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ABSTRACT Side chain-containing steroids are ubiquitous constituents of biological
membranes that are persistent to biodegradation. Aerobic, steroid-degrading bacte-
ria employ oxygenases for isoprenoid side chain and tetracyclic steran ring cleavage.
In contrast, a Mo-containing steroid C-25 dehydrogenase (S25DH) of the dimethyl
sulfoxide (DMSO) reductase family catalyzes the oxygen-independent hydroxylation
of tertiary C-25 in the anaerobic, cholesterol-degrading bacterium Sterolibacterium
denitrificans. Its genome contains eight paralogous genes encoding active site «-
subunits of putative S25DH-like proteins. The difficult enrichment of labile, oxygen-
sensitive S25DH from the wild-type bacteria and the inability of its active heterolo-
gous production have largely hampered the study of S25DH-like gene products.
Here we established a heterologous expression platform for the three structural
genes of S25DH subunits together with an essential chaperone in the denitrifying
betaproteobacterium Thauera aromatica K172. Using this system, S25DH, and three
isoenzymes (S25DH,, S25DH;, and S25DH,) were overproduced in a soluble, active
form allowing a straightforward purification of nontagged «afy complexes. All
S25DHs contained molybdenum, four [4Fe-4S] clusters, one [3Fe-4S] cluster, and
heme B and catalyzed the specific, water-dependent C-25 hydroxylations of various
4-en-3-one forms of phytosterols and zoosterols. Crude extracts from T. aromatica
expressing genes encoding S25DH, catalyzed the hydroxylation of vitamin D5 (VD5)
to the clinically relevant 25-OH-VD; with >95% yield at a rate 6.5-fold higher than
that of wild-type bacterial extracts; the specific activity of recombinant S25DH, was
twofold higher than that of wild-type enzyme. These results demonstrate the poten-
tial application of the established expression platform for 25-OH-VD; synthesis and
pave the way for the characterization of previously genetically inaccessible
S25DH-like Mo enzymes of the DMSO reductase family.

IMPORTANCE Steroids are ubiquitous bioactive compounds, some of which are con-
sidered an emerging class of micropollutants. Their degradation by microorganisms
is the major process of steroid elimination from the environment. While oxygenase-
dependent steroid degradation in aerobes has been studied for more than 40 years,
initial insights into the anoxic steroid degradation have only recently been obtained.
Molybdenum-dependent steroid C-25 dehydrogenases (S25DHs) have been pro-
posed to catalyze oxygen-independent side chain hydroxylations of globally abun-
dant zoo-, phyto-, and mycosterols; however, so far, their lability has allowed only
the initial characterization of a single S25DH. Here we report on a heterologous
gene expression platform that allowed for easy isolation and characterization of four
highly active S25DH isoenzymes. The results obtained demonstrate the key role of
S25DHs during anoxic degradation of various steroids. Moreover, the platform is
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valuable for the efficient enzymatic hydroxylation of vitamin D5 to its clinically rele-
vant C-25-OH form.

KEYWORDS alkyl hydroxylases, anaerobic catabolic pathways, molybdenum
enzymes, sterols, vitamin D3 biosynthesis

teroids are a ubiquitously occurring class of highly hydrophobic compounds that in

eukaryotes act as hormones and essential components of biological membranes (1,
2). Due to their wide abundance and biological activity, the elimination of steroids from
the environment is of global relevance (3, 4). Biodegradation of steroids is hampered by
their low water solubility and by the complex tetracyclic core structure comprising
quaternary carbon atoms. Only microorganisms are capable of fully degrading steroids
to CO,. In the presence of oxygen, degradation of steroids heavily depends on
oxygenase-dependent hydroxylation and ring cleavage reactions (5, 6).

Anaerobic steroid degradation has been studied in only a few denitrifying proteo-
bacteria with the cholesterol-degrading Sterolibacterium denitrificans serving as a model
organism (7). Recent studies revealed a patchwork pathway for anaerobic steroid
degradation (8, 9). As in aerobic cholesterol-degrading organisms, cholest-4-en-3-one is
formed as the first intermediate from cholesterol in S. denitrificans (Fig. 1A) (10). The
subsequent hydroxylation of the side chain with water that occurs at tertiary C-25 is
then catalyzed by molybdenum (Mo)-dependent steroid C-25 dehydrogenase (S25DH)
(10, 11), and not at primary C-26 as observed in the oxygenase-dependent pathway.
The next step involves a formal shift of the hydroxyl group from the tertiary C-25 to
primary C-26 by an unknown enzyme (8, 12). Further degradation to androsta-1,4-
diene-3,17-dione (ADD) proceeds via oxidation and activation to a C-26-oyl-coenzyme
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FIG 1 (A) Proposed anoxic degradation pathway of cholesterol in Sterolibacterium denitrificans. The activation of the side chain is mediated by S25DH, which

hydroxylates the tertiary C-25 carbon with water. ADD, androsta-1,4-diene-3-one; 2,3-DSAO, 1,17-dioxo-2,3-seco-androstan-3-oic acid. (B) Conversion of vitamin
D, (VD,) to 25-OH-VD, by S25DH using ferricyanide as the electron acceptor.
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A (CoA) component, followed by modified B-oxidation like reaction sequences (Fig. 1)
(8, 13). Finally, cleavage of the steran rings A and B proceeds in the so-called 2,3-seco-
pathway involving ring-cleaving hydrolases (14, 15); degradation of rings C and D
appears to be similar in aerobic and anaerobic steroid-degrading bacteria, again using
hydrolytic enzymes (Fig. 1) (16).

