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ABSTRACT. New approaches are required to combgtcobacterium tuberculosi@Mtb), especially the
multi-drug resistant and extremely drug resistant organisms (MDR-TB and XDR-TB). There are many
reports that mycobacteria oxidizg-Biydroxysterols to 3-ketosteroids, but the enzymes responsible for
this activity have not been identified in mycobacterial species. In this workRiid06cgene that is
annotated as af3hydroxysteroid dehydrogenase ltb has been cloned and heterologously expressed.
The purified enzyme was kinetically characterized and found to have a pH optimum between 8.5 and 9.5.
The enzyme, which is a member of the short chain dehydrogenase superfamily, usésablARofactor

and oxidizes cholesterol, pregnenolone, and dehydroepiandrosterone to their respective 3-keto-4-ene
products. The enzyme forms a ternary complex with NAinding before the sterol. The enzyme shows

no substrate preference for dehydroepiandrosterone versus pregnenolone with second-order rate constants
(kcafKm) of 3.2+ 0.4 and 3.9+ 0.9uM~1 min~1, respectively, at pH 8.5, 150 mM NacCl, 30 mM Mg(ClI

and saturating NAD. Trilostane is a competitive inhibitor of dehydroepiandrosterone withat 197 +

8 uM. The expression of theBhydroxysteroid dehydrogenaseMitb is intracellular. Disruption of the
36-hydroxysteroid dehydrogenase geneMitb abrogates mycobacterial cholesterol oxidation activity.
These data are consistent with fRel106cgene being the one responsible f@rBydroxysterol oxidation

in Mtb.

Tuberculosis is an opportunistic infection caused by poorly characterized. One such gendvith geneRv1106¢
Mycobacterium tuberculos{®/tb)! in individuals with HIV- This gene encodes a putative cholestergHigdroxysterol)
AIDS that is estimated to infect 30% of the world’s dehydrogenasel() that is also found in the genomes of
population (, 2). The World Health Organization estimates related mycobacterial{, 12). Many actinomycetes and
that 2 million people die every year from tuberculosis. Drug pseudomonads can utilize sterols as a sole carbon source,
resistance to front-lindtb drugs rifampicin and isoniazid and 3-hydroxysteroid oxidation is the first step in this
has emerged3( 4), and additional resistance to second-line catabolic or degradative pathwal3-15). However, unlike
drugs is emergingy, 6). It is clear that new approaches are other actinomycetedyitb cannot survive on sterols alone
required to combat these multi-drug resistant and extremely (16); it will grow if supplemented with asparagine, citrate,
(or extensively) drug resistant organisn7s-Q). and Tyloxapol 15). Moreover, reports that mycobacteria

The complete genome sequences of microorganisms areSynthesize cholesterdl{) have not been substantiated).
a rich source for mining new drug targets. However, Thus, itis intriguing to consider other possible roles for this
oftentimes, biochemical functions have been assigned to€nzymatic function in the infectious life cycle of mycobac-
genes purely on the basis of the homology of their sequencetéria. _
to the sequences of gene products which are themselves Rv1106cis annotated as a cholesterol dehydrogenase
because it is 74% identical with tiNocardiasp. cholesterol
. ) ) ) dehydrogenase. Cholesterol dehydrogenase is a ™NAD
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Ficure 1: Unrooted phylogenetic tree fopahydroxysteroid dehydrogenase encodedRayt106cand related proteins. The values are
relative evolutionary distance. The tree was generated using a ClustalW 1.82 alignment and CLC Free Workbench 3. Proteins are identified
by species, enzyme, and Uniprot entry.

drogenase includes mammalight+Bydroxysteroid dehydro-  from IDT Inc. (Coralville, I1A). Total genomic DNA oM.
genases, plant dihydroflavonol reductases, bacterial UDP-tuberculosisH37Rv was obtained from the TB Research
galactose-4-epimerases, and vigal8/droxysteroid dehydro-  Materials Facility at Colorado State University (Fort Collins,
genases2, 23) (Figure 1). There appears to be an ancient CO) (NIAD NO1-Al40091). MALDI mass spectra were
evolutionary relationship between plant flavonol synthesis acquired on a Bruker Autoflex Il TOF/TOF instrument.
and mammalian steroid hormone synthesis, and in fact, manyCloned Pfu DNA polymerase was from Stratagene (La Jolla,
flavonols are agonists or antagonists of mammalian steroid ca). Big Dye DNA sequencing (Applied Biosystems, Foster
hormone receptor2€). The viral -hydroxysteroid dehy- ity CA; performed by the Stony Brook University Se-
drogenases are genetically closest to the mammalian 3 quencing Facility) was used to verify the coding sequence
hydroxysteroid dehydrogenases and the vaccinia virus de-of the expression plasmids. DEAE-52 cellulose was from
hydrogenase functions in viral steroid hormone synthesis. \yhatman (Maidstone, U.K.). Sephacryl S-200 high resolu-

AfrPhutant strain of vaccinia \éi.r us ;}ar;ying atkno%k(c)juthdzletion tion was from GE Healthcare Biosciences Corp. (Piscataway,
of the vaccinia gene encodingiydroxysteroid dehydro- NJ). All other chemicals and solvents of reagent grade were

genase is attenuated in mi@b). Unlike the wild-type virus, supplied by Fisher Scientific (Pittsburgh, PA)x¥T is
the mutant does not induce the formation of corticosterone, !

