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Sterols become functional only after removal of the two methyl groups at C4 by a membrane-bound multienzyme complex
including a 38-hydroxysteroid-dehydrogenase /C4-decarboxylase (38HSD/D). We recently identified Arabidopsis (Arabidopsis
thaliana) 3BHSD/D as a bifunctional short-chain dehydrogenase/reductase protein. We made use of three-dimensional
homology modeling to identify key amino acids involved in 4a-carboxy-sterol and NAD binding and catalysis. Key amino
acids were subjected to site-directed mutagenesis, and the mutated enzymes were expressed and assayed both in vivo and in
vitro in an erg26 yeast strain defective in 38HSD/D. We show that tyrosine-159 and lysine-163, which are oriented near the
3B-hydroxyl group of the substrate in the model, are essential for the 3BHSD/D activity, consistent with their involvement in
the initial dehydrogenation step of the reaction. The essential arginine-326 residue is predicted to form a salt bridge with the
4a-carboxyl group of the substrate, suggesting its involvement both in substrate binding and in the decarboxylation step. The
essential aspartic acid-39 residue is in close contact with the hydroxyl groups of the adenosine-ribose ring of NAD", in good
agreement with the strong preference of 36HSD/D for NAD". Data obtained with serine-133 mutants suggest close proximity
between the serine-133 residue and the C48 domain of the bound sterol. Based on these data, we propose a tentative
mechanism for 38HSD/D activity. This study provides, to our knowledge, the first data on the three-dimensional molecular
interactions of an enzyme of the postoxidosqualene cyclase sterol biosynthesis pathway with its substrate. The implications of

our findings for studying the roles of C4-alkylated sterol precursors in plant development are discussed.

Sterols are essential components of all eukaryotic
cell membranes, and their biosynthetic pathways dif-
fer significantly between plants, animals, and fungi.
The sterol molecule becomes functional only after
removal of the two methyl groups at C4 (Lees et al,,
1995; Benveniste, 2004; Bouvier et al., 2005). We have
characterized the activities of a sterol C4-methyl oxi-
dase (SMO), a 4a-carboxysterol-38-hydroxysteroid-
dehydrogenase/C4-decarboxylase (3BHSD/D; Fig.
1), and a NADPH-dependent 3-oxosteroid reductase
from partially purified enzymes in order to define
the steps involved in plant sterol C4-demethylation
(Pascal et al., 1993, 1994; Rondet et al., 1999). The first
step in this process is initiated by SMO, which con-
verts the C4a methyl group of C4-methylated sterol
substrate to produce a 4a-carboxysterol derivative (Fig.
2) that is subsequently decarboxylated by 38HSD/D to
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produce a C4-monodemethylated 3-oxosteroid. Finally,
the C4-monodemethylated 3-oxosteroid intermediate
is stereospecifically reduced by the 3-ketoreductase.
Two distinct families of SMO genes have been identi-
fied in Arabidopsis (Arabidopsis thaliana; Darnet and
Rahier, 2004), and we recently characterized molecu-
larly and enzymatically two bifunctional 38HSD/Ds
(Fig. 1) from Arabidopsis (Rahier et al., 2006). These
hydroxysteroid-dehydrogenases (HSDs) constitute
novel members of the short-chain dehydrogenase/
reductase (SDR) family in plants.

The SDRs have been divided into two major fami-
lies, referred to as classical and extended, that differ in
size: about 250 amino acids for the classical SDRs and
350 for the extended SDRs (Jornvall et al., 1995). For
both groups, the cofactor binding site is localized in
the N-terminal part and the substrate binding site in
the C-terminal part. Probably because of its unique
bifunctionality and membrane association, 38HSD/D
protein shows low sequence identity with other mem-
bers of the SDR family and forms a differentiated
cluster in phylogenetic analysis (Rahier et al., 2006; Wu
et al, 2007). According to a recent classification,
3BHSD/D would be a member of the extended SDR
family (Kallberg et al., 2002) for which the number of
experimentally solved three-dimensional (3D) struc-
tures is lower than for the classical family. In fact, there
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are only two structures for the NAD(H)-preferring en-
zymes of this type, including dTDP-Glc-4,6-dehydratase
(DeslV; Allard et al., 2004).

3BHSD/D is essential for the biosynthesis of sterols
in all organisms. Yeast mutants lacking the C4-
demethylation process are not viable (Bard et al., 1996),
and nonfunctional 3BHSD/D is lethal in the yeast
erg26 mutant (Gachotte et al., 1998). In animals, defi-
ciency in 38HSD/D and the C4-demethylation process
is lethal for the embryo (Konig et al., 2000). Mutations
in the corresponding ortholog Nsdhl gene are associ-
ated with the X-linked, male-lethal dominant muta-
tions bare patches (Bpa) and striated (Str) in mouse (Liu
et al., 1999) and cause the embryo-lethal CHILD syn-
drome in humans (Bornholdt et al., 2005). Remarkably,
mutants of plants deficient in 38HSD/D and C4-
demethylation have not been reported so far, possibly
reflecting the vital importance of this pathway-specific
step.

Sl?cructural data for SDRs in plants is particularly
scarce. In plants, the most thoroughly investigated
SDRs are tropinone reductases I and II from Datura
stramonium and Hyoscyamus niger (Nakajima et al.,
1998, 1999) and progesterone 5B-reductase from
Digitalis lanata (Thorn et al., 2008), for which deter-
mination of the x-ray structure and site-directed mu-
tagenesis of putative substrate-binding residues
revealed the decisive amino acid residues controlling
the reaction of these enzymes. Recently, a homology
model of a SDR involved in plant secondary metabo-
lism, salutaridine reductase from Papaver bracteatum,
was built. The data were taken as a basis to elucidate
the reaction mechanism, the cofactor preference, and
the substrate binding by site-directed mutagenesis
(Geissler et al., 2007).

During the past decade, direct studies of plant sterol
biosynthesis enzymes have been facilitated by the
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Arabidopsis 38-Hydroxysteroid-Dehydrogenase /C4-Decarboxylase

Figure 1. Reaction catalyzed by 3BHSD/D.
The C4B-methyl group of the 3B-hydroxy,4a-
carboxy-4B,14a-dimethyl-98,19-cyclo-5a-
sterol (identified with an asterisk) is isomerized
to the C4a position during the reaction.

CO2 + NADH

cloning of most of the corresponding genes. However,
details of the 3D structure for membrane enzymes
involved in the postoxidosqualene segment of sterol
synthesis in plants, animals, and fungi are not avail-
able. In particular, the structure, the substrate-binding
characteristics, and the detailed catalytic mechanism
of membrane-bound 38HSD/D are unknown. Due to
the difficulty of crystallizing membrane proteins, ho-
mology modeling provides a convenient means for
understanding their functions.

In this study, we constructed a model of Arabidopsis
3BHSD/D based on its similarity to the structure of the
previously crystallized SDR DesIV from Streptomyces
venezuelae (Allard et al., 2004). Furthermore, 4a-
carboxysterol substrate as well as the cofactor NAD"
were docked into the protein model. The model pro-
vides novel information on substrate and cofactor 3D
interactions with the 3BHSD/D active site. The pre-
dictions of catalytically important amino acids were
verified experimentally using mutant proteins gener-
ated by site-directed mutagenesis. Based on these data,
we propose a catalytic mechanism for the Arabidopsis
3BHSD/D.

