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Mammalian 38-hydroxysteroid dehydrogenase and plant dihydroflavono! reductases are descended from a common uncestor, Here we present

evidence that Nocardia cholesterol dehydrogenase, E. cofi UDP-gulactose-4 epimerase, and open reading {rames in vaccinia virus and fish

lymphocystis diseuse virus are homologous to 38-hydroxysteroid dehydrogenase and dihydroftuvonol reductase. Analysis of u multiple alignment

of these sequences indicutes that viral ORFs are most closely related to the mammaliun 38-hvdroxysicroid dehydrogenuses. The ancestral prolein

of this superfumily is likely 10 be one that metabolized sugur nucleotides, The sequence similurity between 38-hydroxysteroid dehydrogenase and

the viral ORFs is sulficient 1o suggest thut these ORFs luve un activity that is similur 10 38-hydroxysieroid dehydrogenise or cholesierol
dehydrogenase, although the pulative substrates are not yet known.

Steroid dehydrogenuse: Vaceiniu virus: Evolution

1. INTRODUCTION

Computer analyses of protein sequences have uncov-
ered surprising similarities between proteins that would
not be expected to be hoinologs. Thus, 38-hydroxyster-
oid dehydrogenase [1,2], which converts pregnenolone
to progesterone, — a key step in the synthesis of steroid
hormones — hus a common ancestor with plant dihy-
droflavonol reductases [3], enzymes used to synthesize
pigments [4-7]. Recently. the ancestry ol 38-hydroxy-
steroid dehydrogenase became even more interesling
when the enzyme was found to be homologous to open
reading frames (ORFSs) in vaccinia virus [8.9] and fish
lymphocystis disease virus [9,10], The similarily to the
vaccinia ORF was strong enough (35% identity over a
340 amino acid segment) to suggest that this ORF may
have an activity similar to 38-hydroxysteroid dehydro-
genase, although a function for steroid metabolism in
the life cycle of vaccinia virus is not immediately appar-
ent.

In extension of these findings, we report here that lwo
bacterial proteins with other enzyme activities are mem-
bers of this superfamily. One is Nocardia cholesterol
dehydrogenase [11]; the other is E. coti UDP-galactose-
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4-cpimerase [12]. The homology of steroid dehydrogen-
ases and dihydroflavonol reductases Lo a baclerial en-
zyme Lhat recognizes UDP-galactose is surprising. In
view ol the strong sequence similarity between proteins
that have separated at least 2 billion years ago from a
common ancestor, it is likely that other members of this
superfumily, possibly with other novel activities, will be
found in organisms between bacteria and mammals.

2. RESULTS AND DISCUSSION

Table | summarizes the results of the ALIGN analy-
sis in which Nocardia cholesterol dehydrogenase is com-
pared with human 38-hydroxysteroid dehydrogenase,
E. coli UDP-galactose-4-epimerase, corn and petunia
dihydroflavonol reductase, and the ORFs of vaccinia
virus and fish lymphocystis disease virus. Most of the
comparison scores are above 10 standard deviations
(P=10 *') which is why we propose that these proteins
are homologs. that is descended from a common ances-
tor.

To better understand the evolution of these proteins,
we construcied a phylogenelic tree, depicting the rela-
live genetic distance for members of this diverse protein
superfamily, using the progressive alignment program
ol Feng and Doolittle [14] and either distance matrix or
parsimony methods [15]. Figs. 1 and 2 present a muiti-
ple sequence alignment and a tree derived from the
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Flg. I. A multiple alignment of mammalian 33-hydroxysieroid dehydrogenuses, open reuding rames in vaceinia virus and fish lymphocystis discase

virus, Nocardia cholesierol dehydrogenase, E. colf UDP-galuctose-4-epimerase, and maize und petunia dihydroflavonol reductases. Sequences with

three identities in one position are shown. In some instances the six sequences have two different amino acids conserved in three proteins at one

position in the alignment. It is clear that the umino terminus is highly conserved among all six proteins und s likely (o be essential lor functioning

of these proteins. Other arcas where four 1o six amino acids ure conserved also are likely 1o be imporiant. Site-specific mutagenesis studies will
help define the functions of these residues,

alignment. As expected, the tree shows the close group-
ing of the mammalian steroid dehydrogenases and the
clustering of the plant dihydroflavonol reductases. In-
terestingly, the vaccinia virus ORF is the most closely
related, among the superfamily members, to mammal-
ian 3B-hydroxysteroid dehydrogenase.