. . . _—’composed of 16 g of tryptone, 10 g of yeast extract, and 5
a suppressor of the host inflammatory response to |nfect|on.g of NaCl per liter. The following buffers were used: A, 50
The bacterial B-hydroxysteroid dehydrogenases are more 'mM triethanolamine hydrochloride (pH 8.5); B, buffer A with

distantly related to the mammalian dehydrogenases than thei i . : .
viral counterparts (Figure 1); however, they may serve a 0.2 mM NaCI,.C, 100 mM t_rlethanoolamlne hydrochlorld.e
function similar to that of the viral enzymes, that is, steroid Puffer (pH 8.5); D, buffer C with 0.05% (w/v) Triton X-100;
hormone synthesis, or they may be involved in bacterial E: 100 MM TAPS hydrochloride buffer, 150 mM NaCl, and

flavonol synthesis. Both activities could lead to immune 30 MM MgCL (pH 8.5); and F, buffer E with 0.05% Triton
suppression. The ability of actinomycetes suchvib or X-100.

Nocardia to persist in the intracellular milieu requires Expression Plasmid Constructiofihe Rv1106cgene was
mechanisms for abrogating the normal host immune re- amplified fromM. tuberculosisH37Rv total genomic DNA
sponse, and targeting the glucocorticoid receptors may beby PCR using the primers’'%5agGGATCCatgcttcgecg-

one such mechanism. catgggtg-3and 3-gtgCAATTCctaytggtggtggtggtggtagg-
The similarities among the enzymes of this superfamily cttgactgtggcggccg-3 The BamHI and EcoRI sites are
hint at the potential catalytic properties Bb1106cfrom denoted with capital letters, and the C-terminal six-histidine

Mtb. However, the physicochemical characteristics of this tag added by PCR is shown in boldface type. The PCR
putative $-hydroxysteroid dehydrogenase fravitb have product was digested with BamHI and EcoRI and ligated
not been defined, and its real enzymatic function has notinto a similarly digested pFPCAP1 vectd6 to create
yet been confirmed. Before assigning physiological function, Mycobacterium smegmatiexpression vector pFPCAP-
we undertook a fundamental characterization of the chemistry 1106c. TheRv1106cgene was then subcloned by PCR using
catalyzed by this putativef3hydroxysteroid dehydrogenase primers 5-gagCATATGcttcgegeatgggtg-3 and  B-ggt-
encoded byRv1106¢ and the results of those studies are gaAGCTTctacggcttgactgtggeggeed-Fhe Ndel and Hindlll
presented here. sites are denoted with capital letters, and the C-terminal six-
histidine tag was removed during the PCR amplification and
EXPERIMENTAL PROCEDURES a stop codon inserted directly after the last native codon of

Materials and General Method€<holesterol, cholest-4-  theRv1106cgene. The amplified fragment was digested with
en-3-one, cholest-5-en-3-one, NAD\|ADH, 5-pregnen_13_ Ndel and Hindlll and ||gat6d into Similarly digeStEd pET28b
ol-20-one, and trilostane were purchased from Sigma-Aldrich that contained an N-terminal Hitag of the plasmid to create
(St. Louis, MO). Triton X-100 and progesterone were from Pplasmid pET28b-1106c or ligated into similarly digested
Aldrich Fine Chemical Co. (Milwaukee, WI). NADPwas ~ PET29a that did not contain an N-terminal kitag. DNA
from Research Products International Co. (Mount Prospect, sequencing of the plasmids confirmed that the RilL106¢
IL). Restriction endonucleases and T4 DNA ligase were from sequence was inserted correctly and that no mutations were
New England Biolabs (Beverly, MA). Oligonucleotides were introduced during the cloning procedures.
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Expression and Purification of thesR106¢ Gene Product
in Escherichia coli BL21(DE3pLysS transformed with

Yang et al.

three times, drying the plate between each run. Steroid
products were visualized by UV and staining with phospho-

pET28b-1106c or pET29a-1106¢ was cultured overnight in molybdic acid in an ethanolic solution (10%, w/v). Authentic
LB/kanamycin medium. Starter cultures were used to in- standards were run on the same plate and cospotted with
oculate YT medium (30ug/mL kanamycin) at a ratio of  the reaction mixtures.

1:100 for~3 h until the ORy, reached 0.60.8. Isopropyl Samples for HPLC analyse®7) were analyzed on a
B-p-thiogalactoside (IPTG) was added at a final concentration gpimadzu Corp. (Columbia, MD) system comprised of an
of 0.4 mM to induce protein expression. Cultures were grown gc| _10A VP system controller, two LC-10AD solvent
at 25°C for an additionk8 h or at 18°C fqr an gdditional pumps, and a model SPA-20A Prominence s spec-
20 h. The cells were collected by centrifugation at 900 . meter. The following conditions were used: stationary
for 30 min. The cell pellet (5 g) was suspended in 30 mL of phase, Microsorb-MV C-18 column (Rainin Instrument
buffer A and lysed with a French press at 10 000 psi. All Corp., Woburn, MA; 5um, 100 A, 4.6 mmx 250 mm):
subsequent steps were conducted 4C4 Cell debris was mobilé phase, 'solvént A,’ CﬁN/I’-|20 (90:10, Viv), ana

removed by cent.rif.ugat(;on .a; 1350@00_r 3h. -:—fhe SUD%F h solvent B, CHCN/propan-2-ol (85:15, v/v). Samples were
natant was precipitated with ammonium sulfate, and the ¢ e for 25 min isocratically with solvent A, followed by

5—-10% (w/v) fraction was collected. This pellet was g ;

X . a 10 min linear gradient to 100% solvent B, followed by a
suspended in b_uffer A (5 mL) af‘d dialyzed (NMWCO 45 min isocratic elution with solvent B; the flow rate was
6000-8000) against buffer A. The dialysate was loaded onto 1.25 mL/min, and peaks were detected at 212 and 240 nm.

a column of DEAE-cellulose (30 mnx 25 cm, DE-52) : e :