RESULTS

Homology Modeling of the 3D Structure of 38HSD/D
from Arabidopsis

Owverall Description of the Protein Model

The 3D structure of any ortholog of Arabidopsis
3BHSD/D protein is unknown at present. Thus, the
search for the structure of the closest paralog led to the
structure of DeslV from S. venezuelae (Allard et al.,
2004). Based on this evidence, DesIV was taken as a
template for 3BHSD/D (as described in “Materials

Y1,

Figure 2. Structures of the compounds considered in this work: [1], 4a-carboxy-4B,14a-dimethyl-98,19-cyclo-5a-cholest-24-
en-3B-ol; [2], 4a-carboxy-5a-cholest-7-en-3B-ol; [3], 4a-carboxy-4B-methyl-5a-cholest-8,24-dien-3B-ol; [4], 4a-carboxy-

4B,14-dimethyl-5a-cholest-8,24-dien-3B-ol.
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and Methods”; Figs. 3 and 4). The peptide sequence of The structure of DeslV consists of two distinct
DeslV displayed 24% identity and 40% similarity out domains (Fig. 4): a large N-terminal domain, from
of 376 positions when aligned with that of 38HSD/D Met-1 to Tyr-182, composed of five a-helices and eight
(Fig. 3). In addition, the molecular masses of 36HSD/D B-strands that is involved in NAD" binding; and a
(42 kD) and DeslV (37 kD) are particularly higher than small C-terminal domain with only four a-helices and

those of other HSDs and both have strict NAD" co- two B-strands, which is involved in substrate rec-
factor specificity (Rondet et al., 1999). ognition and positioning (Allard et al., 2004). The
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Figure 3. Alignment and secondary structure comparison between 3BHSD/Ds from Arabidopsis and the template protein DeslV
(1R66) from S. venezuelae. The secondary structure elements are indicated as arrows for B-strands and as cylinders for a-helices.
Amino acids further analyzed by mutagenesis are shown with gray circles. The nomenclature used for helices and strands
corresponds to that of 1R66 pdb file.
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Figure 4. Ribbon diagrams of Arabidopsis 3BHSD/D based on homology modeling and of DeslV used as a template, with key
amino acids identified. The N-terminal domain, responsible for NAD docking (dark blue), and the C-terminal domain,
responsible for carboxysterol or DAU positioning (light blue), are shown. The loop in orange including the putative hydrophobic
membrane-interacting domain could not be modeled. The NAD* (green), carboxysterol, and DAU (red) structures are included.
For 3BHSD/D, the key catalytic Tyr-159 and Lys-163 residues for 33-dehydrogenation, the carboxysterol-stabilizing residue Arg-
326, and the carboxysterol 43-methyl proximal residue Ser-133 are also shown (yellow). Asp-39, Asp-70, Ser-95, and Thr-129
residues are shown hydrogen bonding to NAD*. Glu-147 possibly interacting with Arg-326 in the absence of substrate is also
shown. The homolog residues are shown for DeslV. [See online article for color version of this figure.]

3BHSD/D model is very similar, and all of the second-
ary elements could be preserved except one a-helix
labeled a4.

As predictable from the functions of their domains,
the sequences of 3BHSD/D and DeslV are more sim-
ilar in the N-terminal regions, which have identical
functions, than in the C-terminal regions, which bind
different substrates. All of the residues whose side
chains are involved in NAD" binding are conserved:
Asp-37, Asp-63, Ser-87, Tyr-151, and Lys-155 in DeslV,
which correspond to Asp-39, Asp-70, Ser-95, Tyr-159,
and Lys-163, respectively, in 38HSD/D.

DeslV is known to be a dimer, and three regions
from its N-terminal domain contribute to the dimeric
interface: Ile-93 to GIn-108, Pro-144 to Ser-149, and
Leu-160 to Tyr-169. Within these segments, spanning
32 amino acids, seven are strictly conserved in
3BHSD/D (the five-amino acid stretch ®NVQGT',
Pro-144, and Asn-148), four are replaced by similar ones
(Val-98/Leu-102,Leu-160Val-161Ala-162/ Ala-168Leu-
1691le-170), and the 21 remaining amino acids are
different. This observation of a relatively weak se-
quence conservation in the contact region could be
related to the fact that 3HSD/D has been shown to be
active as a monomer (Rondet et al., 1999), thus low-
ering the conservation pressure upon these chain
segments.

Finally, one should note a very long insertion of
about 45 amino acids into the C-terminal part of
3BHSD/D (Fig. 3). This region with its hydrophobic
patch of about 24 amino acids is thought to be the
membrane anchor. It is situated at the surface of our
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model, away from the NAD" binding site but close to
the carboxysterol proposed binding site (Fig. 4). Be-
cause of the lack of a corresponding anchor in DeslV,
which is not membrane bound, this region was not
constrained during modeling and resulted in an un-
structured loop.

Based on the above analysis, our 38HSD/D model
displayed enough accuracy to be able to explore the
geometry of the substrate-binding cavity for identifi-
cation of residues in contact with the NAD" and 4a-
carboxysterol substrates as well as putative catalytic
residues.

Hypothetical Mode of Substrate Binding of 38HSD/D

4a-Carboxy-43,14a-dimethyl-98,19-cyclo-5a-cholest-
24-en-3B-ol [1] (Fig. 2), the substrate of Arabidopsis
3BHSD/D, was docked into the substrate pocket of the
3BHSD/D model (Figs. 4 and 5). The docking arrange-
ment of [1] in the active site of 38HSD/D shows that
the carboxysterol substrate is completely buried in the
enzyme, with the sterol side chain pointing to the
entrance of the active site cavity. As can be seen (Figs. 4
and 5), the tetracyclic steroid nucleus and side chain
can be modeled into a large pocket featuring a variety
of hydrophobic amino acid residues. In particular, side
chains of Tyr-221, Phe-265, and Leu-196 make direct
contacts with the B, C, and D rings of the steroid
nucleus. They replace the hydrophilic residues Arg-
215, Asn-250, and Lys-190, respectively, in the Des IV
active site, where Arg-215 forms a salt bridge with one
of the B-phosphoryl oxygens, Asn-250 interacts with
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Figure 5. Closeup view of active site residues in 3BHSD/D determined
by homology modeling in relation to modeled NAD* and steroid
substrate  (4a-carboxy-48,14a-dimethyl-cholesta-98,19-cyclo-24-en-
3B-ol) molecules. Residues analyzed in this study are mentioned. Tyr-
159 and Lys-163 are at catalytic distance to the substrate and at a
distance to interact with each other. Substrate is further stabilized by a
saltbridge with Arg-326. Ser-133 is in close proximity to the C4B8-methyl
group of the steroid substrate. Asp-39, Asp-70, Ser-95, and Thr-129
residues are interacting with NAD*. Hydrophobic residues that are in the
immediate surroundings of the carboxysterol in its binding pocket are
also shown, as well as Glu-147 possibly interacting with Arg-326 in the
absence of substrate. This figure was created with PyMOL (Delano,
2002). [See online article for color version of this figure.]

the 3-hydroxyl group of the Rib, and Lys-190 interacts
with the sugar O-2 of the substrate dTDP (Allard et al.,
2004). Further hydrophobic interactions can be ob-
served between the side chain Phe-223 and the 14a-
methyl group and the C and D rings of the sterol
substrate. Moreover, additional hydrophobic interac-
tions are possible between Ile-213, Ile-214, Leu-201,
and Met-197 and the side chain of [1]. Weaker hydro-
phobic interactions are imaginable between Ile-97 and
Phe-212 and the B-face and side chain of the sterol
nucleus.

Importantly, the model shows that Arg-326 is pre-
dicted to interact with the carboxysterol substrate and
that its NH, groups are correctly positioned to form a
salt bridge with its carboxylic group. In the absence of
bound carboxysterol, the model suggests that Arg-326
could be stabilized by the formation of a salt bridge
with Glu-147. This Arg residue is replaced by the
neutral Tyr-281 in Des IV. Furthermore, the model
localizes Ser-133 in close proximity (<3.2 A) to the
C4B-methyl group of [1]. Most importantly, the 33-
hydroxyl group of [1] is within the range of hydrogen-
bond interactions to the hydroxyl group of Tyr-159. It
could also form a weak hydrogen bond with the
hydroxyl group of Ser-131. Moreover, the amino group
of Lys-163 is located in close proximity (<2.5 A) to Tyr-
159. In addition, the 3a-hydrogen of [1] is in the correct
geometry and proximity to the accepting carbon of the
NAD" cofactor, that is an angle [C3(1)-C4(NAD")-N1
(NAD")] of about 95°, a value compatible with a
hydride transfer from the C3-carbon atom of the
substrate and the nicotinamide ring, and a C4(NAD")-
C3aH [1] distance of approximately 2 A.