A S25DH was initially isolated and characterized by Dermer and Fuchs (11) as a
molybdenum cofactor (MoCo)-containing enzyme of the dimethyl sulfoxide reductase
(DMSOR) family of Mo enzymes. The enzyme has an «fvy architecture comprising a
108-kDa («), 38-kDa (B), and 23-kDa (y) subunit. The catalytically active a-subunit
contains a molybdo-bis-pyranopterin guanine dinucleotide (Mo-bisPGD) cofactor and a
[4Fe-4S] cluster; the B-subunit harbors four additional FeS clusters, and the y-subunit
contains a b-type heme. Like other members of the DMSOR family, S25DH is proposed
to be located in the periplasm. It was proposed that a chaperone (SdhD) is involved in
proper folding and probably in MoCo insertion (11). S25DH together with ethylbenzene
dehydrogenase (EbDH) (17, 18) and p-cymene dehydrogenase (19) forms a phyloge-
netic subcluster within class Il of the DMSOR family, that hydroxylate alkyl side chains
of steroids or aromatic compounds with water (see Fig. S1 in the supplemental
material) (20). Attempts for heterologous/homologous production of S25DH/EbDH
subclass members have failed so far (21), which prevented an easy enrichment proce-
dure, as well as the generation of molecular variants.

A recent study revealed that S25DH is capable of hydroxylating vitamin D5 (VD) to
the clinically relevant 25-OH-VD5 (Fig. 1B) (22). This activity was dependent on
2-hydroxypropyl-B-cyclodextrin that is known to promote the isomerization to pre-VD,
(23), the assumed actual substrate of S25DH. In contrast to cytochrome P450-
dependent hydroxylation of VD;, S25DH-dependent catalysis is independent of an
electron donor system and requires only the electrochemically regenerative K;[Fe(CN),]
(ferricyanide) as an electron acceptor (22). Though S25DH serves as a promising catalyst
for the synthesis of 25-OH-VD;, there is a high demand for heterologous expression and
for improving the enrichment of S25DH-like enzymes with regard to activities and
stabilities.

Sterolibacterium denitrificans is capable of degrading phyto- and mycosterols such
as B-sitosterol, stigmasterol, or ergosterol with modifications in the isoprenoid
side chain (for structures, see Table 1), but the only cholest-4-en-3-one-converting
S25DH studied so far is unable to convert any of the 4-en-3-one analogues of these
growth substrates (8, 11). In addition to the gene encoding the active site a-subunit
of this S25DH (henceforth referred to as «, subunit of S25DH;, gene accession number
SDENCHOL_20805), the genome contains seven paralogous genes encoding putative
S25DH-like enzymes, all affiliating with the class I DMSOR family (a,-ag) (8, 11). In
particular, the predicted active site «,_, (amino sequence identities to «, of 72 to 82%)
have been hypothesized to represent the active site subunits of S25DH,, S25DH;, and
S25DH, involved in C-25 hydroxylation of steroids with modified isoprenoid side chains
(Fig. 2A). This assumption is based on their differential abundance during growth on
different steroids such as [B-sitosterol or ergosterol (8); the role of the other four
putative S25DHs (S25DH,, S25DH, S25DH,, and S25DHy) is unclear (8). Notably, there
are fewer genes encoding the By-subunit components than for the a-subunits in the
genome of S. denitrificans (Fig. 2A), suggesting that S25DHs with different a-subunits
share common Bry-subunit components. S25DH, from S. denitrificans is composed of
the «,B5v5-subunits (Fig. 2A). Enriched S25DH, always contained impurities of other
a-subunits, which made a clear assignment of activities to individual a-subunits
problematic (11, 22).

In this work, we aimed to elucidate the unknown function of Mo-containing S25DH
isoenzymes in S. denitrificans in anaerobic steroid degradation and to explore their
potential use for 25-OH-VD; synthesis. For this purpose, an expression platform for
S25DH and related enzymes was established in the denitrifying betaproteobacterium
Thauera aromatica yielding S25DHs with high yields and specific activities. With this
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TABLE 1 Relative activities of S25DH, in cell extracts of Sterolibacterium denitrificans cells grown with cholesterol compared to those in
cell extracts from T. aromatica producing S25DH,, S25DH,, S25DH,, and S25DH,

Relative activity of S25DH®

S. denitrificans Yo CIRHEEILE

Substrate Chemical structure® S25DH, S25DH, S25DH, S25DH,; S25DH,

“n,

Cholest-4-en-3-one

100% 642% 497% <1% 288%
7-dehydrocholesterol 12.7% 81.5% 563% <1% <1%
Vitamin D, (cholecalciferol) 23.7% 154% 32.4% <1% <1%
Campest-4-en-3-one <1% <1% <1% 12.3% 229%
[B-sitost-4-en-3-one <1% <1% <1% <1% 191%
Brassica-4-en-3-one <1% <1% <1% <1% <1%
Ergosterol <1% <1% <1% <1% <1%
Stigmast-4-en-3-one <1% <1% <1% <1% <1%

aStructural differences are shown in red.
b0ne hundred percent activity corresponds to 1.87 nmol min—" mg~" as observed for cholest-4-en-3-one conversion by extracts from wild-type bacteria grown with
cholesterol. The boldface values indicate activities higher than 100%.
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FIG 2 Genes encoding S25DH subunits and chaperone. (A) Arrangement of genes encoding putative «,_, (MoCo-containing), Bs,, (4Fe-4S
cluster-containing), and v, , (heme b-containing) subunits, as well as the chaperone (SdhD) of S25DHs. (B) Constructs prepared for the

heterologous production of S25DH,, S25DH,, S25DH,, and S25DH,.

tool, four recombinant S25DHs were isolated and characterized; their applicability as
catalysts for 25-OH-VD; synthesis was probed.