- . . ' Sample aliquots (200L) were injected directly from enzyme
equn.lbrated ywth buffer A. Fractions were collected by assa?/ soluciions (incﬁb)ated at %o that contgined 12Q)|\//|
grad_lent elution (from 0.1 to .0'4 M. NaCI_),_and 10 mL cholesterol, 5% 2-propanol, 1.4 mM NAD, and 0.41 pM
fr_actlons were collected. Fractions with activity were com- dehydrogenase in buffer D. Calibration curves for cholesterol
bined, concentrated, and desalted by ultrafiltration (NMWCO and cholest-5-en-3-one were prepared by the integration of

10 000) to a final volume of 5 mL. This active fraction was peak area detected at 212 nm for standard solutions ranging
then applied to Q-Sepharose (10 mL bed volume) equili- in concentration from 0 to 150@M. Calibration curves for

brated in buffer B, and the flow-through was collected and cholest-d-en-3-one were prepared analodously by the inteara-
concentrated to a final volume of 2 mL. The concentrate prep gously by 9
tion of peak area detected at 212 and 240 nm.

was loaded on a Sephacryl S-200 high-resolution column
(20 mm x 120 cm) and eluted with buffer B. Pure fractions ~ Enzyme KineticsThe 3-hydroxysteroid dehydrogenase
containing dehydrogenase activity were collected and con-Was assayed at 3T for less than 10% of the reaction with
centrated. monitoring of NADH absorbance at 340 nm in buffer E
The identity of the purified protein was confirmed by (Pregnenolone or DHEA as the substrate) or buffer F
tryptic digestion and MALDI mass fingerprinting. Dehydro- ~ (cholesterol as the substrate). DHEA or pregnenolone stock
genase-{5 ug in gel) was digested with trypsin (400 ng) in solutions were prepared in ethanol (3 mM), and cholesterol
20 uL of 50 mM NH4HCO; for 17 h. The tryptic fragments stocks were prepared in propan-2-ol. No oxidation of ethanol
were extracted with a 60% GBN/H,O mixture and 0.1%  Or propanol was detected in control assays. The enzymatic
TFA (50 uL) three times. The combined extracts were dried activity was insensitive to alcohol concentrations between
and redissolved in 5L of a 0.1% TFA/HO mixture. 2.5% (viv) and 5% (v/v), and the final volume of alcohol
MALDI-TOF mass spectra were acquired in positive ion was kept constant in all assays at 5% (v/v). Reactions were
mode using a saturated solution @fcyano-4-hydroxycin-  initiated by the addition of dehydrogenase. Initial velocities
namic acid as the matrix. were measured for varying NADconcentrations (350
Activity Assaysinitially, the 33-hydroxysteroid dehydro- ~ 22400uM) at different fixed concentrations of DHEA or
genase was assayed at’8Dfor less than 10% of the reaction ~ pregnenolone (36300uM). Initial velocities were measured
with monitoring of NADH absorbance at 340 nm in buffer for varying trilostane concentrations{0000xM) at dif-
C (pregnenolone, DHEA, quercetin, or dihydroquercetin as ferent fixed concentrations of NAD(88—5600 M) with
the substrate) or buffer D (cholesterol as the substrate). DHEA at a concentration of 120M or at different fixed
Dehydroepiandrosterone, pregnenolone, quercetin, or dihy-concentrations of DHEA (11240 uM) with NAD™* at a
droquercetin stock solutions were prepared in ethanol concentration of 35Q:M. All points are the average of
(3 mM), and cholesterol stocks were prepared in propan-2- triplicate data points.
ol. The final volume of alcohol was kept constant in all |nitial velocities were globally fit to the following equa-
assays and was 5%. Reactions were initiated by the additiontjons using Grafit (version 4.0.10).
of dehydrogenase. Later activity measurements were taken
as described below for enzyme kinetics. Ternary complex MichaelisMenten equation
Product Analysis by TLC and HPLC Spectroscopy.
Enzyme assay solutions (1 mL) at various extents of reaction ¥ — (VlAlBD/( KiaKnp + KenplAl + KindB] + [A][B])

were extracted with an equal volume of ethyl acetate five 1)
times. The ethyl acetate extracts were combined and driedCompetitive inhibition equation

under a stream of N Then the dried residue was dissolved

in 50 uL of ethyl acetate, applied to silica gel thin layer v = (Vi SH/[Kn(1 + [/ Ki) + [S]] )
chromatography plates, and separated using a 4:1 hexa”e(Jncompetitive inhibition equation

ethyl acetate mixture or a 5:1 dichloromethane/ethyl acetate

mixture. To improve resolution, the plate was developed v = (VulSNIKy, + [SIA + [V Kyl (3)



Mtb Sterol Dehydrogenase
Mixed inhibition equation

v = (Vi[SI[Kn(1 + [/ Kie) + [SIA + [IVK)] (4)
Substrate NAD inhibition equation

v = (Vp[NAD "/(Ky, + [NAD ] + [NAD “%Kiyp0.-)
®)

Fixed second-substrate Michaetislenten equation

v = (V[SDI(K,, + [S]) (6)
Rate pH dependence equation
rate= (rate, x 10P" P9A0P"Ta+ 1) (7)

whereKn, andKp, are the Michaelis constants for A and B
at saturating concentrations of B and A, respectivily s
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uM cholesterol and 3.5 mM NADin buffer D at 30°C for

72 h and then directly injected onto a C18 reversed-phase
HPLC column for analysis as described above. A unit of
cholesterol oxidation activity was defined asuinol of
cholest-4-en-3-one per minute per milligram of protein under
these assay conditions.