1876

NAD" was docked into the substrate pocket of the
3BHSD/D model in a similar conformation as that
found in the DeslIV template, with both Ribs in the C,-
endo conformation and the nicotinamide ring in the syn
conformation. The model predicts that several con-
served side chains are in close contact with the NAD"
to the 3BHSD/D, including Asp-39, Asp-70, Ser-95,
Tyr-159, and Lys-163, corresponding to Asp-37, Asp-
63, Ser-87, Tyr-151, and Lys-155, respectively, in DesIV.
The model indicates that the carboxylate of Asp-70 is
in proximity to hydrogen bonds to the C-6 amino
group of the adenine ring and that the carboxylate of
Asp-39 bridges the 2'- and 3’-hydroxyl groups of the
adenine Rib. Although the model shows that the dis-
tance of the e-amino group of Lys-163 to Tyr-159 is
shorter than the distance to the 2’-hydroxyl group of
the nicotinamide Rib, it may participate in proper
dinucleotide positioning. In addition, the model pre-
dicts that the hydroxyl side chain of Thr-129 (Val-129
in DeslV) could form a hydrogen bond with the
3’-hydroxyl of the nicotinamide Rib. Finally, the central
diphosphate group of NAD" interacts mainly with the
Gly-rich motif "TGGRGFAA®.

Site-Directed Mutagenesis Analysis

Site-Directed Mutagenesis, Expression, and
Characterization of the Wild-Type and Mutant 3HSD/Ds

Based on the interactions observed in the model, we
generated site-directed mutant proteins in which se-
lected single amino acid residues supposed to be
involved in substrate binding or catalytic activity
were modified. In order to have minimal effects on
secondary structure and on conformation, we chose to
mutate the different amino acids by sterically conser-
vative hydrophobic and electrically neutral residues.
The wild-type and mutated 38HSD/Ds were cloned
into the pVT102U shuttle vector under the control of
the constitutive alcohol dehydrogenase promoter and
expressed in the Saccharomyces cerevisiae erg26 null
mutant. The pVT transformants were plated on com-
plementation selection plates in a medium supple-
mented with §-aminolevulinic acid (§-ala) required for
heme synthesis but devoid of sterol. Heme auxotrophy
was required to facilitate sterol uptake for erg26 mu-
tants. As shown previously (Gachotte et al., 1998;
Rahier et al., 2006), the erg26 strain transformed with
pVT-At3BHSD/D was capable of growing aerobically
without ergosterol supplementation, while erg26 null
and erg26/pVT-VOID transformants as well as trans-
formants obtained with nonfunctional 3B8HSD/D
mutants could grow only on an ergosterol (cholesterol)-
supplemented medium. To confirm the authenticity of
the complementation assay, the strains were picked
from the selection plate and the prototrophic strains
were grown in a 8-ala-containing liquid medium de-
void of sterol and the auxotrophic strains were grown
in a cholesterol-containing medium. After sterol extrac-
tion, the sterol profiles were analyzed by gas chroma-
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tography (GC) and GC-mass spectrometry (MS). The
erg26 strain transformed with the wild-type 38HSD/D
accumulated more than 75% of C4-demethylated ste-
rols including ergosterol (53%) as the major sterol and
minor amounts (10%) of residual 4,4-dimethylsterols
(Table I). In comparison, the auxotrophic erg26 null
strain grown in a cholesterol-containing medium ac-
cumulated lanosterol (86%) and small amounts of
4a-carboxy-48,14-dimethyl-cholest-8,24-dien-38-ol [4]
(Fig. 3; 14%), as shown previously (Gachotte et al.,
1998; Rahier et al., 2006). In the presence of d-ala and
cholesterol, the erg26 null strain accumulated 4a-
carboxy-4B3-methyl-cholest-8,24-dien-33-ol [3] but no
ergosterol, as shown previously (Gachotte et al., 1998).

To corroborate the in vivo sterol profile data, we next
performed an in vitro enzymatic assay with the re-
combinant wild-type and mutated 38HSD/Ds. In the
case of an enzyme that is part of a membrane-bound
multienzyme complex, interactions with other com-
ponents of the complex are probably crucial for opti-
mum enzymatic activity. Thus, 38HSD/D activity was
assayed in the microsomal extracts and the corre-
sponding cytosolic fractions were prepared from the
different mutants described below, using the standard
assay conditions for recombinant 3HSD/D (as de-
scribed in “Materials and Methods” and in Rahier
et al.,, 2006). The immunoblotting analysis indicated
that the wild-type 38HSD/D produced a discrete band
with the expected M, in the microsomal extracts (Fig.
6, WT), but this band was absent from the correspond-
ing supernatant fraction (Fig. 6, 5100 WT).

Arabidopsis 38-Hydroxysteroid-Dehydrogenase /C4-Decarboxylase

Analysis of Mutants D39V, D70V, D70A, and T129V

The model of 38HSD/D predicts that Asp-39, Asp-
70, and Thr-129 interact with different Rib hydroxyl
groups of NAD™. In addition, analysis of the conserved
residues of the fingerprint of DeslV identifies the Asp-
39 residue in 38HSD/D that may be critical to specific
recognition of NAD". Thus, we selected for further
studies the D39V, D70V, D70A, and T129V mutants of
3BHSD/D, as suggested by the model. The immuno-
blotting analysis confirmed that each of the mutant
proteins produced a discrete band with the expected
M, (Fig. 6). Substitution of Asp-39, Asp-70, and Thr-
129 for Val or Ala rendered the enzyme totally inactive
in vivo, since these mutants could not grow in the
absence of added cholesterol in the medium and no
traces of C4-demethylated sterols could be detected
(Table I). Moreover, no 38HSD/D activity could be
detected in vitro (Table II). These results indicate that
these residues are essential for enzyme activity.

Analysis of Mutants Y159F and K1631

On the basis of amino acid sequence analysis,
3BHSD/D is a member of the SDR superfamily, con-
taining the highly conserved YX,K catalytic couple
(Jornvall et al., 1995; Kallberg et al., 2002). The model
suggests that Tyr-159 and Lys-163 are well positioned
for deprotonation of the 33-hydroxyl group of the car-
boxysterol substrate. There is a single 159YX,K'®® motif
in 3BHSD/D, and we targeted Y159F and K163l mu-
tants. Both mutants were successfully expressed in the

Table 1. Sterol composition of the erg26 null mutant and transformants carrying Arabidopsis wild-type and mutagenized 3BHSD/D

Sterols were analyzed as described in “Materials and Methods.” Data shown are means = sp of two to four experiments.

Enzyme Used to

Transform the erg26 Cholesterol Added in

Total C4-Demethylated Sterols®
or Complementation

Total Total Other Sterols? =

Null Mutant the Medium Rate of the erg26 Mutant 4,4-Dimethylsterols” 4a-Carboxysterols® 4a-Methylsterols
erg26 null mutant Yes 0° 86+ 6 14 £ 6 0
Wild type No 76 =3 10 =1 0.5 = 0.04 135 2
D39V Yes 0 89 * 6 11 £6 0
D70V Yes 0 96 £ 1 42 04 0
D70A Yes 0 98 £ 1 23 *03 0
T129V Yes 0 96 £ 1 39*0.2 0
Y159F Yes 0 89 *3 10.8 = 3.5 0
K163l Yes 0 86 * 2 143 £25 0
R326l Yes 0 97 £ 1 3.0 09 0
R318I No 82 * 4 1257 1.2 £0.3 5*0.5
A[288-303] Yes 0 97 £ 1 24 *03 0
S131A No 64 £ 1 19 =1 1.1 =04 16 = 2
S133A No 63 *2 19 =1 0.5 + 0.04 175 £ 2
S133T No 45 £ 2 43 £3 6.6 = 0.5 54 *09
S133Y Yes 0 91 £ 1 9.2 £0.8 0

C4-Demethylated sterols were a mixture of zymosterol (t; = 1.055), ergosterol (; = 1.084), ergosta-7,22-dien-3-ol (f = 1.094), 14a-methyl-
ergosta-8,24(28)-dien-3-ol (t; = 1.112 ), ergost-7-en-3-ol (& = 1.117), ergosta-8,24(28)-dien-3-ol (&, = 1.141), and ergosta-7,24(28)-dien-3-ol (t; =
1.158). b4,4—Dimethy[stero|s were a mixture of lanosterol (= 1.207) and 4,4-dimethyl-cholesta-8,24-dien-3-ol (; = 1.216). “4a-
Carboxysterols were a mixture of 4a-carboxy-4,14-dimethyl-cholesta-8,24-dien-3-ol (t; = 1.421) and 4a-carboxy-4-methyl-cholesta-8,24-dien-

3-0l (f = 1.457).

