analysis of NUEM _
BOVIN with S. coelicolor 1245724 yields a score of 9
SD (p=10—"). A. aoelicus 2982870 has an ALIGN
score of 10.3 SD (p < 10~2%) with 4. aoelicus UDP-
glucose-4-epimerase.

Mapping of functional domains of short-chain dehydroge-
nases/reductases onto the hydrophobic subunit in proton-
translocating NADH:ubiquinone oxidoreductase. Even
distantly related proteins conserve some of their 3D
structure [28, 29]. This allows information about the 3D
structure of nucleotide-sugar epimerases [14] and dehy-
drogenases [10—12, 30] and their functional residues
from mutagenesis studies [6, 7, 15—17] to predict func-
tional domains on NUEM_HUMAN and its
NADH:ubiquinone oxidoreductase homologs. With
this goal in mind, we mapped the high scoring motifs
from the MEME analysis of SDRs onto an alignment
of the four NADH:ubiquinone oxidoreductase subunits
as shown in figure 1A, along with the structures of the
motifs as determined in the 3D analysis of epimerase
and dehydrogenases. We also used MEME to determine
six motifs for the human, N. crassa and A. aoelicus
NADH:ubiquinone oxidoreductase subunits and
mapped these motifs onto the alignment in figure 1B.
As seen in figure 1A, there are four dehydrogenase
motifs that have strong scores with the
NADH:ubiquinone oxidoreductase subunit. Motifs 1
and 6 from the dehydrogenases correspond to the fof
that binds the nucleotide part of NAD(P)(H) [5, 15, 29,
31-33]. Three glycines that are signatures for the turn
in the foff motif are shown in boxes. The Gly-Xaa-
Xaa-Gly-Xaa-Xaa-Gly motif differs slightly from the
Gly-Xaa-Xaa-Xaa-Gly-Xaa-Gly motif found in most
SDRs, although some SDRs show this motif [6]. Such
glycine-rich segments are found in the nucleotide bind-

Proton-translocating NADH:ubiquinone oxidoreductase

ing domain of many oxidoreductases, including en-
zymes that are not descended from a common ancestor
[29, 31-33]. In fact, Walker [5] proposed that this part
of cow and N. crassa NADH:ubiquinone oxidoreduc-
tase had the faf motif based on a comparison with
various dehydrogenases, most of which are not SDRs.
Motif 2 corresponds to f-strand D in SDRs and is part
of the nucleotide cofactor binding domain [10-12]. We
propose that the segment corresponding to motif 2 also
is part of the nucleotide binding domain [34].

Motif 4 is f-strand F in nucleotide-sugar epimerases
and hydroxysteroid dehydrogenases and other SDRs.
p-strand F is just downstream of «-helix F, which
contains an essential tyrosine and lysine, separated by
three residues (Tyr-Xaa-Xaa-Xaa-Lys) at the catalytic
site of SDRs. Twelve residues upstream from the ty-
rosine is a catalytically important serine [6, 8, 10—17].
We find a Tyr-Xaa-Xaa-Xaa-Lys segment in three of
the four NADH:ubiquinone oxidoreductases. However,
this segment is about seven residues closer to motif 4 in
NADH:ubiquinone oxidoreductases than in SDRs. All
four enzymes have the lysine residue that is 11 residues
upstream from motif 4; in most SDRs the distance is 18
residues. All four enzymes have a serine that is 12
residues upstream from the tyrosine, which is the same
distance as found in most SDRs. This serine, tyrosine
and lysine in 4. aeolicus 2982870 align with the catalytic
serine, tyrosine and lysine in UDP-glucose-4-epimerase
(data not shown), suggesting the identity and location
of catalytically important residues on mitochondrial
proton-translocating  NADH:ubiquinone oxidoreduc-
tase (complex I). Tyrosine catalyzes hydride transfer;
lysine is hydrogen-bonded to the 2'- and 3’-hydroxyl
groups of the nicotinamide ribose; and serine is hydro-
gen-bonded to the catalytic tyrosine [10—17]. It will be
interesting to determine the functions of the conserved
serine and lysine and the partially conserved tyrosine in
the NADH:ubiquinone oxidoreductase subunit.

We used MEME to identify six motifs that are charac-
teristic of the subunit in NADH:ubiquinone oxidore-
ductase to identify functionally important regions in
these proteins. Comparison of these motifs in figure 1B
with those in figure 1A reveals that motifs 1, 2 and 3 of
NADH:ubiquinone oxidoreductase correspond to the
proposed nucleotide cofactor site for motifs 1, 2 and 6
of the dehydrogenases. Motifs 4, 5 and 6 of
NADH:ubiquinone oxidoreductases correspond to the
substrate binding domain of dehydrogenases [10—17].
However, in general, a comparison of the motifs in
figures 1A and B indicates that NADH:ubiquinone oxi-
doreductase (complex I) has diverged substantially
from most SDRs. Thus, there are likely to be unusual
structures in NADH:ubiquinone oxidoreductase (com-
plex I) compared with that determined for SDRs, thus
far [6].
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Figure 1. Mapping of MEME-generated motifs onto the ~ 40-kDa subunit in complex 1. (4) Motifs determined by MEME from a
training set of 202 members of the short-chain dehydrogenases/reductases family. Amino acids that are identical to those in the human
subunit in complex I are denoted by a -. Motifs were mapped onto the complex I subunit by MAST. Four motifs have significant scores
and map onto the first 210 amino acids of the human sequence. The a-helices and f-strands for the motifs are based on the 3D
structures of epimerases and dehydrogenases. The f-strand, turn, «-helix at the amino terminus is part of a faf fold that binds the
AMP moiety of NAD(P)(H) [29-32]. Conserved glycines in the foff fold are boxed. The catalytically important serine and the
tyrosine/lysine motif in SDRs are boxed. (B) Motifs determined by MEME from an analysis of the ~ 40-kDa subunit in complex I.
MEME determined six motifs for the human, N. crassa and A. aoelicus subunit in complex 1. These motifs are mapped onto an
alignment of these proteins with their cow homolog. Amino acids that are identical to those in the human complex I subunit are
denoted by a -.

A. aeolicus, an ancient organism. A. aeolicus is found in  portant from an evolutionary perspective, in addition to
one of the most deeply branching families within the its value for understanding biochemical processes in an
bacterial domain [26, 35], which makes its genome im- organism that grows at temperatures as high as 96 °C.
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Fig. 1. Continued.

epimerases in the SDR family. However, the ancestral

A. aoelicus contains enzymes for oxygen respiration
[26], which permits it to grow in oxygen concentrations

enzyme for SDRs is unknown. A recent report that a

protein that binds messenger RNA binding protein and
is a ribonuclease is an SDR [36] suggests novel events in

the origins of the SDR family.

as low as 7.5 ppm. This is consistent with an ancient
origin of A. aoelicus 298287, although it is possible that
enzymes for oxygen respiration were acquired later by

lateral transfer [26].
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