RESULTS

Heterologous production of S25DH,. The previously established five-step enrich-
ment of the oxygen-sensitive S25DH, («, B5y; complex) from wild-type Sterolibacterium
denitrificans grown with cholesterol always gave low yields, low specific activities,
and a partially degraded «,-subunit (11, 22, 24). Moreover, the enriched enzyme
frequently contained impurities from other S25DH «a-subunits next to the a;-
subunit, which did not allow unambiguous assignment of activities to individual
gene products (11, 22). These findings motivated us to establish a platform for actively
expressing the genes encoding S25DH, and related enzymes. For this reason, the genes
encoding the «,B5v5-subunits, together with the putative chaperone (henceforth
referred to as SdhD) (Fig. 2) were cloned into the broad-host-range plasmid plZ1016.
This construct contained the twin-arginine translocation (TAT) secretion sequence at
the N terminus of the a,-subunit; to avoid any possible negative effect on a3y complex
formation, we avoided the use of a tagged subunit. Heterologous production of the
resulting a,B57y;SdhD construct was tested in Escherichia coli strains BL21 and Top 10,
Azoarcus sp. strain CIB, and Thauera aromatica K172.

Heterologous production of the «;-subunit alone in the presence or absence of
SdhD was not monitored in this work, as preliminary experiments indicated that such
constructs did not result in the formation of soluble/active proteins. Expression of the
a,B5y5SdhD-encoding genes did not give soluble gene products in either of the two
E. coli strains, and consequently, virtually no formation of 25-hydroxy-cholest-4-en-3-
one was observed. However, after heterologous production of «,5y5SdhD in Azoarcus
sp. CIB (25) and T. aromatica (26), anaerobically prepared cell extracts from both species
showed the conversion of 0.5 mM cholest-4-en-3-one (0.5 mM) to 25-hydroxy-cholest-
4-en-3-one; this conversion was dependent on time, protein, K;[Fe(CN)g] (5 mM), and
2-hydroxypropyl-B-cyclodextrin (HPCD) (9% wt/vol) and was observed only with con-
structs containing all four «,B5y;SdhD components. The specific activities of recom-
binant S25DH,; were maximally 3.3 nmol min—'" mg~" in cell extracts from Azoarcus sp.
CIB and 12 nmol min~" mg~" in cell extracts from T. aromatica. Remarkably, both
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FIG 3 Aerobic conversion of 1 mM VD, to 25-OH-VD, by crude extracts of Thauera aromatica K172
producing S25DH, (12 mg ml~"). Symbols: @ VD,; A, 25-OH-VD,.

specific activities were 176% and more than 640% of the activity in cell extracts of
cholesterol-grown S. denitrificans (1.87 nmol min—' mg~"), respectively, demonstrating
overproduction of S25DH, in the Azoarcus and Thauera species (Table 1). Under anoxic
conditions, loss of recombinant S25DH, activity was less than 10% for 1 week at 4°C. In
the presence of 5 mM K;[Fe(CN)4], activity in T. aromatica crude extracts was stable in
air at 30°C for 5 to 8 h but decreased to 50% after 24 h.

T. aromatica crude extracts producing S25DH, catalyzed the conversion of VD, to
25-OH-VD; at 2.8 nmol min~—" mg~' that was 6.5-fold higher compared to wild-type
extract (0.43 nmol min~™' mg~"). This increased VD5 conversion rate shortened the
conversion of 1 mM VD5 correspondingly (90% conversion in 2 h by 12 mg ml~" crude
extracts) (Fig. 3), allowing 25-OH-VD; synthesis even in air without loss of activity. The
absence of 25-OH-VD;-converting enzymes in T. aromatica made the addition of AQNO4
for blocking follow-up enzymes of the cholesterol degradation pathway dispensable
(22). Recombinant S25DH also converted 7-dehydrocholesterol to its 25-OH form, as
had also been reported for the wild-type enzyme (11); no analogues with modifications
in the isoprenoid side chain were converted (Table 1).

Heterologous production of S25DH,, S25DH;, and S25DH, isoenzymes in
T. aromatica. The results obtained indicated that T. aromatica K172 represents the
most suitable host for the heterologous production of S25DH-like enzymes. For this
reason, we used this strain for the production of three additional S25DH-like proteins
that contain the «,_, active site subunits, respectively. The constructs were cloned into
plZ1016 in a manner to give S25DH,, S25DH;, and S25DH, with the compositions
a5B57vs a3Bsys, and a,B,y, referred to as S25DH,, S25DH; and S25DH, (Fig. 2).
Notably, the B5y; and B,7, subunits are almost identical (99% sequence identity), and
the coexpression of their genes with those encoding individual a-subunits was chosen
to facilitate the cloning procedure. In all cases, SdhD was coproduced with the
individual S25DH isoenzymes.

Using cell extracts from T. aromatica producing the individual S25DH-like gene
products, we tested the conversion of cholest-4-en-3-one, 7-dehydrocholesterol, vita-
min D;, campest-4-en-3-one, brassica-4-en-3-one, ergosterol, B-sitost-4-en-3-one, and
stigmast-4-en-3-one as possible substrates. The time-dependent formation of products
was analyzed by ultrahigh-performance liquid chromatography (UPLC) separation cou-
pled to diode array detection; identification was by UPLC coelution with standards in
addition to electrospray ionization quadrupole time of flight mass spectrometry
(ESI-QTOF-MS) detection. For UPLC chromatograms of conversions, see Fig. S2 in
the supplemental material; for relative specific activities, see Table 1.