dOther sterols were 4a-methyl-cholesta-8,24-dien-3-ol (; = 1.112), 4a-methyl-cholesta-8,24-dien-3-one (t; = 1.134), 4a,14a-

dimethyl-ergosta-8,24(28)-dien-3-ol (t; = 1.165), 4a-methyl-ergosta-8,24(28)-dien-3-ol (t; = 1.176), and 4a-methyl-ergosta-7,24(28)-dien-3-one (t; =

1.245). Percentage of total sterols.
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Figure 6. Western blot analysis. Forty micrograms of
microsomal protein from erg26 yeast strain overex- 55kb | we—
pressing the FLAG-tagged wild-type At3BHSD/D
cDNA (WT) and cDNAs with the shown mutations 43Kkb | m— d
and of yeast transformed with vector without cDNA
(Void) were analyzed. Analyses of 1QO ug of con- 34Kb
centrated 100,000g supernatant protein from erg26
yeast strain overexpressing the FLAG-tagged wild- WT  Void D39V D70V T120V Si31A Y159F
type At3BHSD/D cDNA (S100 WT) and concentrated
100,000g supernatant from mutant A[288-303] ™
(S100 A288-303) are also shown. Proteins were 55kb —
submitted to immunoblotting with an anti-FLAG
B & a3kb | | — | | - —
34kb —
26kb —
K163I Void R326I R318I S133A 5133T 5133y 4288 5100 SI00
-303  WT  A288
-303

erg26 strain microsomal extract (Fig. 6), but the sub-
stitution of Tyr-159 for Phe and Lys-163 for Ile ren-
dered the enzyme totally inactive both in vivo and in
vitro (Tables I and II), indicating that these residues
were essential for the enzyme activity.

Analysis of Mutants R326I and R318I

3BHSD/D is a unique HSD of the SDR family that
catalyzes both the dehydrogenation of a 38-hydroxyl
group and decarboxylation at C4 of a carboxysterol by
a single membrane-bound protein. 38HSD/D is sig-
nificantly larger than the typical HSD (380 versus 250

amino acid residues). It is conceivable that the dual
action could be linked to the 130 additional residues
on the C-terminal end of the enzyme. The model
localizes Arg-326 as the only positively charged resi-
due in the carboxysterol-binding cavity of 38HSD/D.
Arg-326 is positioned in close proximity to the car-
boxylate group of the substrate, which is at a distance
to form a salt bridge with the amino groups of Arg-
326. Thus, we targeted R326I to examine this interac-
tion. As a comparison, we also substituted Arg-318,
which the model localizes as distant from the substrate
and cofactor pocket, near the protein external surface,
for an Ile residue. The immunoblotting analysis con-

Table Il. Apparent kinetics parameters for reactions of wild-type Arabidopsis 3BHSD/D and mutants

Data shown are means = sp of two or three experiments. The parameters for the [2] dehydrogenation/
decarboxylation reaction were determined in the corresponding microsomal extracts under the standard

assay conditions as described in “Materials and Methods.” Apparent V,,

. and K values were determined

by fitting the data to the Michaelis-Menten equation. ND, Not determined.

Enzyme Used to Transform

the erg26 Null Mutant Ko 121 Vinax Vina/ Ky 121
mm nmol mg™" h™' mLh " mg”!
erg26 null mutant No activity®
Wild type 0.13 = 0.01 88 = 7 0.68
D39V ND No activity
D70V ND No activity
D70A ND No activity
T129V ND No activity
Y159F ND No activity
K163l ND No activity
R326l ND No activity
R318l 0.14 = 0.01 83 =5 0.59
A[288-303] ND No activity
S131A 0.17 = 0.01 74 * 4 0.44
S133A 0.11 = 0.01 50 £7 0.45
S133T 0.51 = 0.09 31 £2 0.061
S133Y ND No activity
“The V,_,, for each enzyme was normalized for differences in expression by comparison with the wild

max
type using immunoblots as shown in Figure 6.

of the 38HSD/D activity is 0.1 nmol h™' mg™".

®No activity detectable. The estimated limit of detection
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firmed that each of the mutant proteins produced a
discrete band with the expected M, (Fig. 6). Data from
Tables I and II clearly show that substitution of Arg-
326 for Ile resulted in an inactive enzyme, as shown by
(1) the absence of growth of the transformant in the
absence of added cholesterol, (2) a sterol profile com-
prising exclusively C4-methylated sterols and C4-
carboxy-3B-hydroxy-sterols, and (3) no detectable
3BHSD/D activity in the corresponding microsomal
extracts. In addition, comparison of the incubations of
carboxysterol substrate [2] and corresponding controls
performed with inactivated microsomes revealed the
absence of dehydrogenated product, including a pu-
tative 3-oxo-C4-carboxyl-steroid intermediate, and
complete recovery of [2] as confirmed by selective
ion monitoring. These data clearly show that Arg-326
is essential for the 38HSD/D activity.

In contrast, mutant R318I exhibited a similar sterol
profile as the wild type. Furthermore, mutant R318I
had sufficient activity to allow measurement of a vari-
ety of 38HSD/D kinetic parameters, attesting that the
microsomal extracts obtained with such a mutated
enzyme were functional (Table II). The R318I mutant
has K and V.. /K, values similar to those of the wild-
type enzyme, indicating that Arg-318 is not involved in
the function of the enzyme.

Analysis of a 290 to 306 Deletion Mutant of 3BHSD/D

In contrast to most SDR proteins, which are cyto-
solic, including HSDs, biochemical studies performed
in plants (Rondet et al., 1999) have shown that native
3BHSD/D is membrane bound. A single putative
short membrane-binding domain, including a hydro-
phobic patch of amino acids 283 to 306, is found in
3BHSD/D, which also possesses an endoplasmic re-
ticulum retrieval signal. Indeed, we observed that
when 3BHSD/D is expressed in the yeast erg26 strain,
the resulting protein (Fig. 6, WT) and the enzymatic
activity were observed only in the microsomal frac-
tion. 3BHSD/D was not present in the supernatant
(Fig. 6, S100 WT), which remained enzymatically
inactive (data not shown). Our model predicts that
this hydrophobic patch is included in the unstructured
loop of about 45 amino acids near the C terminus that
we could not model. This loop is distant from the
active site cavity and protrudes from the external
surface of the 38HSD/D. Hydrophobic patches often
constitute membrane association or protein interaction
sites, and the loop may well turn out to serve an
important function by mediating the attachment of
3BHSD/D to the membrane or to another component
of the C4-demethylation multienzyme complex. Be-
cause of its shortness and its localization, this hydro-
phobic domain would interact with only one leaflet of
the bilayer, thus classifying 36HSD/D in the mono-
topic enzyme group (Blobel, 1980). We deleted 17 amino
acids of the hydrophobic patch to produce mutant A
[290-306], expecting to delocalize the 3BHSD/D to the
soluble supernatant fraction. Attempts to substantiate
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this suggestion experimentally failed, since no detect-
able 3BHSD/D activity could be measured in both
fractions. Moreover, expression of mutant A[290-306]
without the hydrophobic stretch could be achieved in
neither the erg26 microsomal extract (Fig. 6, A288-303)
nor the corresponding supernatant fraction (Fig. 6,
5100 A288-303). It is reasonable to consider that gross
conformational changes to the native enzyme would
lead to its proteolyse in the yeast system. This is
probably illustrated by the absence of expression of the
A[288-303] mutated enzyme possessing a 15-amino
acid truncation, while all of the other mutated and
wild-type 38HSD/Ds were substantially and similarly
expressed in the microsomal extracts, consistent with
the conservation of their gross conformation.

Analysis of Mutant S131A

Sequence alignments indicate that Ser-131 corre-
sponds to Thr-127 in DeslIV, which is involved in the
formation of a hydrogen bond with the keto group
formed during substrate dehydrogenation (Allard
et al.,, 2004). The model predicts that Ser-131 is in
proximity to the 38-hydroxyl group of the substrate
and to the e-NH, group of Lys-163. Substitution of Ser-
131 for Ala led to an in vivo sterol profile of the
transformants similar to that of the wild-type enzyme
(Table I). Microsomal extracts obtained with this mu-
tated enzyme were functional (Table II). The data
clearly show that Ser-131 is not crucial for the
3BHSD/D activity and that it is not a key catalytic or
substrate-binding residue for 3BHSD/D. Mutant
S131A exhibits a 1.5-fold decrease in efficiency (V/K)
compared with the wild type, because it has a slightly
higher value of K, for [2] and a slightly lower V..
These data indicate a weak participation of Ser-131 in
both catalysis and substrate binding and are consistent
with a possible weak hydrogen bonding of Ser-131 to
the C3 hydroxyl or oxo group of the substrate.