2.1 Similarity between mammalian 3B-hydroxysteroid
dehydrogenase and Nocardia cholesterol dehyclro-
genase

Alihough human 38-hydroxysieroid dehydrogenase’s
principal activity is thought of as calalyzing the 4°-4*
isomerization and C3 oxidation of pregnenolone to
yield progesterone, this enzyme also catalyzes oxidation
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and reduction of C19 steroids at C3 [16,17]. Thus, the
finding that a bacterial cholesterol dehydrogenase is
homologous to human 38-hydroxysteroid dehydroge-
nase is not too surprising in veiw of their similar ox-
idoreductase activity at C3 on a steroid substrate. The
region ol strong similarity between 3B-hydroxysteroid
dehydrogenase and cholesterol dehydrogenase covers
almost the entire sequence of each enzyme (Fig. 1).

2.2 Similarity of cholesterol dehydrogenase to plant
diltydioflavonol reductases
The region of similarity between cholestero! dehydro-
genase and the piant dihydroflavonol reductases covers
the first 200 residues of each enzyme. The lack of se-
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Fig. 2. An unrooted phylogenetic tree for the proteins aligned in Fig. 1. Brunching points represent gene duplications, The lengths of ihe branches
are proportional 1o the genetic distunces calculated according to Feng and Doolittle {14].

quence similarity in the remaining =160 residues in the
C-terminal part of these enzymes may arise from this
part containing the substrate recognition domain,
which, in view of the differences in the enzymes’ sub-
strates, would have the greatest differences in sequence
and tertiary structure, However, the high ALIGN com-

Table I
ALIGN comparisons of Nocardia cholesterol dehydrogenase with
human 38-hydroxysieroid dehydrogenuse, £, coli UDP-pulaclose-4-
¢pimerase, plant dihydroflavonol reduciuse, open reading frames in
viceinia virus and fish lymphocystis diseuse virus

Protein Compurison score
(Stundard deviation units)

Human 38-hydroxysteroid 14.15
dehydrogenase

Corn dihydroflavonol reductase 13
Petunia dihydroflavonol reductase 9.65
E. coli UDP-gulaclose-4-epimerase 10
Vuceinia virus ORF 12.55
Fish Lymphocystis diseuse virus ORF 12

Similarity between proteins wus analyzed with the ALIGN program
[13). This program calculates the best alignment between any pair of
sequences using the empirically derived DayholT scoring malrix and
a penalty for breaking a sequence (gap penalty). The score for the iwo
sequences is compared with that obtained from comparison of random
permulations of the two sequences. The alignment score is the number
of standard deviutions by which the maximum score for the real
sequences exceeds the average maximum score for the rundom, For
the analyses reported here, from 500 to 2000 random permutations
were used for the statistical analysis, and the DayhofT matrix was used
with a bias of 6 and a gap penalty of 8. The probability of getting a
comparison score of 10 standard deviations by chance is 10 and,
thus, it is very unlikely that the similarity between the two sequences
is a result of convergent evolution. The more likely explanation is that
the protein sequences are descended from a common ancestral gene
and, therefore, are homologs.

parison scores indicate that cholesterol dehydrogenase
and dihydroflavonol reductuase are homologs, thereby
supporting a conclusion reached by comparison of
plant dihydroflavonol reductases with mammalian 38-
hydroxysteroid dehydrogenase [3].

The similarity of 38-hydroxysteroid dehydrogenase
and cholesterol dehydrogrnase, two steroid metaboliz-
ing enzymes, to dihydroflavonol reductases is of physio-
logicul interest because flavonoids bind to the mammal-
ian estrogen receptor [18-21] and to type 11 binding sites
in rat uterus [22). as well as enzymes that metabolize
steroids [23] and prostaglandins [24]. Moreover, fla-
vonoids have hormonal activity in mammals [18-23]
and appear to protect against breast and colon cancer
[25-27]. The similarity reported here suggests that there
is an evolutionary linkage for some of these biological
activities of flavonoids.

2.3 Ancestry of dehydrogenases that have sugar nucleo-
tides as substrates

The most surprising finding is that mammalian 38-
hydroxysteroid dehydrogenase, bacterial cholesterol de-
hydrogenase, and plant dihydroflavonol reductasc be-
long to the same superfamily as UDP-galactose-4-epi-
merase, an enzyme that recognizes a suger/nucleic acid
substrate, modifying the configuration of the sugar’s C4
hydroxyl group.