Other AnalysesThe primary sequences of proteins related
to Rv1106cwere obtained from a BLASTP search initiated
on the NIH server (http://www.nchi.nim.nih.gov/BLASTY/).
Multiple-sequence alignments and the phylogenetic tree were
produced by the Protein Information Resour8€)(using
CLUSTALW 1.82 @1) and CLC free workbench 3.2 with
default parameters. Signal peptide analysis was performed
on the Center for Biological Sequence Analysis server (http://
www.cbs.dtu.dk/services/) using SignalP 3@)(and Secre-
tome 2.0 83). Operon prediction was analyzed on The
Institute for Genomic Research website (http://www.tigr.org/
tigr-scripts/operons/operons.cgB4).

the apparent Michaelis constant for a varied substrate at a

fixed concentration of the second substrakg, is the
dissociation constant for the enzyme and W, is the
maximum velocity, S is the varied substraig, andK;, are
the competitive and uncompetitive inhibition constants,
respectively, rate is eithdey or keafKm, and rateg is the
maximal value of eithekgy; Or Keaf K.

The pH dependence of thegdydroxysteroid dehydro-
genase-catalyzed reaction was determined in 100 mM TAPS
hydrochloride buffer, 150 mM NaCl, 30 mM Mgg&land
2.8 mM NAD" at different fixed concentrations of DHEA
(11—240uM) between pH 6.5 and 9.0. Initial velocity data
were fit to eq 6 to determine the appardgt and kea/Kn,
values at each pH. The apparer,pvalues were then
determined from these rate constants and eq 7.

Culture of CDC1551 and /R106c Expression Analysis.
The Mtb strains used in this study were derivativesvib
CDC1551. TheMt1137 ORF corresponds to thev1106¢c
ORF in Mth H37Rv. TheMt1137 transposon mutan22g)
was obtained through TARGET, part of NIAID contract
HHSN266200400091C for Tuberculosis Vaccine Testing and
Research Materials awarded to Colorado State University.
The Mtb cells were cultured at 37C in Middlebrook 7H9
(liquid) or 7H10 (solid) (Difco) medium that was supple-
mented with 10% albumindextrose-sodium chloride com-
plex (ADN) (29), 0.2% glycerol, and 0.05% Tween 80. The
kanamycin concentration used for the transposon mutant in
Mtb was 20ug/mL. Induction with cholesterol was achieved
by addition of cholesterol (final concentration of 1 mg/mL)
solubilized in Tween 80 [final concentration of 5% (w/Vv)]
to cultures at the mid-logarithmic phase. Cultures were
incubated for 24 h at 37C and harvested by centrifugation.
The culture filtrate was collected and sterile filtered for HPLC

RESULTS AND DISCUSSION

Bioinformatics Analysis of )2106c.Protein family analy-
sis indicated thaRv1106cis most closely related to the
Nocardiaspecies cholesterol dehydrogenase (75% identical,
UniProtKB entry Q03704) and other mycobacterial homo-
logues (Figure 1). It shares 24% amino acid identity with
the vaccinia virus 8-hydroxysteroid dehydrogenase (Uni-
ProtKB entry 0O57245) and 29% identity with the human
homologue (UniProtkKB entry P14060).

In the Mtb H37Rv genome, th&1106cgene is located
within 10 bases of th&seB(Rv11079 andxseA(Rv11089
genes, probable exonuclease VII small and large subunits,
and 18 bases of a possible nitrobenzyl esterRs&1059.
Similar gene pairs are found only in mycobacterial genomes,
e.g., Mycobacterium bois, Mycobacterium aium paratu-
berculosis and Mycobacterium lepraeThe Nocardia far-
cinica 35-hydroxysteroid dehydrogenase homologte34580
is not paired with the exonuclease VII subunits. Signal
peptide analysis indicated that the probability that the
Rv1106cgene product is secreted classically with a signal
peptide or nonclassically is less than 0.5 or 5%, respectively.
The Rv1106cgene product appears to be a member of the
short chain alcohol dehydrogenase superfani®y).(The
glycine-rich sequence Gly-X-X-Gly-X-X-Gly, synonymous
with the Rossman fold sequence Gly-X-Gly-X-X-Gly for
AMP binding, is present as Gi¢Gly-Gly-Ala-Gly-Phe-Val-
Gly?”. The same Gly-X-X-Gly-X-X-Gly variation of the
motif is present in mammalians3hydroxysteroid dehydro-
genases3b). Moreover, the short chain alcohol dehydroge-
nase active site motif Tyr-X-X-X-Lys appears as PHThr-
Glu-Thr-Lys'®2in the translatedRv1106gene. Last, a single

assay and enzymatic analysis. The cell pellet was washedaspartate (Asf in the human type 1 Bhydroxysteroid

by resuspension in 1 mL of 50 mM sodium phosphate buffer
(pH 7) containing 5% (v/v) propan-2-ol; the cells were

pelleted again, and the process was repeated two more time
to remove cholesterol from the medium. The pellet was

dehydrogenase) thought to form hydrogen bonds with the
2',3-hydroxyls of the cofactor ribose dictates dehydrogenase
specificity for NAD" rather than NADP (37). This aspartate
is conserved in th&v1106csequence (AsP), suggesting

resuspended in the same buffer, and the cells were lysed bythat theRu1106cgene product will preferentially use NAD

bead beating twice for 1 min, with incubation on ice for 2
min between each bead beating. The cell lysate was
centrifuged to remove the cell debris, and the supernatant
was sterilized by filtration and analyzed for enzymatic
activity via a HPLC assay. Lysates were incubated with 150

as a cofactor.