Analysis and Substrate Specificity of Ser-133 Mutants

The model localizes Ser-133 in closer proximity to
the C4B-methyl group of the substrate (<3 A) than to
its 38-hydroxyl group. Substitution of Ser-133 for Ala
led to in vivo sterol profiles of the transformants
similar to that of the wild-type enzyme (Table I), and
the corresponding microsomal extracts were func-
tional (Table II). These data clearly show that Ser-133
is not crucial for the 38HSD/D activity and that it is
not a key catalytic or substrate-binding residue for
3BHSD/D. Mutant S133A has similar K, values for both
4a-carboxysterol [2] and 4B-methyl,4a-carboxysterol [3]
as the wild-type enzyme (Tables II and III). In addition,
it exhibits a small 1.5-fold decrease in efficiency with
[2], which reflects a lower V., and a similar efficiency
with [3] compared with the wild type. These data
suggest that the hydroxyl function of Ser-133 is not
involved in substrate binding and plays a minimal
catalytic role.
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Table Ill. Apparent kinetics parameters for reaction, and substrate preference of wild-type Arabidopsis 38HSD/D and Ser-133 mutants

Data shown represent means = sp of two or three measurements. The parameters for the [2] and [3] dehydrogenation/decarboxylation reactions
were determined in the corresponding microsomal extracts under the standard assay conditions as described in “Materials and Methods.” Apparent
V..o and K values were determined by fitting the data to the Michaelis-Menten equation.

Enzyme Used to Transform Substrate: [2]

Substrate: [3] Specificity

VIK [21° to VIK [3]

the erg26 Null Mutant K v a V. K K v a V, /K
mm nmolmg " h™"  mLh " mg’ mm nmolmg "h™"  mLh " mg’

erg26 null mutant No activity detectable No activity detectable

Wild type 0.13 £ 0.01 88 £ 7 0.68 0.26 * 0.02 111 x5 0.43 1.6

S133A 0.11 = 0.01 50 + 7 0.45 0.20 = 0.02 84 +9 0.42 1.07
S133T 0.51 £ 0.09 312 0.061 0.77 = 0.12 45 *x1.2 0.0058 10.5

S133Y No activity detectable No activity detectable

“The V..., for each enzyme was normalized for differences in expression by comparison with the wild type using immunoblots as shown in Figure

max

6. PFor each mutant or wild-type enzyme, both substrates were compared in the same enzyme preparation. Specificity for competing substrates is

determined by the ratios of specificity constants (k.,/K): V,.., = k

ax cat

X enzyme concentration; thus, for two substrates, A and B, using the same

enzyme preparation: (k. /K, )" (k./K.)? = (V.. /K ) /(V, /K.)B. The estimated limit of detection of the 38HSD/D activity is 0.1 nmol h™' mg™".

max’ "*m max’ "'m

To further examine the predicted proximity between
Ser-133 and the substituent at C48 of the substrate, we
substituted Ser-133 with larger Thr or Tyr residues.
The immunoblotting analysis confirmed that each of
the mutant proteins produced a discrete band with the
expected M, (Fig. 6). In contrast to mutant S133A,
mutant S133T led to a lower amount of C4-demethylated
sterols and higher quantities of 4,4-dimethylated sterol
intermediates. Mutant S133Y led to a sterol profile
comprising exclusively C4-methylated sterols and
4a-carboxy-3B-hydroxy sterols (Table I). Moreover,
the ratio of 4,4-dimethylsterols to 4a-methylsterols is
about 8-fold higher in mutant S133T than in mutant
S133A or wild-type 38HSD/D.

The validity of the in vivo data were further exam-
ined in vitro by comparing the kinetic parameters of
wild-type 3BHSD/D and mutant enzymes S133A,
S133T, and S133Y (Table III). The reactions were mea-
sured using two substrates: 4a-carboxysterol [2] devoid
of substituent at C48, and 43-methyl 4a-carboxysterol
[3] possessing an additional C4B-methyl substituent.
The K, values of [2] and [3] for mutant S133T were
increased about 3- to 4-fold, indicating that the binding
of [2] and [3] to 3BHSD/D was impaired by replacing
Ser-133 with Thr. In addition, the V__ /K, was de-
creased 11-fold and 70-fold for [2] and [3], respectively,
compared to that of the wild-type enzyme, because the
S133T has a much lower V. for [3] than for [2]. These
kinetic data indicate that increased bulkiness at residue
133 impairs carboxysterol substrate binding and
3BHSD/D catalysis. Furthermore, the more bulky
amino acid change in the S133Y mutant totally abolished
catalytic activity with both substrates (Tables I-III).

Moreover, data from Table III indicate that spec-
ificity between substrates [2] and [3], determined by
the ratio of their respective specificity constants, (k_,,/
K2/ (kear/ Koz increased from 1 for the less bulky
Ala residue at position 133 to 10 in favor of [2] for the
more bulky Thr residue.

Taken together, the data are consistent with the close
proximity of Ser-133 to the C48 domain of the bound
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substrate, as suggested by the model, and show that
increasing the size of the residue at position 133 alters
the substrate specificity of the 38HSD/D in favor of
the C48-demethylated carboxysterol substrate.

DISCUSSION

Homology modeling has been recently used to
identify key amino acids in a number of plant enzymes
(Thorsee et al., 2005; Geissler et al., 2007; Osmani et al.,
2008). In this work, a homology model of the tertiary
structure of the monomeric 38HSD/D was built and
constitutes a novel example of the application of this
methodology to a plant membrane-bound enzyme. It
revealed several essential or key amino acid residues
involved in substrate and cofactor binding and
3BHSD/D catalysis. We could align correctly and
model the 38HSD/D through careful editing of 80%
of the residues, allowing us to build its structural fold.
Incidentally, models with 2 A accuracy have been built
previously, although the amino acid sequence identity
between the target and the template was below 15%
(Koehl and Levitt, 1999). The model shows a typical
SDR a/B folding pattern highly similar to a Rossmann
fold, which consisted of central B-sheets flanked by
a-helices. In addition, the quality of the model is
reinforced by the conservation of many of the residues
of the DeslV template that are involved in NAD"
cofactor binding. The predictions of the 3D model
were substantiated by rational mutation studies and
biochemical analyses. The obtained in vivo data were
totally corroborated in vitro by measuring the corre-
sponding enzymatic activities.

Binding of NAD*

Based on the obtained data, several essential resi-
dues, including Asp-39, Asp-70, Thr-129, and Lys-163,
appear to take part in the hydrogen bond network
around the NAD" cofactor (Figs. 4, 5, and 7). In
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particular, the data suggest a close contact between the
essential Asp-39 residue and the hydroxyl groups of
the adenine Rib that does not leave enough space for
the phosphate group in NADP(H). Many members of
the SDR family of enzymes that utilize NAD" as the
preferred cofactor have an Asp residue in the first
B2a2 loop of the Rossmann fold, while several mem-
bers that utilize NADP" have an Arg residue in this
position (Huang et al., 2001; Duax et al., 2003). Fur-
thermore, the formation of a pair of hydrogen bonds
between the side chain of this Asp residue and the 2’
and 3’ hydroxyl groups on the adenine Rib has been
identified as critical to the binding of the NAD"
cofactor (Tanaka et al., 1996; Duax et al., 2003). For
example, in the case of NAD"-dependent Drosophila
alcohol dehydrogenase, replacement of the corre-
sponding Asp-38 residue by a hydrophobic Leu resi-
due led to an inactive enzyme (Chen et al., 1991), in
good agreement with our results. Thus, our study has
targeted the essential Asp-39 residue as the amino acid
that is probably responsible for the known strict NAD*
specificity of the 36HSD/D (Rondet et al., 1999).