UDP-galactose-4-epimerase is an interesting dehy-
drogenase because it has a tightly bound nucleotide
cofactor, which abstracts a proton from the substrate
and then adds the proton in the opposite stereochemical
configuration. The E. colf enzyme has homologs in
other microorganisms including Safmonclla (yph-
imurium [28-30), Strepromyces fividans [31] and Strep-
tococcus thermophilus [32]. Although these homologous

21
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enzymes may have different nucleotide-diphos-
phate-sugar substrates, they appear to have common
elements in their enzymatic mechanism of action [33].
Some homologs of UDP-galaclose-4-epimerase act on
CDP-hexoses. Thus, CDP-4-keto-3,6-dideoxy-p-galac-
tose ¢an be reduced by two different, but homologous
enzymes, abequose synthase [29] and paratose synthase
[30] to CDP-abequose and CDP-paratose, depending
on the stereochemical addition of the proton. These
reductases release the nucleotide cofactor after reduc-
tion of the substrate. in contrast to that of UDP- gulac-
tose-4-epimerase. Moreover, CDP-tyvelose epimerase,
which epimerizes the C2 hydroxyl on paratose to yield
CDP-tyvelose, is a member of this superfamily [30]. This
family of sugar nucleotide converting enzymes is an
excellent example of gene duplication and divergence to
yield a family of enzymes with specificity for different
sugar nucleotides and even different sites on the sugar
substrate.

2.4 Evolution of this protein superfamily

What is surprising and not easily explainable, with
the data available, are the events that led to a diverse
family of proteins that include CDP-sugar dehydrogen-
ases, UDP-C4 and CDP-C2 sugar epimerases, 3f8-hy-
droxysteroid dehydrogenase, dihydroflavonol reduc-
tases, and virus ORFs. We consider it likely that the
ancestral enzyme is one thal recognizes sugar nucleo-
tides, and that the flavonoid and steroid metabolizing
enzymes arose later, for the following reasons. First,
sugar nucleotides are likely to have formed in the prebi-
otic soup of compounds synthesized by chemical means
before replicating life forms arose and would be part of
the RNA world that is now thought to be the basis for
the first life forms [34-37]. Sugar nucleotides are re-
markably versatile compounds, and the enzymes that
form. convert, and metabolize them have imporiant
roles in cellular biology. In addition to facilitating the
metabolism of sugars for generating ATP, they are used
in the synthesis of complex carbohydrates, sugar-lipids
for membranes, and even glycosylation of aromatics
such as steroids, This makes it likely that an ancestor
of UDP-galactose-4-epimerase, using u sugar nucleo-
tide substrate, would be present in the earliest microor-
ganism, especially because these reactions can be ac-
complished under anaerobic conditions. All of this sug-
gests that enzymes that catalyze reactions resembling
those of UDP-galactosc-4-cpimerase are likely to be
more ancient than enzymes that metabolize steroids or
flavonoids.

2.5 What is the function of the open reading frames in
vaccinia virus and fish lymphocystis disease virus?
The role(s) of the homologous ORFs in vaccinia virus
and fish lymphocystis disease virus is not known, Vac-
cinia virus and fish lymphocystis disease virus belong to
two different virus familics, Poxviridae and [ridoviri-
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dae, Although both are large DNA viruses, their basic
organization and replication strategies are different.
Poxviruses are brick-shaped wviruses, with a large
genome (190 kb in vaccinia virus) that contains hairpin
structures at the ends and inverted terminal repeats (for
review see [38]). On the other hand, Iridoviruses are
icosahedral viruses with circularly permuted and termi-
nally redundant genomes [39-41]. We consider that
those basic differences indicate that the two virus fami-
lies represent independent evolutionary lineages. This
idea is in good agreement with the phylogenetic tree, in
which the vaccinia and fish lymphocystis disease viruses
come in two independent branches. This branching pat-
tern suggests that ancestral viruses for the two families
picked up genes from their respective hosts, and accord-
ingly, that the two viral genes are rhe result of two
different hosts to virus transfer events. 1t is not known
if’ other kinds of viruses contain homologs to these
ORFs. Perhaps, identificalion of homologs in other vi-
ruses would help in resolving its genealogy.

In any event, as discussed in this report it is clear that
the 38-hydroxysteroid dehydrogenase superfamily is di-
verse, with a novel genealogy. Elucidation of the activi-
ties of these proteins and the identification of other
members of the superfamily are likely to lead to infor-
mation useful in treating endocrine and viral diseases.
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