Using cell extracts of T. aromatica producing S25DH,, the rate of 25-OH-7-
dehydrocholesterol formation was slightly higher than conversion of cholest-4-en-3-
one. This extract converted VD; to 25-OH-VD; at a higher rate than S. denitrificans
extracts grown with cholesterol, albeit the activity was only around 20% of recombi-
nant S25DH, (Table 1). Previous differential proteome analysis showed that the as;-
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FIG 4 Enrichment of recombinant S25DHs. SDS-PAGE analysis of S25DH activity-containing fractions during the enrichment of
recombinant S25DH,, S25DH,, S25DH,, and S25DH, from T. aromatica cell extracts. Lane 1; 20 ug supernatant after centrifugation at
150,000 X g; lane 2, 10 pg protein after DEAE-Sepharose chromatography; lane 3, 5 pug protein obtained after Reactive Red chroma-
tography. The positions of the corresponding a-, 8- and y-subunits of S25DHs are indicated by arrows to the right of the S25DH, gel. The

positions of molecular size markers (in kilodaltons) are indicated to the left of the gels.

subunit of an S25DH (SDENCHOL_20460) was most abundant during growth with
ergosterol containing a A22 double bond in the side chain (8). Unexpectedly, T. aro-
matica expressing the S25DH; formed only traces of 25-OH-ergosterol from ergosterol.
Likewise, brassica-4-en-3-one, an ergosterol analogue with AB rings identical to those
in cholest-4-en-3-one was virtually not converted. Surprisingly, campest-4-en-3-one,
which lacks the double bond in the side chain but contains an additional methyl branch
at (R)-configured C-24, was the only steroid substrate tested that was converted by
S25DH; to its 25-OH-form in significant amounts (Table 1). The a,-subunit was found
upregulated in S. denitrificans cells grown with B-sitosterol, a cholesterol analogue with
an additional ethyl branch at C-24 (8). In full agreement, T. aromatica cell extracts
producing S25DH, converted B-sitost-4-en-3-one and the structurally related campest-
4-en-3-one, both with an (R)-configured tertiary C-24; cholest-4-en-3-one lacking an
additional alkyl substituent at this position was also converted at a slightly higher rate
(Table 1).

Enrichment, activity, and composition of recombinant S25DH,, S25DH,, and
S25DH,. The results obtained so far indicated a higher heterologous production of
S25DH, and probably other S25DHs in Azoarcus sp. CIB and T. aromatica K172 than in
wild-type S. denitrificans. As a result, only two out of five chromatographic enrichment
steps described for purification from the wild-type bacteria were necessary. The two
steps were DEAE anion-exchange chromatography and affinity chromatography on
Reactive Red agarose (11, 22); we initially tested the purification of the recombinant
S25DH, from both strains.

With Azoarcus sp. CIB extracts, five protein bands were obtained after the two-step
purification procedure (Fig. S3). The bands migrating at 110, 40, and 25 kDa were clearly
assigned to the «a,B57y5-subunits, whereas those migrating between 50 and 55 kDa
represent truncated «, degradation products, as observed during purification from S.
denitrificans (11, 22). The two degradation products were estimated to make more than
80% of the total amount of the a,-subunit. This finding suggests that expression in
Azoarcus sp. CIB produced predominantly degraded S25DH, (see Fig. S3 in the sup-
plemental material).

Purification of S25DH, from T. aromatica extracts revealed a highly enriched (purity
>95%) a,B57y; complex with an almost perfect 1:1:1 ratio of the three subunits (Fig. 4).
ESI-QTOF-MS analysis of tryptic digestion products of the three excised protein bands
identified the expected «,[B57y5; subunits (see Table S1 in the supplemental material).
Most importantly, when prepared from T. aromatica K172, a,-degradation products
were negligible. These findings explain why the specific activity of recombinant S25DH,
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TABLE 2 Enrichment of four S25DHs starting from 5 g (wet weight) recombinant
T. aromatica

Protein Sp act Enrichment

Enzyme and fraction (mg) (nmol min=" mg—")¢ factor Yield (%)
S25DH,

Soluble fraction 645 11.2 100

DEAE + Reactive Red 6.6 395 353 36
S25DH,

Soluble fraction 546 9.3 100

DEAE + Reactive Red 9 151 16.2 27
S25DH,

Soluble fraction 590 0.21 100

DEAE + Reactive Red 10.2 4.6 21.9 38
S25DH,

Soluble fraction 552 6.4 100

DEAE + Reactive Red 10 97 15.1 27

aSpecific activities were determined by the conversion of cholest-4-en-3-one for S25DH,, S25DH,, and
S25DH, and of campest-4-en-3-one for S25DH;.

in Azoarcus sp. CIB extracts was—though still higher than in S. denitrificans—signifi-
cantly lower than in T. aromatica.

Based on the results obtained with S25DH,, the S25DH,, S25DH,, and S25DH,
isoenzymes were similarly purified after production of the individual enzymes in
T. aromatica. During purification of the three S25DHs, the activity-containing fractions
were assayed with the following substrates: cholest-4-en-3-one (S25DH, and S25DH,)
and campest-4-en-3-one (S25DHj). In all cases, predominantly nondegraded S25DH
complexes were produced; only with S25DH, a minor formation of «,-degradation
products (<10%) was observed, as evidenced by a double band around 50 to 55 kDa
(Fig. 4). The specific activities determined were highest with S25DH,/cholest-4-en-3-one
(395 nmol min~' mg~"); the enrichment factors varied between 15-fold (5S25DH,) and
38-fold (S25DH,) with yields between 27 and 38% (Table 2).