The data clearly show that Asp-70 is essential for
3BHSD/D activity both in vivo and in vitro. As shown
in Figures 4, 5, and 7, Asp-70 is located in proximity to
form a hydrogen bond with the amino group of the
adenine ring of NAD" and to participate in positioning
the adenine ring for productive binding. The location
of Asp-70 near the amine group of the adenine ring is
analogous to Asp-62 in porcine carbonyl reductase
(Ghosh et al., 2001), Asp-60 in 3«,208-HSD (Ghosh
etal., 1994), and Asp-68 in 7aHSD (Tanaka et al., 1996).
Moreover, drastic reduction in enzymatic efficiency
for the oxidative reaction of the D60A mutant of
3B,17BHSD has been measured (Filling et al., 2002).

Residues Thr-129 and Lys-163 were both shown to
be essential for the 3HSD/D activity, suggesting their
participation in positioning the nicotinamide Rib moi-
ety for productive binding.
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Phe212 Figure 7. Scheme of the predicted inter-
lle214 actions in the catalytic pocket of 3BHSD/
r D with NAD" and 4a-carboxy-48,14a-
dimethyl-98,19-cyclo-5a-cholest-24-en-
3B-ol. Hydrogen bonds, the salt bridge,
and steric interactions between amino
acids, NAD", and carboxysterol substrate
are indicated by dashed lines. Hydro-
phobic residues that are in the immediate
surroundings of the carboxysterol in its
docking pocket are also shown.

Phe265

Phe223

Taken together, these data suggest the existence of
five hydrogen bonds between NAD" and its 38HSD /D
binding site (Figs. 4, 5, and 7). Such a hydrogen bond
pattern was also found in a number of HSDs (Tanaka
et al,, 1996) or other members of the SDR family,
including DeslV.

Interactions of 4a-Carboxysterol with 3BHSD/D

A common characteristic feature of several members
of the SDR family is to involve a catalytically impor-
tant YXgK motif in the middle of the chain. There is a
single ?YX,K'®® motif in 38HSD/D, and our model
shows that the essential Tyr-159 residue interacts
directly with the 38-hydroxyl of the steroid substrate
(Figs. 4, 5, and 7). These data are consistent with the
conclusion that Tyr-159 acts as a general base to
abstract the proton from the hydroxyl group of the
steroid substrate in order to facilitate the hydride
transfer that produces the 3-keto-C-4-carboxysteroid
intermediate, as generally proposed for most of the
SDRs characterized to date (Jornvall et al.,, 1995;
Oppermann et al., 2003; Wu et al., 2007). In addition,
the model places the e-NH, group of the essential Lys-
163 residue in close proximity to Tyr-159. One possible
critical role of Lys-163 would be to lower the pKa of
Tyr-159, as suggested before for various SDRs (Chen
etal., 1993; Wu et al., 2007), in addition to its interaction
with the 2'-hydroxyl group of the nicotinamide Rib.

3BHSD/D comprises 130 additional residues on the
C-terminal end of the enzyme compared with most of
other monofunctional HSD members of the SDR fam-
ily, and it is reasonable to postulate that its dual action
is linked to these additional residues. Ser-131 is a
homolog to the essential Ser-124 of the mammalian
3BHSD (Thomas et al., 2004) and Ser-138 is a homolog
of 38,17BHSD (Filling et al., 2002), which have been
shown to bind the targeted hydroxyl or oxo group of
the substrate (Kallberg et al., 2002; Oppermann et al.,
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2003; Wu et al., 2007). The residual activity of the
S131A mutation, which led to a complete loss of
activity in several other SDRs, suggests that formation
of the Arg-326-substrate carboxylate salt bridge can
fulfill the stabilization of the substrate docking in the
case of 3BHSD/D, in accord with the strict substrate
specificity of 38HSD/D that required a free C-4 car-
boxyl group (Rahier et al., 2006). Thus, Arg-326 is one
of the crucial residues that gives 38HSD/D its unique
features. Moreover, by stabilizing the C-4 carboxyl
group of the 3-keto C4-carboxysteroid intermediate in
a deprotonated state, Arg-326 could facilitate its de-
carboxylation to produce the enol intermediate. Inci-
dentally, the Arg-substrate carboxylate salt bridge is a
critical constituent in several key enzymatic reactions
and is involved, for example, in the binding of fatty
acid substrate of peroxygenase P450 (Matsunaga et al.,
2001) and malate substrate of malate dehydrogenase
(Wright and Viola, 2001).

In this decarboxylation reaction, with the assistance
of protonated Lys-163, Tyr-159 functions now as a
general acid and donates a proton to the 3-keto group
to produce the neutral enol. Taken together, these data
suggest that Tyr-159 activated by Lys-163 acts as a
general base in the dehydrogenation step and as a
general acid during the subsequent decarboxylation
step, thus acting as a proton shuttle between the C3
hydroxyl and itself.

The data show that an increased size of residue 133
alters the substrate specificity of the 3BHSD/D in
favor of substrates devoid of the C43-methyl group, in
accord with the close steric interaction between Ser-
133 and this group predicted by the model. A bulkier
residue at position 133 probably prevents the C4(-
methyl substituted substrate [3] from occupying the
correct position for its reaction and leads to a low
efficiency. Particularly, one can presume that placing a
bigger amino acid at residue 133 will widen the
distance between the catalytic Tyr-159 and the 33-
hydroxyl or 3-keto group of the substrate.

Although the catalytic efficiency of mutant S133T for
4a- carboxy,4B methylsterol substrate [3] (0.0058 mL
h™' mg™") was about 70-fold lower than that of the
wild-type enzyme (0.43 mL h™' mg™'; Table III), it was
sufficient to partially complement the erg26 null mu-
tant in vivo (Table I). These data are consistent with
previous kinetic data (Rahier et al., 2006) showing that
plant and yeast 38HSD/Ds have higher apparent rates
than other enzymes involved in the postsqualene
sterol biosynthetic pathway (Bouvier et al., 2005).

In the final tautomerization step of the reaction, a
proton is added to the C4B position of the enol
intermediate and the enol hydroxyl is deprotonated.
This enol intermediate could undergo a spontaneous
keto-enol-tautomerization to yield the product. How-
ever, in accord with the model, we suggest that Tyr-159
could function with the assistance of Lys-163 as a
general base for enol deprotonation. In addition, sub-
stitution of Ser-133, in proximity to the C48 domain of
the enol, by an aprotic Ala residue had minimal effects
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on 3BHSD/D kinetic parameters, suggesting that a
water molecule is probably recruited into the active
site of 3BHSD/D and involved in enol protonation
at C4pB.

Conservation of Active Site Residues across
3BHSD/D Phylogeny

Alignment of the Arabidopsis isoform 1 of 38HSD/
D studied herein with the previously identified Arabi-
dopsis 3HSD/D isoform 2 (38HSD/D2; DQ302749)
and with 38HSD/Ds from animals and yeast (Rahier
et al., 2006) indicated that residues forming the hydro-
gen bond pattern between the NAD" cofactor and the
3BHSD/D surface, as well as catalytic residues Tyr-159
and Lys-163, were conserved across 38HSD/D phy-
logeny. These data fit with the rather conserved NAD"-
binding mode and dehydrogenation process in SDRs
(Jornvall et al., 1995). In addition, amino acid residues
that interact with the carboxysterol substrate nucleus
inside the active site cavity also generally remain
conserved or similar across the 38HSD/D phylogeny.
In particular, Arg-326 is conserved across all 38HSD/
Ds from plants and fungi and is replaced by a His
residue in all animal NSDHL orthologs. The pKa of
His is likely to rise upon interaction with the substrate
carboxyl group during binding (Anderson et al., 1990),
and the acid form, the imidazolium ion, is able to
interact with the substrate by forming a H-bonded ion
pair with its carboxyl group. Stabilizing hydrogen-
bonded ion pairing between His and Asp residues has
been shown to be critical in several enzymatic reactions
(Sundaramoorthy et al., 1998; Chen et al., 2004; Tu et al.,
2006). Finally, sequence alignments show that aromatic
and hydrophobic amino acid residues that are confin-
ing the steroid nucleus and side chain in the binding
hydrophobic cavity remain conserved or similar across
the 3B8HSD/D phylogeny (Rahier et al., 2006).