Recombinant Expression Studi@stempts to express the
Rv1106¢ gene in M. smegmatisbehind the acetamidase
promoter were unsuccessfltv1106cwas expressed i&.
coli BL21(DE3)plysS with an N-terminal Histag. The
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Table 1: Tryptic Peptides from g3BHSD Identified by MALDI-TOF Mass Spectrometry

Residues Sequences
1-50 MGSSHHHHHHS SGLVPRGSHMLRRMGDASLTTELGRVLVTGGAGFVGANL
51-100 VTTLLDRGHWVRSFDRAPSLLPAHPQLEVLQGDITDADVCAAAVDGIDTI

101-150 FHTAATIIELMGGASVTDEYRQRSFAVNVGGTENLLHAGQRAGVQRFVYTS
151-200 SNSVVMGGONIAGGDETLPYTDRFNDLYTETKVVAERFVLAQNGVDGMLT
201-250 CAIRPSGIWGNGDQTMFRKLFESVLKGHVKVLVGRKSARLDNSYVHNLIH
251-300 GFILAAAHLVPDGTAPGQAYFINDAEPINMFEFARPVLEACGQRWPKMRI

301-350 SGPAVRWVMTGWQORILHFRFGFPAPLLEPLAVERLYLDNYFSTAKARRDLG

351-392 YEPLFTTQQA LTECLPYYVSLFEQMKNEARAEKTAATVKPKL

Scheme 1: Reaction Catalyzed bitb 35-Hydroxysteroid pregnenolone, and dehydroepiandrosterone), two flavonols
DehydrogenaseRy11069 (quercetin and dihydroguercetin), and nicotinamide cofactors.
Xy The cofactor or the sterols were omitted from the assay

mixtures as negative controls. Ketone product was formed
only in reaction mixtures containing NADand 3-hydrox-
ysterol. NADP did not function as a cofactor with any of
HO the three sterols at concentrations up to 10 mM. The cofactor
NAD* preference is analogous to that reported for exardia
NADHJ X § cholesterol dehydrogenas@0f and consistent with the
L

conservation of Asf§ in the short chain alcohol dehydro-
genase family. rBBHSD did not catalyze oxidation of
guercetin with NAD" or reduction of dihydroquercetin with
o NADH. The sterol reaction mixtures were analyzed by TLC
and products compared to authentic standards. The enzyme
J catalyzed the oxidation and isomerization of cholesterol,
pregnenolone, and dehydroepiandrosterone into cholest-4-
en-3-one, progesterone, and androsterone, respectively (Scheme
1). In addition, the cholesterol reaction course was followed
o by reversed-phase C-18 chromatography, and the identities
of the intermediate and product, cholest-5-en-3-one and
cholesterol,cholestenone: X = CHzCH(CH,)3CH(CHz)o, Y =H cholest-4-en-3-one, respectively, were confirmed by co-
5;%?2222&ggg;zgogﬁdrg;egongi\\((Z% injection with standards. ThBv1106copen reading frame
clearly encodes a/3hydroxysterol dehydrogenase, not a
expressed protein was present in both the soluble anddihydroflavonol reductase.
membrane fractions. The soluble expressed protein did not
bind to N or C&* IMAC columns in its native form,
suggesting that the N-terminus is not exposed in the folded
protein. However, it could be purified by IMAC under
denaturing conditions (6 M guanidinium hydrochloride), thus
confirming that the expressed protein contained an N-

terminal His tag. The protein identity was confirmed by
MALDI-TOF mass analysis of a tryptic peptide mixture

The rHs3BHSD enzyme activity with cholesterol was
measured as a function of pH, and the rate plateaued at pH
8.5. Next the enzyme activity was measured under four
different detergent conditions: 0.05% Triton X-100, 2%
Triton X-100, 1% nonyl glucoside, and 1% sodium cholate.
There was no activity in nonyl glucoside and very little
activity in sodium cholate. The highest activity was obtained

generated by in-gel digestion. Eighteen percent of the with 2% Triton X-100. However, the enzyme activity was
sequence was covered (Table 1). Expression levés ol not saturated with cholesterol in any of the detergent systems.

BL21(DE3)plysS were 10-fold lower without the N-terminal The highest cholesterol concentration that could reliably be
fusion. The expressed proteins with and without the N- attained was 1 mM cholesterol in 2% Triton X-100. At this

terminal His tag were purified by conventional methods to cholesterol concentration, the specific activity o§BBHSD

yield rHe3BHSD and r3BHSD, respectively. The apparent Was 2:90umol min™* mg™ in 100 mM triethanolamine

molecular mass was determined by SEFAGE to be 43  hydrochloride (pH 8.5).

kDa, as expected for a protein that is not post-translationally ~Dehydroepiandrosterone and pregnenolone have sufficient

processed. On a native gel, the apparent molecular mass ofiqueous solubility that the use of detergent micelles is not

the recombinant protein was that of a monomer. required. Both substrates yielded normal saturation kinetics
Reactions Catalyzed by the Recombinant Enzyme.with the Mtb dehydrogenase. The lack of saturation with

rHe3BHSD was assayed with three sterols (cholesterol, cholesterol may be due to cholesterol being a poor substrate
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for the enzyme. Alternatively, it may be due to a low affinity
of the enzyme for the detergent micelle surface. After
optimization of pH and cation conditions (vide infra),eH
3BHSD had the highest specific activity with dehydroepi-
androsterone as the substrate; the activity was-2-told
higher with dehydroepiandrosterone than with cholesterol in
0.05% Triton X-100 or pregnenolone. The same relative
activities were obtained when each of the three sterols was
assayed in the presence of 0.05% Triton X-100 in the
optimized buffer conditions of 100 mM TAPS hydrochloride,
150 mM NacCl, 30 mM Mgdl (pH 8.5), and 2.8 mM NAD

(vide infra). The specific activities measured were 0.15, 0.36,
and 0.28:M min—! mg* for cholesterol, dehydroepiandros-
terone, and pregrnenolone, respectively. Dehydroepiandros-
terone was used as the substrate in subsequent studies
because its solubility and kinetic behavior made it the most
amenable to the detailed analysis.