The subunit architecture and native molecular masses of the S25DHs were deter-
mined by size exclusion chromatography as follows: 167 = 5 kDa for S25DH, S25DH,,
and S25DH; and 160 = 5 kDa for S25DH,. These values clearly point to an afy
composition of all four heterologously produced S25DHs.

Metal content of recombinant S25DHs. On the basis of the results of previous
metal analyses with wild-type S25DH, enzyme and on the conserved binding motifs of
the individual cofactors, the purified recombinant S25DH,, S25DH,, S25DH;, and
S25DH, were expected to bind a Mo-bisPGD, four [4Fe-4S] clusters, one [3Fe-4S] cluster,
and a heme b, giving one Mo atom and 20 Fe atoms per afy trimer, respectively (11).
The Fe content was analyzed by inductively coupled plasma atomic emission spectros-
copy (ICP-AES), and the Mo content was analyzed by inductively coupled plasma mass
spectroscopy (ICP-MS). The metal content of the four S25DHs varied between 0.5 and
0.8 Mo atoms and between 13.2 and 15.3 Fe atoms per af+y trimer, which is in the
range of the values determined for the wild-type enzyme (0.7 Mo atom and 16.5 Fe
atoms per enzyme) (11) (Table 3).

Kinetic parameters of recombinant S25DH,, S25DH,, S25DH;, and S25DH,. The
K., and k.., values of each recombinant S25DH were determined using their individual
preferred substrates. Notably, the K, values determined have to be regarded as
apparent values, as the nearly insoluble steroid substrates were converted only in
the presence of high concentrations of the solubilizing 2-hydroxypropyl-B-cyclodextrin (9%,
wt/vol). The kinetic parameters are summarized in Table 3 with S25DH,, S25DH,, and
S25DH, showing the highest k_,/K,,, values for cholest-4-en-3-one, 7-dehydrocholesterol,
and B-sitost-4-en-3-one, respectively, suggesting that the respective steroids do indeed
represent the preferred substrates. In the case of S25DHj;, the low catalytic number
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TABLE 3 Kinetic parameters and metal content of heterologously produced S25DH,, S25DH,, S25DH,, and S25DH,

mBio’

kcat/Km
Enzyme and substrate K,, (mM)a® K ge (s71)0 (103 M-1s—1)a Mo content®< Fe content®<
S25DH,
Cholest-4-en-3-one 0.39 = 0.08 1.11 = 0.08 2.8 0.8 £ 0.1 153 = 0.5
Vitamin D, 0.29 * 0.09 0.23 + 0.01 0.79
S25DH,
Cholest-4-en-3-one 0.124 = 0.02 0.29 = 0.01 23 0.7 £ 0.1 135+ 0.8
7-Dehydrocholesterol 0.123 = 0.02 0.33 £ 0.01 2.7
S25DH,
Campest-4-en-3-one 1.84 £ 0.8 0.018 £ 0.01 0.01 0.5 £ 0.1 142 = 0.5
S25DH,
Cholest-4-en-3-one 045 = 0.013 0.21 = 0.02 0.46 0.7 £ 0.1 13.2 £ 04
Campest-4-en-3-one 0.34 = 0.09 0.17 = 0.02 0.50
B-Sitost-4-en-3-one 0.12 = 0.01 0.14 = 0.003 1.2

aKinetic parameters were determined by UPLC-based enzyme assays using different concentrations of the respective substrates in the presence of 9% (wt/vol) 2-

hydroxypropyl-B-cyclodextrin.
bMean values = standard deviations of three biological replicates are given.

Fe content was measured by ICP-AES, and Mo content was measured by ICP-MS. The number of Mo or Fe atoms per protein is given.

together with the high K., determined for campest-4-en-3-one indicates that the
enzyme is specific for a so far unknown steroid, with campest-4-en-3-one representing
the only analogue that is converted to some extent.

Enrichment and characterization of S25DH, from S. denitrificans grown with
B-sitosterol. To ascertain whether S25DH, has an extended substrate spectrum toward
B-sitost-4-en-3-one and campest-4-en-3-one, it was isolated from the wild-type bacte-
ria. For this purpose, S. denitrificans was grown in a 200-liter fermenter with 3 mM
B-sitosterol in a fed-batch culture, yielding 184 g cells (wet weight) (Fig. S4). Cell
extracts of S. denitrificans grown with B-sitosterol converted B-sitost-4-en-3-one to the
corresponding 25-OH-form at a specific activity of 0.6 nmol min=' mg="' (17% of the
activity in recombinant T. aromatica).

The enrichment of B-sitost-4-en-3-one hydroxylating activity from S. denitrificans
was based on the protocol described for S25DH, with slight modifications (see Mate-
rials and Methods). After four chromatographic steps, five dominant protein bands
were found; during SDS-PAGE, these bands eluted at 110, 55, 50, 37, and 27 kDa (Fig. 5).
ESI-QTOF-MS analyses of tryptic digests identified SDENCHOL_20206 (110-, 55-, and
50-kDa bands), SDENCHOL_20205 (37-kDa band), and SDENCHOL_20204 (27-kDa band)
(Table S2). This result indicates that the 50/55-kDa bands represent degradation
subunits of the a,-subunit. Size exclusion chromatography of wild-type S25DH, re-
vealed the same values as determined for the nontagged recombinant enzyme pro-
duced in T. aromatica K172, suggesting an a,f3,y, composition.