Catalytic Mechanism

A mechanism consistent with our data is suggested
in Figure 8. In the first step catalyzed by 38HSD/D,
Arg-326 stabilizes the substrate while Tyr-159 functions
as the catalytic base, and Lys-163 lowers the pKa of
the Tyr-OH to promote proton transfer during the de-
hydrogenation of the carboxysterol to produce the
corresponding ketone. In the decarboxylation of the
3-oxo acid to produce the enol, Tyr-159 donates a proton
to the 3-keto group while Arg-326 maintains the car-
boxyl group in a deprotonated state. Tautomerization of
the enol to produce the 3-keto-C4-decarboxylated pro-
duct is possibly helped by extraction of the proton from
the C3-hydroxyl by Tyr-159 and addition of a proton on
the B-face at C4 from a water molecule. During the
course of C4-demethylation of 4,4-dimethysterols, the
4a-methyl group is first oxidized by the SMO to yield a
carboxyl; this is decarboxylated, and the intermediate
enol is protonated on the B-face, presenting to the oxy-
genase another 4a-methyl for the same treatment.
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Figure 8. Proposed reaction mechanism of 3BHSD/D. Tyr-159, Lys-163, and Arg-326 are proposed to be involved in
the dehydrogenation and decarboxylation of 4a-carboxysterol with NAD*. 4a-Carboxysterol binding is stabilized by
Arg-326. Tyr-159 acts as the general base to abstract the proton of the hydroxyl group of steroid, facilitates the hydride
transfer to NAD", and acts as the general acid to deliver a proton to the 3-keto group, and together with Arg-326 it facili-
tates the decarboxylation of the carboxysteroid. Tyr-159 and a water molecule probably help in the final tautomerization

step.

Outlook on the Essential Role of the Sterol
C4-Demethylation Step in Plants

Phytosterols play important roles in plants: as struc-
tural molecules in membranes (Hartmann, 1998), as
plant growth and development factors (Clouse, 2002),
and as hormone signaling molecules (Lindsey et al.,
2003; Men et al., 2008). For all of these roles, the
elimination of the two methyl groups at C4 is a central
feature of the biosynthesis and biological function of
sterols. The C4-demethylation involves, sequentially,
the tight cooperation of three individual enzymes,
including 3BHSD/D, which proceeds without accu-
mulation of the transient intermediate products. Sev-
eral enzymes of the C4-demethylation step control
carbon flow to sterol end products (Maillot-Vernier
et al., 1991; Holmberg et al., 2003).

It has been suggested that sterols other than brassi-
nolides may serve as novel signals controlling cell fate
during plant embryogenesis (Clouse, 2002; Lindsey
etal.,, 2003). Indeed, in plants, sterol biosynthetic mutants
upstream of the last biosynthetic intermediate possess-
ing one C4-methyl group (i.e. 24-methylenelophenol)
show embryonic defects but those downstream do not.
This suggests that sterol C4-demethylation is a cru-
cial process in brassinosteroid-independent plant
development. Therefore, knowledge of the active
site of 3BHSD/D may help to investigate specific
roles of 4,4-dialkylated and 4a-monoalkylated sterol
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precursors. In animals, a sterol-binding transcription
factor (so-called START domain proteins) that con-
trols stage-specific events in embryogenesis has been
characterized (Kallen et al., 1998; Ponting and Aravind,
1999). In plants, recent data suggest that the majority
of START domain proteins belong to a novel class of
putative lipid/sterol-binding transcription factors
designated homeodomain-START proteins (Schrick
et al., 2004). As yet, plant START proteins have not
been shown to bind sterols. It is imaginable that
upstream-specific plant C4-methylated sterols, includ-
ing cycloartenol and its derivatives and transient 4«a-
carboxysterol and 3-ketosteroid intermediates of the
C4-demethylation process, might serve as possible lig-
ands for such proteins and be involved in plant devel-
opment. At present, we can only speculate.

The present study based on Arabidopsis 38HSD/D
provides the first data, to our knowledge, on the 3D
molecular interactions of a sterol biosynthetic enzyme
with its substrate in the steps downstream from
oxidosqualene cyclase. The homology model can be
used to target other key amino acids responsible for
coenzyme and steroid binding, membrane interaction,
and interactions with other components of the C4-
demethylation complex. These data could give clues
for the design of novel and selective structure-based
inhibitors. In vivo, such inhibitors should offer the
possibility to phenocopy not yet identified plant
3BHSD/D mutants.
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MATERIALS AND METHODS
Materials

All materials were purchased from Sigma unless otherwise specified.

Strains and Plasmids

The erg26 SDG200 strain of Saccharomyces cerevisiae, deficient in 38HSD/D
activity (Mat a adeb, his3, leu2-3, ura3-52, erg26A::TRP1 trp1::hisG Ahem1), used
in the present study has been described previously (Gachotte et al., 1998).
Sterol auxotrophs were grown aerobically at 30°C on solid enriched medium
(1% yeast extract, 2% peptone, and 2% Glc) supplemented with 2% ergosterol
or cholesterol dissolved in ethanol-Tween 80 (1:1, v/v) or on minimal medium
(yeast nitrogen base [YNB]; 0.67% YNB and 2% Glc) containing suitable
supplements (50 mg L™! each), casamino acids (1 g L"), and 2% ergosterol or
cholesterol. In the case of liquid medium, the concentration of sterol used
was 0.5%. Sterol prototrophic strains were grown aerobically at 30°C on solid
or liquid YNB medium containing suitable supplements (50 mg L~ each)
or enriched medium (yeast extract, peptone, Glc) in the presence of 8-ala
(50 mg LY.

The pVT102U (Vernet et al., 1987) S. cerevisiae shuttle vector optimized for
expressing recombinant proteins in yeast was used for cloning, sequencing,
and transformation of the erg26 strain. This plasmid contains an Escherichia coli
origin of replication, a yeast 2u origin of replication, an E. coli ampicillin
resistance gene, and the yeast URA3 gene. It contains an expression cassette
including the alcohol dehydrogenase promoter and terminator.

Arabidopsis FLAG 38HSD/D

The 3BHSD/D cDNA (AY957470) used in the present work has been
described previously (Rahier et al., 2006). In order to check the expression of
wild-type and mutated Arabidopsis (Arabidopsis thaliana) 3BHSD/D in the
erg26 yeast strain, an N-terminal FLAG epitope (MDYKDDDDK) was fused to
the 3BHSD/D protein. For this purpose, a DNA molecule containing at the 5’
end the corresponding nucleotide sequence was synthesized by PCR using the
following forward primer (P1, 5'-ATAATATCTAGAATGGACTACAAG-
GACGACGATGACAAGGAAGTTACAGAGACTGAGCATG-3') containing
an Xbal site and the reverse primer (P2, 5'-ATAATACTCGAGTTAGTC-
GATCTTCTTGCTCCCGAACACTTTC-3') containing an Xhol site using the
3BHSD/D cDNA as a template. The AtFLAG3BHSD/D was further cloned
into the Xbal and Xhol sites of the pVT102U vector to generate pVT-
AtFLAG3BHSD/D.

Homology Modeling and Sequence Alignment

BLAST was used to search for the structure of the closest 38HSD/D
paralog, with default settings against the National Center for Biotechnology
Information database of nonredundant protein sequences (Berman et al.,
2000). Only two protein data bank (pdb) sequences appeared among the 1,000
first hits: 1R66 and 1R6D. They correspond to crystal structures of DesIV from
Streptomyces venezuelae with bound NAD* and thymidine-5'-diphosphate
for the first one and to a corresponding double mutant with NAD* and
2'-deoxy-thymidine-5'-diphospho-a-p-Glc (DAU) bound for the second
(Allard et al., 2004). The quality of the 1R66 hit is indicated by a score of 82
bits, an E-value of 7e-14, 24% identity, and 40% similarity out of 376 positions
in the alignment. A control BLAST against the National Center for Biotech-
nology Information database pdb sequences identifies 2HUN, the crystal
structure of hypothetical protein Ph0414 from Pyrococcus horikoshii Ot3, as the
next hit to IR6D, but with an E-value greater by 5 orders of magnitude.
Moreover 38HSD/D (42 kD) and DeslV (37 kD) share a rather bigger size than
other HSDs and have strict NAD" cofactor specificity (Rondet et al., 1999). 1R66
was thus chosen as the target for homology modeling, although it lacks a small
C-terminal fragment of 15 residues (> ATAPQLPATAVEVSA™).