Both the recombinanRy1106c with (rHe3BHSD) and
without (r3BHSD) an N-terminal histidine tag were assayed
with a fixed concentration of dehydroepiandrosterone (300
uM), and the NAD" concentration was varied from 1 to 28
mM in 100 mM triethanolamine hydrochloride at pH 8.5
and 30°C. The apparenk, values for NAD" were 2.4+
0.7 and 2.2+ 0.3 mM, respectively, demonstrating that the
N-terminal histidine tag did. not affect substrate binding. FiGurRe 2: pH dependence of the reaction catalyzed byBBHSD
Because the r3BHSD protein was expressed at low levelsyith DHEA as the varied substrate. Conditions: 2.8 mM NAD
and could not be purified to homogeneity, kg: could not 100 mM TAPS hydrochloride buffer, 150 mM NaCl, 30 mM
be accurately determined. All subsequent experiments wereMgClz, pH 8.5, and 30°C. (A) pH dependence dica: (B) pH
perfomed wih N-erminally His-agged enzymedBHSD___ SsPerines dif, The s e i o 0a 1 Tue doe oo,
B(ue;:igyse it was expressed at higher levels and was easier tgre the standard deviation of tphe measurgments. '

The substrate specificities reported for tiNocardia presence of 15&M dehydroepiandrosterone and 3.5 mM
cholesterol dehydrogenase were similar but not identical to NAD* in 100 mM triethanolamine hydrochloride (pH 8.5)
those observed for #3BHSD 0). The Nocardiaenzyme (Figure 3A). EDTA, Fé", Zn?", Ag", and Cd@" inhibited
utilizes both cholesterol and pregnenolone, whereas noenzymatic activity. Mgt and C&" were the best activators
activity with dehydroepiandrosterone was observed. How- of enzymatic activity. Then, rEBBHSD was assayed as a
ever, the assay conditions used for the latter sterols werefunction of NaCl concentration in the presence of 150
not reported. Therefore, it is unclear if the difference in dehydroepiandrosterone and 2.8 mM NAIh 100 mM
specificity is due to buffer conditions or true differences TAPS hydrochloride (pH 8.5) (Figure 3B). The activity
between the enzymes. Kishi et &0 reported &, of 2.5 increased with an increase in NaCl concentration and
mM for cholesterol in 1.87% Triton X-100 for tiéocardia plateaued at~-300 mM. A NaCl concentration of 150 mM
cholesterol dehydrogenase. However, the highest cholesterolvas used in subsequent assays as this represented a physi-
concentration that was used was 2.9 mM, suggesting that aslogical ionic strength. Next, l3BHSD was assayed with
with the Mtb enzyme studied in this work, saturation of the 10 and 1 mM CaG| MgCl,, 1 mM FeC}, CuCh, ZnClh, or
Nocardiaenzyme with cholesterol was not possible. AgNQO;, CuCh, or 50 mM EDTA in the presence of 150

pH Dependencelnitial velocity kinetic patterns and M dehydroepiandrosterone, 150 mM NacCl, and 2.8 mM
apparent kinetic constant€, and k., with dehydroepi- NAD™ in 100 mM TAPS hydrochloride (pH 8.5) (Figure
androsterone as the substrate were measured at a fixe@C). The highest activities were observed witF CaMg?",
concentration of NAD (2.8 mM) in 100 mM TAPS and K'. Different concentrations of Mg were assayed in
hydrochloride with 150 mM NaCl and 30 mM Mggat pH the presence of 150 mM NacCl, and the activity plateaued
9.5,9.0, 8.5, 8.0, 7.5, 7.0, and 6.5. No catalytic activity was between 20 and 40 mM (Figure 3C). Subsequent assays were
detected below pH 7.5. The apparetdgor keais 7.9+ performed with 150 mM NaCl and 30 mM Mg£l
0.1, and the apparenKg for keaf/Kn is 8.1+ 0.1. The pH Steady-State Kinetic Assaysitial velocity data with ri-
optimum of the enzyme is 8.5 (Figure 2). This pH 3BHSD and varied substrate concentrations produced an
optimum range is comparable to that reported for the intersecting line pattern (Figure S1 of the Supporting
Nocardia cholesterol dehydrogenas2(]. Further experi- Information) consistent with a sequential binding mechanism
ments were conducted at pH 8.5 to optimize activity while which is expected for an alcohol dehydrogenase reaction.
minimizing decomposition of the NADcofactor during the ~ Concentrations of NAD higher than 5.6 mM inhibit the
assay. dehydrogenase reaction (Figure 4). The substrate inhibition

Cation and lonic Strength Dependenckls3BHSD was by NAD™ could be overcome by increasing the concentration
assayed with 10 and 1 mM CaCMgCl,, 1 mM FeC}, of dehydroepiandrosterone. This competitive inhibition sug-
CuCh, ZnCh, or AgNQO;, CuCk, or 50 mM EDTA in the gests either that NAD binds to the EENAD* complex to