S25DH, was 55-fold enriched from S. denitrificans with a maximal specific activity for
B-sitost-4-en-3-one conversion of 33 nmol min—' mg~". Both wild-type and recombi-
nant S25DH, exhibited the identical substrate preference and converted B-sitost-4-en-
3-one, cholest-4-en-3-one, and campest-4-en-3-one (Table 3). In summary, the S25DH,,
composed of the a,fB,v, subunits has an extended substrate specificity for B-sitost-4-
en-3-one (and campest-4-en-3-one); as shown for S25DH,, the specific activity of
S25DH, in cell extracts was around sixfold higher when heterologously produced in
T. aromatica compared to the wild-type S25DH,.

DISCUSSION

So far, a number of DMSOR family members have been produced by homologously
or heterologously expressing their corresponding genes (27-34). In contrast, attempts
to produce the phylogenetically related, complex heterotrimeric molybdenume-iron-
sulfur/heme b-containing alkyl chain hydroxylases of the class Il DMSOR family in an
active form have failed so far. In this work we now provide a tool for their recombinant
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FIG 5 Enrichment of B-sitost-4-en-3-one converting S25DH,, from S. denitrificans grown with B-sitosterol
and nitrate. Separation of protein fractions forming 25-OH-B-sitost-4-en-3-one by 12.5% SDS-PAGE after
ultracentrifugation (16 ug of cell extract of supernatant) (UZ), chromatography on DEAE-Sepharose (24
ug protein) (DEAE), Q-Sepharose (24 g protein) (Q), Reactive Red-agarose (20 ug) (RR), and Cibacron
blue-agarose (10 ug) (CB). The arrows point to the protein bands that were identified as «,f,y, of
S25DH,; the proteins migrating at 50 and 55 kDa were identified as degradation products of the
a,-subunit [, (d,) and «, (d,)]. Lane M contains molecular size markers (in kilodaltons).

production in highly active forms as demonstrated for the example of four S25DH
isoenzymes with differing substrate specificities. The expression platform opens the
door for studying other alkyl chain-hydroxylating members of the DMSOR family
comprising enzymes specifically forming tertiary (S25DHs), secondary (ethylbenzene
DH) (17, 18), and primary (p-cymene DH) (19) alcohols, and many others of unknown
function. Notably, production of highly active enzymes in the presence of SdhD
required the expression of all three functional genes.

Production in Thauera aromatica yielded crude extract activities that in the case of
S25DH, and S25DH, were sixfold higher than in cell extracts from the parental
Sterolibacterium denitrificans after growth with the preferred substrates cholesterol
(S25DH,) and B-sitosterol (S25DH,). The apparent overexpression largely facilitated and
shortened the enrichment procedure by using only two chromatographic steps, which
in turn greatly reduced to a minimum the generally observed degradation of the active
site a-subunit. As a further advantage, the specific activities of the isolated enzymes of
S25DH, and S25DH, were twofold higher than after purification from the wild type.
Finally, while purification from the wild-type bacteria always yielded mixtures of
different isoenzymes, the T. aromatica expression platform produced a preparation of
a single S25DH. In summary, production in T. aromatica largely enhanced yield, specific
activity, and specificity.

The results obtained now allow for the unambiguous assignment of substrate
specificities to individual S25DH isoenzymes. The prototypical S25DH,, originally iso-
lated from S. denitrificans cells grown with cholesterol (11), used cholest-4-en-3-one as
the preferred substrate. The S25DH, has an extended substrate spectrum toward
7-dehydrocholesterol and S25DH,, for the phytosterol-derived B-sitost-4-en-3-one and
campest-4-en-3-one with (R)-configured ethyl and methyl branches at C-24, respec-
tively. The function of S25DH; appears to be less clear, as it showed only minor activity
with campest-4-en-3-one indicating that the natural substrate is still at issue. None of
the four S25DHs showed significant activity with sterols containing a A22,23 double
bond in the side chain such as ergosterol, brassica-4-en-3-one, or stigmast-4-en-3-one,
although ergosterol and stigmasterol are growth substrates. This finding suggests that
either one of the four remaining S25DH:s is involved in their conversion, or a more likely
alternative is that the double bond needs to be reduced or otherwise converted prior
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to C-25 hydroxylation. As the abundance of S25DH; in cells grown with ergosterol was
clearly increased (8), it is likely that ergosterol is first converted to a so far unknown
intermediate that then serves as the substrate for S25DH;. However, reduction of the
nonactivated A22,23 double bond can hardly be achieved in the absence of oxygen
with physiological electron donors. The function of S25DH,, S25DH,, S25DH,, and
S25DHg needs to be elucidated in the future using the system established in this
work. S25DH,, has recently been proposed to be involved in the conversion of 25- to
26-OH-cholest-4-en-3-one. It is striking that the a-subunit of putative S25DHg is more
closely related to that of p-cymene dehydrogenase and to an S25DH-like enzyme from
Thauera terpenica (see Fig. S1 in the supplemental material), suggesting that it may play
a role in hydroxylating a nonsteroidal isoprenoid compound.