A sequence alignment was calculated with ClustalX and manually mod-
ified before 3D modeling with Modeller version 8.2 (Sali and Blundell, 1993).
This alignment is shown in Figure 3 annotated with conserved residues and
with the secondary elements defined in the 1R66 pdb file. A 3D model of the
3BHSD/D protein was built with Modeller using standard settings. NAD*
was modeled as a rigid structure, while [1] (Fig. 2) was first constructed with
O (Jones et al., 1991), starting from cycloartenol coordinates provided by the
Cambridge Crystallographic Data Center (entry GAGQAG; Nes et al., 1998),
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superimposed onto DAU in the target structure, and finally used as a rigid
body in Modeller. The superposition was done in order to overlap the 4’-
hydroxyl group of DAU with the 38-hydroxyl group of the sterol substrate [1],
the p-Glc cycle of DAU with the A cycle of [1], and the 6'-hydroxyl group of
DAU with the 4a-carboxyl group of [1].

Visual analysis and manipulation of the model were done with O and
PyMOL (DeLano, 2002), which was also used for illustrations.

Site-Directed Mutagenesis

Site-directed mutagenesis was performed using the Quickchange Site-
Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s in-
structions. PVT-AtFLAG3BHSD/D was used as a template, and the synthetic
oligonucleotide primers are listed in Supplemental Table S1. Putative positive
clones were picked, and plasmids were isolated and sequenced.

Transformations

S. cerevisiae transformations were performed using the lithium acetate
procedure as described previously (Gietz et al., 1992). The transformed erg26
yeast strain was plated on minimal YNB medium containing suitable sup-
plements (adenine, 50 ug mL ") without uracil and 2% ergosterol as well as on
the same minimal YNB medium without uracil but containing §-ala (50 mg
L™"). Cells were grown aerobically at 30°C.

Sterol Analysis

Lyophilized yeast cells (10-30 mg) were extracted, and sterols were
analyzed as described previously (Rahier et al., 2006). Sterols were unequiv-
ocally identified by retention times and an electron-impact spectrum identical
to that of authentic standards (Rahier and Benveniste, 1989).

Substrates

4a-Carboxy-cholest-7-en-3B-ol [2] was synthesized as described previously
(Rondet et al., 1999). Melting point 231°C to 233°C. MS mass-to-charge ratio
(relative intensity) M* = 430 (36), 412 (10), 397 (5), 386 (100), 317 (2), 299 (19),
273 (19), 271 (19), 255 (63), 229 (22), 213 (18). 'H NMR: &: 0.533 (3H, s, H18),
0.844 (3H, s, H19),0.862 (3H, d, ] = 6.6, H26 or 27), 0.867 (3H, d, ] = 6.6, H26 or
27),0.918 (3H, d, ] =6.5,H21),2.030 (3H, dt, ] = 11, ] =4, H6p), 2.364 (1H, dd, ] =
11, H4B), 3.809 (1H, m, H3w), 5.131 (1H, S, w1/2 = 10, H7).

4a-Carboxy-4B-methyl-cholest-8,24-dien-3B-0l [3] was synthesized as de-
scribed previously (Rahier et al., 2006). Melting point 227°C to 229°C. MS of
the 4a-carbomethoxy derivative of [3]: mass-to-charge ratio (relative intensity)
M* =456 (100), 441 (39), 438 (17), 423 (17), 396 (17), 363 (22), 285 (22), 225 (15).
"H NMR of [3]: &: 0.588 (3H, s, H18), 0.939 (3H, d, ] = 6.4, H21), 1.008 (3H, s,
H19), 1.176 (3H, s, H4pB), 1.600 (3H, s, H26), 1.680 (3H, s, H27), 4.021 (1H, dd,
J=16,] =75, H3a), 5.090 (1H, tt, ] = 7.1, ] = 1.3, H24).

Standard Assay for Recombinant 38HSD/Ds

Yeast microsomes were prepared as described previously (Darnet and
Rahier, 2003). The corresponding 100,000g cytosolic supernatants were con-
centrated 5- to 8-fold by dialysis over carboxymethylcellulose sodium salt
(Fluka) for 16 h at 4°C. Yeast microsomes (0.8 mg of protein) were incubated in
the presence of exogenous synthetic [2] and NAD" as described previously
(Rahier et al., 2006). The incubations were extracted as described in detail
previously (Rahier et al., 2006). Briefly, the extract was analyzed by thin-layer
chromatography on silica gel eluted with CH,CI, (developed twice). The
fraction migrating as authentic standards of coprostanone and cholest-7-en-3-
one and containing the enzymatically produced cholest-7-en-3-one (R = 0.50)
was eluted and analyzed by GC (DB1). The amount of cholest-7-en-3-one
enzymatically produced (relative retention time to cholesterol in GC [tg] =
1.074) was calculated by comparison of the integrated peak areas with a
known amount (2-6 ug) of coprostanone (t; = 1.000) added before extraction
and allowed the rate of transformation of [2] to be determined. No endoge-
nous component having the same t; as cholest-7-en-3-one was present in the
blank (zero substrate). Under these conditions, the estimated limit of detection
of the 3BHSD/D activity was 0.1 nmol h™! mgfl. Incubation of [3] was
performed using the same standard conditions and analyzed by GC as
described previously (Rahier et al., 2006). Briefly, after addition of coprostan-
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one (2-6 ug) as an internal standard, extraction, and thin-layer chromatography
analysis, the fraction migrating between a standard of 4-desmethyl-sterone
(Rg = 0.50) and 4,4-dimethyl-sterone (Ry = 0.70) was eluted and analyzed by
GCand GC-MS. The areas of the GC peaks of coprostanone and of the produced
4a-methyl-cholest-8,24-dien-3-one, corrected from an endogenous component
of the same t (1.141) determined in the blank (zero substrate), allowed the rate
of transformation of [3] to be measured.

For incubation of [2] and [3] with inactive 38HSD/D mutants, comparison
with the corresponding controls performed with inactivated microsomes
revealed the absence of C3-dehydrogenated product and complete recovery of
the untransformed substrates, which was confirmed by ion monitoring that
corresponded to the masses of the substrate and expected dehydrogenated
product.

Apparent Michaelis-Menten kinetic constants for the 38HSD/D substrates
were determined for the mutated and wild-type enzymes by incubating them
under standard assay conditions described above and previously (Rahier
et al., 2006). For double reciprocal plots (Supplemental Fig. S1), computer-
assisted linear regression analysis gave correlation coefficients greater than
0.89 (n = 5-6). Apparent V. and K, values were determined by fitting the
data to the Michaelis-Menten equation using the nonlinear regression pro-
gram DNRP-EASY derived by Duggleby (1984) from DNRP53.

Expression and Accumulation of AtFLAG3BHSD/Ds in
Microsomal Extracts

Membrane and soluble proteins were quantified using the Bio-Rad protein
assay according to Bradford (1976). We checked protein expression in the
microsomal extracts from the wild-type and 38HSD/D mutated cDNAs using
the corresponding 38HSD/D proteins fused to an N-terminal FLAG epitope
(AtFLAG3BHSD/D).

Western blots of microsomes (40 ug of protein) or of the 100,000g super-
natants from AtFLAG3BHSD/D transformed yeast were achieved after sepa-
ration of proteins on SDS-14% (w/v) polyacrylamide gels. After electrophoretic
transfer to a polyvinylidene difluoride Immobilon P membrane (Millipore),
AtFLAG3BHSD/Ds were immunoblotted with affinity-purified murine mono-
clonal anti-FLAG M2 antibodies from Sigma (1:6,000 dilution) according to the
manufacturer’s instructions. Goat anti-mouse IgG-alkaline phosphatase con-
jugate (Bio-Rad) was used as a secondary antibody (1:10,000 dilution). The
membrane was then treated with the chemiluminescent AP substrate, and the
blot was further used to expose an instant film for detection.

As shown by the immunoblots in Figure 6, there is evidence that all
mutated and wild-type AtFLAG3BHSD/D proteins did accumulate in yeast
microsomal extracts, producing a discrete band with the expected M, In
addition, the expression of the wild-type and mutated 3BHSD/Ds was not
detectable in the corresponding soluble fractions (data not shown). Immuno-
blot band relative intensities were quantified by scanning digital camera
images of the gels and assigning to individual bands an intensity value
relative to the wild type using Un-Scan-It software.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number AY957470.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Double-reciprocal plots for recombinant
At3BHSD/D activities.

Supplemental Table S1. Sequence of the synthetic oligonucleotides
used for site-directed mutagenesis of cDNA of the Arabidopsis 38HSD/D
gene.
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