Keat 57

keat/Km " IM-T)x104
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= B | 30 °C. The data shown are the average of three independent
g 5] = experiments, and the errors are the standard deviation of the
< 8 3 § - measurements.
£ | 50 i
Elle =1 R derived inhibitor and a cofactor-derived inhibitor were
= o] 4 sought.
= .
4k . Trilostane [(2.,40.,50,175)-4,5-epoxy-17-hydroxy-3-oxoan-
gl ! L L . drostane-2-carbonitrile] is a known competitive inhibitor (vs
A Al al e pregnenolone) of mammaliargaydroxysteroid dehydro-

genases3g). It was expected that trilostane would be an
R . A, L AP inhibitor of theMtb 33-hydroxysteroid dehydrogenase as well
ofC because the reactions catalyzed by both enzymes, and thus,
the substrates, intermediates, and products, are the same.
Indeed, trilostane is a micromolar inhibitor of g8BHSD
(Figure S2 of the Supporting Information). Moreover, the
cofactor product of oxidation, NADH, was also found to be
an inhibitor of the rH3BHSD-catalyzed reaction. The order
of the reaction catalyzed by gBBHSD was determined by
analyzing patterns of inhibition by trilostane and NADH
0 (Table 3 and Figures S2 and S3). Competitive inhibition by
‘0&@3@2‘%‘3@@%ﬁi\i&‘.‘j&f(\%@\;\p@@ trilostane with respect to dehydroepiandrosterone and com-
O D YV I U P L L xS petitive inhibition by NADH with respect to NADsuggested
b O SIENNED 4}‘?-%{-«9. ] -~ that the reaction has a compulsory order. If the order of
Ficure 3: Cation dependence of gBBHSD activity. (A) Specific binding were random, mixed inhibition would have been

activity in the presence of assorted cations or EDTA. Conditions: R . .
150 xM DHEA, 3.5 mM NAD*, 100 mM triethanolamine  ©PServed. Uncompetitive inhibition by trilostane with respect

hydrochloride buffer, pH 8.5, and 3. (B) Specific activityasa  t0 NAD* and mixed inhibition by NADH with respect to
function of NaCl concentration. Conditions: 1aM DHEA, 2.8 DHEA indicate that the NAD binds to the enzyme first
mM NAD*, 100 mM TAPS hydrochloride buffer, pH 8.5, 150 MM fgllowed by DHEA in the formation of a ternary complex.
NaCl, and 30°C. (C) Specific activity in the presence of 150 MM s order of reaction is observed for a large number of

NaCl and assorted cations or EDTA. Conditions: 180DHEA, L .
2.8 mM NAD', 100 mM TAPS hydrochloride buffer, pH 8.5, 150 NAD(P)-dependent dehydrogenases. This information was

mM NaCl, and 30°C. The data shown are the average of three used to fit an ordered ternary mechanism to the kinetic data
independent experiments, and the errors are the standard deviatiomcquired for both dehydroepiandrosterone and pregnenolone

Vi (pmol-min‘1 -mg‘1)

of the measurements. as substrates. Althoudhy is larger for dehydroepiandros-
. . terone, the enzyme has a largKr, for this substrate
form a dead-end E(NAD ™), complex or that the ENAD compared to pregnenolone. Thus, the second-order or

complex is itself a dead-end complex. Which species is gpecificity rate constant&g/Kr) are approximately the same
formed depends on the order of substrate binding in the for hoth steroids. A similar lack of specificity has been
enzyme-catalyzed reaction. Further analysis with additional gpserved for the humargzhydroxysteroid dehydrogenases
inhibitors is required to determine the reaction order (vide (39). The human enzymes catalyze the dehydrogenase
infra). reaction at second-order rates similar to those catalyzed by

Because of substrate inhibition, the highest concentration 'He3BHSD.
of NAD* used for fits of initial velocity data to eq 1 was Furthermore, the competitive substrate inhibition by NAD
4.2 mM. The ternary complex steady-state kinetic parametersthat is observed must be due to the formation of an
were derived by globally fitting the initial velocity data to E—(NAD'), dead-end or nonproductive complex. The
eq 1 for an ordered reaction (Table 2). Inhibitors of the structural explanation for how this complex may be formed
reaction catalyzed by ¢3BHSD were required for the awaits three-dimensional structural data that are unavailable
determination of the order of substrate binding. A steroid- at present. The initial velocity data versus NABoncentra-
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Table 2: MichaelissMenten Constants for g3BHSD

substrate A substrate B Kia (uM)2 Kma (uM)2 Kmb (¢M)?2 Keat (S71)2 Keal Kmb (M~ min—1)
NAD* DHEA 347+ 28 270+ 37 2214+ 22 11.6+0.73 3.2£04
NAD* pregnenolone 213 162 1724+ 52 23+5 1.48+ 0.09 3.9+ 0.9

a A compulsory order ternary complex mechanism as described in eq 1 was fit to the initial velocity data ¥Ka.yi€ls, andKma. Conditions:

100 mM TAPS, 150 mM NacCl, 30 mM Mggbuffer, pH 8.5, and 30C.

Table 3: Inhibition of rH3BHSD
vs DHEA

vs NAD"

pattern ttern

patt
type€  Kic (uM)2 Kiy (uM)2  type®  Kic (uM)2  Kiy (M)
trilostane C 197 8 né& uc ne 180+ 11¢
NADH mixed 245+68 116+22 C 72+ 3 netf

a A compulsory order ternary complex mechanism was fit to eqs
2—4 with the initial velocity data, and the best fit was used to ykld
or Kj,. Conditions: 100 mM TAPS hydrochloride buffer, pH 8.5, 150
mM NaCl, 30 mM MgC}, and 30°C. P C, competitive inhibition; UC,
uncompetitive inhibition; mixed, mixed inhibitioi.The NAD" con-
centration was fixed at 35Q:M. ¢ Not applicable®é The DHEA
concentration was fixed at 120M. f The DHEA concentration was
fixed at 90uM.

inhibitor

tion at a single fixed dehydroepiandrosterone concentration
of 120uM (shown in Figure 4) were fit to eq 5, arinap+

was determined to be 4687.7 mM. To confirm this value,
the competitive substrate inhibition constant was derived by
determining the appareit, andV, values from all of the
initial velocity versus dehydroepiandrosterone concentration
plots using eq 1 and replotting{,/Vm, versus NAD
concentration (Figure S4). Th&./V., data for NAD"
concentrations above 5.6 mM were fit linearly, akgap+

was determined to be 40.5 mM (Figure S4). Both analysis
methods yielded the same inhibitory dissociation constant,
confirming that it is not dependent on dehydroepiandroster-
one concentration.