This work demonstrated that of the four S25DH isoenzymes investigated in this
work, S25DH, is the optimal catalyst for VD5 hydroxylation to the clinically relevant
25-OH-VD; (22). This reaction is of considerable biotechnological potential, as it has
several advantages in comparison to multistep chemical (35) or oxygenase- and
electron donor-dependent 25-OH-VD; synthesis procedures (36-40). The established
expression platform overcomes previously identified limitations of S25DH-catalyzed
25-OH-VD; synthesis, which have largely prevented biotechnological application so far.
First, the easy and rapid enrichment procedure minimizes degradation of the a-subunit
as always observed during purification from the wild-type strain. As a result, the specific
activities of the enriched S25DHs are around twofold higher in the recombinant than
in the wild-type strain. Second, S25DH, was produced to a 6.4-fold-higher extent in T.
aromatica than in the wild-type bacteria, resulting in the corresponding increase of the
VD5 conversion rate in crude extracts. As a consequence, enzymatic 25-OH-VD; syn-
thesis by crude extracts is drastically shortened and can now be accomplished even
under aerobic conditions without a significant loss of activity. Third, due to the lack of
enzymes catalyzing downstream reactions of anaerobic steroid degradation in T. aro-
matica, the addition of AgNO;, the established inhibitor of these reactions, is now
dispensable when using crude extracts for VD5 conversion.

In summary, the expression platform established in this work provides not only easy
access to previously nonstudied members of the alkyl chain-hydroxylating DMSOR
family members, it also allows for previously hardly achievable mechanistic studies (e.g.,
site-directed mutagenesis) and applied studies (25-OH-VitD5 synthesis) of a catalytically
versatile class of molybdenum enzymes.

MATERIALS AND METHODS

Chemicals and bacterial strains. The chemicals used were of analytic grade. Sterolibacterium
denitrificans Chol-1ST (DSMZ 13999) and Thauera aromatica K172 (DSMZ 6984) were obtained from the
Deutsche Sammlung fiir Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). Azoarcus
sp. strain CIB (CECT 5669) was obtained from the Spanish Type Culture Collection (Valencia, Spain), E. coli
BL21(DE3) was from New England Biolabs (Frankfurt, Germany) and E. coli Top 10 was from Thermo Fisher
Scientific (Carlsbad, CA).

Synthesis of steroidal substrates. Substrates for S25DHs were produced from commercially avail-
able steroid precursors (B-sitosterol, campesterol, brassicasterol, and stigmasterol) using cholesterol
oxidase from Streptomyces sp. according to the manufacturer’s protocol (Sisco Research Laboratories Pvt.
Ltd.). The enzyme assays contained 50 mM Tris/PO, buffer (pH 7.5), 9% 2-hydroxypropyl-B-cyclodextrin
(wt/vol), 2.5 mM NAD*, 1 mM substrate, 2 mM MgCl,, cholesterol oxidase, and catalase. Products were
extracted and purified by high-performance liquid chromatography (HPLC) as described elsewhere (11).
Samples were lyophilized and diluted in 1,4-dioxane.

Culture conditions and preparation of cell extracts. S. denitrificans was cultivated under denitri-
fying conditions in mineral medium with steroid substrates as described previously (7). Cells were
harvested in the late exponential growth phase by centrifugation (8,000 X g, 20 min, 4°C). During
large-scale cultivation with B-sitosterol (3 mM) in a 200-liter fermenter, nitrate was discontinuously
added in 10 mM steps. T. aromatica K172 and Azoarcus sp. CIB expressing genes encoding S25DHs were
cultivated under denitrifying conditions using a phosphate-buffered medium with benzoate as the
carbon source at 30°C as described previously (41). Cells were harvested anaerobically by centrifugation
(8,000 X g, 20 min, 4°C) in the late exponential phase. Frozen cells were suspended in 2 volumes of lysis
buffer (wt/vol) containing 20 mM Tris/PO, (pH 7.0), 0.1 mg DNase |, T mM dithiothreitol (DTT), and 0.02%
(wt/vol) Tween 20. Cells were lysed by passage through a French pressure cell at 137 MPa, solubilized for
3 h, and centrifuged at 150,000 X g for 1.5 h at 4°C. The anaerobically prepared supernatant was used
for enzyme purification.
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Enzyme assays. Enzyme assays were anaerobically carried out at 30°C in 100 mM Tris/PO, buffer
(pH 7.0) with 0.5 mM steroid substrates (25 mM concentrated in 1,4-dioxane), 10 mM K;[Fe(CN)], and 9%
2-hydroxypropyl-B-cyclodextrin (wt/vol) following substrate consumption and product formation by
ultrahigh-performance liquid chromatography (UPLC) as described previously (11, 22). For the conversion
of cholest-4-en-3-one with cell extracts of S. denitrificans, 0.5 mM AgNO, were added to prevent further
oxidation of the substrate.

Heterologous gene expression and S25DH production. The genes encoding the afy-subunits
together with the chaperone (SdhD) were amplified by PCR from S. denitrificans genomic DNA as the
template, using primers suitable for T4 ligation (see Table S3 in the supplemental material). Genes
encoding vy,f3;-subunits were amplified together by using S25DHy,,_for (for stands for forward) and
S25DHy,B,_rev (rev stands for reverse) primers, and the resulting 1.8-kb DNA fragment was Clal/Hindlll
doubly digested; the genes encoding «, and assubunits were amplified by using S25DHe«, ;_for and
S25DHa, 5 _rev primers, generating a 2.9-kb DNA fragment that was Hindlll/Spel doubly digested. The
gene encoding SdhD was amplified using SdhD_for and SdhD_rev primers, generating a 0.9-kb DNA
fragment that was Spel/Xbal doubly digested. All fragments were sequentially cloned into the broad-
host-range vector plZ1016 (Gm', oripBBR1, Mob™, lacZ«, Ptac/lacl9), a derivative of pBBR1MCS-5, bearing
the tac promoter and lacl@ regulatory gene from pMM40 (42), and transformed in E. coli NEB5a (New
England Biolabs GmbH) according to the manufacturer’s protocol. Genes encoding the «,f,v,SdhD
components of S25DH, were amplified with specific primers suitable for Gibson assembly (Table S3)
using the Gibson Assembly master mix (New England Biolabs GmbH) at 50°C for 1 h. The following steps
are described for T. aromatica but were also similarly applied for Azoarcus sp. CIB. The genes were
transformed into T. aromatica cells by electroporation as follows: T. aromatica was cultivated on
phosphate-buffered medium (25 mM acetate) at 30°C until it reached an optical density at 578 nm
(ODs,,) of 0.4 to 0.6, centrifuged (4,500 X g, 15 min, 4°C), and washed twice in 20% volume ice-cold 1 mM
morpholinepropanesulfonic acid (MOPS) buffer. Centrifuged cells (4,500 X g, 15 min, 4°C) were sus-
pended in 0.5% volume ice-cold 1 mM MOPS-15% glycerol (wt/vol). Cells were immediately used for
transformation at 1.7 kV (Eppendorf Eporator) and incubated in medium at 30°C for 4 h before plated on
selection medium (0.8% Gelrite, 0.025% MgSO,, - 7H,0O, 25 mM acetate, and 20 ug ml~' gentamicin).
Cultivation was carried out aerobically at 30°C until colonies were formed. For gene expression, cells were
grown under denitrifying conditions in phosphate-buffered medium with benzoate as the carbon source
(see above) supplemented with 20 ug ml~' gentamicin. Expression of S25DH genes was fostered by
adding 1 mM IPTG at an optical density of 0.7. After subsequent growth for 48 h, cells were harvested
anaerobically in the late exponential phase. For gene expression of S25DH; in E. coli BL21 and E. coli Top
10, cells were cultivated anaerobically (25 mM nitrate) at 30°C in M4 minimal medium and aerobically in
2X YT medium at 20°C complemented with 20 ug ml~—' gentamicin.

Enrichment of recombinant proteins from T. aromatica. After ultracentrifugation (150,000 X g,
1.5 h, 4°C), the soluble protein fraction was applied to a DEAE-Sepharose column under anaerobic
conditions (50 ml; GE Healthcare) at 5 ml min—' and washed with buffer A (20 mM Tris/PO, [pH 7.0],
1 mM DTT, and 0.02% [wt/vol] Tween 20). The soluble protein fraction was eluted by increasing the
amount of buffer B (20 mM Tris/PO,, [pH 7.0], 1 mM DTT, 0.02% [wt/vol] Tween 20, and 500 mM KCI) from
12% to 16%. Active fractions were concentrated (30-kDa cutoff membrane), diluted in 10 volumes of
buffer C (20 mM Tris/morpholineethanesulfonic acid [MES] [pH 6.0], 1 mM DTT), and applied to a Reactive
Red 120 column (50 ml; GE Healthcare) at 5 ml min—". The active fractions were elute with an increasing
gradient of buffer D from 0 to 100% (Tris/PO, [pH 8.0], 1 mM DTT) in 20% steps. S25DH,, S25DH,, S25DH,,
and S25DH, eluted at pH values of approximately 6.5, 6.7, 7.5, and 7.8, respectively.

Purification of S25DH, from S. denitrificans. Soluble proteins were applied to a DEAE Sepharose
column at 1.5 ml min—" and washed with buffer A. Column-bound proteins were enriched using a
stepwise gradient (10%) of buffer B from 10% to 20%. The active fraction was diluted 1:3 with buffer A
and applied to a Q-Sepharose column (20 ml; GE Healthcare) at 0.5 ml min~—". The active fraction was
eluted by a gradient of buffer C, (20 mM MES/Tris [pH 6.0], 1 mM DTT, 0.02% Tween 20, and 500 mM KCl)
from 10% to 20%. The active fractions were diluted in 1:10 in buffer C and applied to a Reactive Red 120
column at 0.5 ml min—'. The active fractions were eluted by increasing the concentration of buffer C,
from 80% to 100%. Activity-containing fractions were concentrated, desalted, and screened for activity.
Active fractions were applied to a Cibacron blue-Sepharose column (1 ml; GE Healthcare) at 0.5 ml min—"
using buffer C. The active fractions were eluted by increasing the concentration of buffer D in 20% steps
from 80% to 100%. The active fractions were pooled and concentrated (30-kDa cutoff membrane).

Determination of Mo and Fe content by ICP-MS/ICP-AES. Inductively coupled plasma mass
spectroscopy (ICP-MS)/inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses
were conducted to determine the Mo and Fe content of heterologously produced S25DHs as described
previously (43).

Gel filtration. The native molecular weight of steroid C-25 dehydrogenases was analyzed by size
exclusion chromatography on a Superdex 200 column (GE Healthcare) at 0.5 ml min=" in 50 mM Tris-HCI
(pH 7.0)-150 mM NaCl. Proteins used for calibration were thyroglobulin (669 kDa), apoferritin (443 kDa),
alcohol dehydrogenase (150 kDa), carbonic anhydrase (29 kDa), and cytochrome ¢ (12.4 kDa).

Protein identification by mass spectrometry. Proteins were identified by excising the bands of
interest from an SDS-PAGE. After in-gel digestion with trypsin (Sigma-Aldrich), the resulting peptides
were separated by UPLC and identified by using a Synapt G2-Si high-definition mass spectrometry
(HDMS) electrospray ionization quadrupole time of flight (ESI-QTOF) system (Waters) as described
previously (44).
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