In Vivo Analysis of R1106¢c ExpressionThe substrate
specificity and inhibitor analyses presented in this work
suggest thaRv1106cencodes a Bhydroxysteroid dehy-
drogenase. To determine whethRp1106c is the gene
responsible for 8-hydroxysterol oxidation in vivo, the
expression oRy1106cin wild-type Mtb (CDC1551) and in
a transposon mutant in which tMT1137gene (correspond-
ing to Rv1106c¢in the H37Rv strain) had been disrupted was
investigated.

Wild-type Mtb andMT1137mutant CDC1551 were grown
in Middlebrook 7H9 medium that was supplemented with
10% albumin-dextrose-sodium chloride complex, 0.2%
glycerol, and 0.05% Tween 80 to mid-log phase. Then,
cholesterol (1 mg/mL) solubilized in Tween 80 was added
to the cultures, and the bacteria were cultured for an
additional 24 h. The cell culture supernatants and soluble
fraction of the cell lysate were assayed for their ability to
oxidize cholesterol using a HPLC assay in which cholesterol

of theMT1137gene reduces the cholesterol oxidation activity
of Mtb at least 90-fold. In addition, no cholesterol oxidation
activity was observed in either the wild-type or mutant
culture filtrates.

The implications of this experiment are several-fold. First,
upon disruption of a single gene, all detectable cholesterol
oxidation activity is abrogated. This result implies that there
is a single sterol-oxidizing enzyme and that this enzyme is
the Rvll06ecencoded B-hydroxysteroid dehydrogenase.
Second, cholesterol oxidation activity was observed only in
cell lysates; no activity was observed in culture filtrates. This
result suggests thafltb does not secrete thggdhydroxys-
teroid dehydrogenase encodedRid 106c¢.This observation
is consistent with a proteomic analysis that identified the
Mtb Rv1106cgene product in the cytosofQ, 41). Third,
disruption of the enzymatic activity with a single knockout
bodes well for the discovery of small molecule inhibitors
that can completely inhibMtb cholesterol oxidation in vivo.
However, the importance of the latter type of discovery
efforts will need to be validated by host-infection virulence
studies, which are underway.

SummaryMycobacteria and related actinomycetes have
long been reported to oxidize environmental cholester@l (
14). However, the actual identity and genotype of the strains
isolated and studied have not always been clédy. With
the recent complete sequencing of several bacterial genomes,
including that ofMtb (10, 43), it is now possible to connect
bacterial phenotypes to specific genes. In this work, genome
mining was used to identify a potentiaB3iydroxysterol
oxidizing enzyme fromMtb, the product of theRv1106¢
gene.

Elucidation of the kinetic profile for the heterologously
expressediitb Rv1106cgene product clearly establishes that
the enzyme is a [Bhydroxysteroid dehydrogenase that
oxidizes the 3-hydroxyl and isomerizes thg/-unsaturated
ketone into the conjugated-unsaturated ketone of at least
three sterol substrates, cholesterol, dehydroepiandrosterone,
and pregnenolone. Under the conditions optimized in this
work, the enzyme is equally specific for dehydroepiandros-
terone and pregnenolone and 3-fold less specific for cho-
lesterol. Although the maximal catalytic activity is 10-fold
lower with pregnenolone as a substrate than with dehydro-
epiandrosterone, the apparent binding const#af) (for
pregnenolone is 10-fold better (Table 2). Thus, the in vivo
substrate concentrations, in the case of cholesterol membrane

and cholest-4-en-3-one were detected. The HPLC assay usegomposition, will dictate the substrate selection. At present,

was not specific for dehydrogenase activity (e.g., vs oxidase
activities); it reports on all cholesterol oxidizing activities
that may be present. Cholesterol oxidation activityd(07
unit/L, two independent experiments) was observed in the
soluble fraction of the wild-type cell lysate. No cholesterol
oxidation activity was observed in thdT1137mutant cell
lysates. Under the conditions of the HPLC assay that was
used, the limit of detection is 0.0008 unit/L. Thus, disruption

these concentrations and membrane compositions are un-
known.

The intracellular expression of theltb Ry1106c gene
product is more consistent with the use gflydroxy sterols
for steroid hormone biosynthesis, for example, by myco-
bacterial conversion of cholesterol into glucocorticoids as
seen in the case of vaccinia virug5f or androgens, rather
than a role in energy metabolisrivitb does not grow on
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cholesterol as a sole carbon source. Moreover, all character-
ized examples of actinomycetes that cataboljzén@droxy-
sterols for energy use, e.gRhodococcus (4445) and
Streptomyces (46secrete the sterol oxidizing enzyme. Last,
in contrast to theMtb Rv1106c gene product, 3-hydroxy
sterol oxidases known to be involved in primary metabolism
are more specific for cholesterol than dehydroepiandrosterone
or pregnenolone4(7—49).

The intracellular expression of the enzyme suggests that
3B-hydroxysterols must be taken into the mycobacterium
from its environment, e.g., the host cell macrophage. An
alternative possibility is that the enzymatic substrate is
synthesized by the mycobacterium. However, no evidence
for the mycobacterial biosynthesis of cholesterol has yet been
obtained 17, 18). Future experiments will explore the
possible physiological and pathological roles of this enzyme
in steroid biosynthesis and degradation.
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