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ABSTRACT. Rhodobacter sphaeroidéssp.denitrificansbiotin sulfoxide reductase catalyzes the reduction

of d-biotin d-sulfoxide (BSO) to biotin. Initial rate studies of the homogeneous recombinant enzyme,
expressed irEscherichia coli have demonstrated that the purified protein utilizes NADPH as a facile
electron donor in the absence of any additional auxiliary proteins. We have previously Folatk,

V. V., and Barber, M. J. (1997). Biol. Chem 272, 3355-3362] that, at pH 8 and in the presence of
saturating concentrations of BSO, the enzyme exhibits, a marked preference for NARRE€ 500

L, Km,app= 269 uM, and Keat,apgKm,app= 1.86 x 10° M~1 s71) compared to NADH Kcat app= 47 sS4,
Km,app = 394 uM, and KeatapfKm,app= 1.19 x 10° M~1 s71). Production of biotin using NADPH as the
electron donor was confirmed by both the disk biological assay and by reversed-phase HPLC analysis of
the reaction products. The purified enzyme also utilized ferricyanide as an artificial electron acceptor,
which effectively suppressed biotin sulfoxide reduction and biotin formation. Analysis of the enzyme
isolated from tungsten-grown cells yielded decreased reduced methyl viologen:BSO reductase, NADPH:
BSO reductase, and NADPH:FR activities, confirming that Mo is required for all activities. Kinetic analyses
of substrate inhibition profiles revealed that the enzyme followed a Ping PongiBnechanism with

both NADPH and BSO exhibiting double competitive substrate inhibition. Replots of #kex&s intercepts

of the parallel asymptotes obtained at several low concentrations of fixed substrate yi&ldéar &8SO

of 714 and 65uM for NADPH. In contrast, utilizing NADH as an electron donor, the replots yielded a
Km for BSO of 132uM and 1.25 mM for NADH. Slope replots of data obtained at high concentrations
of BSO yielded aK; for BSO of 6.10 mM and 90&M for NADPH. Kinetic isotope studies utilizing
stereospecifically deuterated NADPD indicated that BSO reductase uses specificaR¢igdrdgen of

the nicotinamide ring. Cyanide inhibited NADPH:BSO and NADPH:FR activities in a reversible manner
while diethylpyrocarbonate treatment resulted in complete irreversible inactivation of the enzyme
concomitant with molybdenum cofactor release, indicating that histidine residues are involved in cofactor-
binding.

Biotin sulfoxide reductase (BS®@eductase) catalyzes the methionine sulfoxide, and trimethylamim¢oxide, but ex-
reduction ofd-biotin d-sulfoxide tod-biotin according to the  hibits a marked preference for BS@)(Its ability to utilize

following scheme: alternative oxidizing substrates suggests Bagphaeroides
BSO reductase may play a role as a general protector of the
d-biotin d-sulfoxide+ 2e  + 2H" — d-biotin + H,0 cell from oxidative damage similar to the role proposed for

methionine sulfoxide reductas8, (4) and superoxide dis-

The enzyme fromRhodobacter sphaeroidesas been ~ Mutase 9). _
cloned, sequenced at the genomic DNA levé), (and Wh|le the structural gene for thi. coli BSO regiuc';ase
heterologously expressed as a glutathione-S-transferase fulbiSC) has been cloned and sequencé), (ndicating
sion protein 2). Following cleavage of the GST affinity tag, extensive sequence similarities betweenBkeherichia coli
the fusion protein was purified to homogeneity and shown @ndR. sphaeroidegnzymes, the partially purifieé. coli
to be a functional MGD (molybdopterin guanine dinucle- BSO reductase has been demonstrated to require two
otide)-containing enzyme that retained MMBSOR activity accessory proteins for activity: a small, h_eat stable, thiore-
in the absence of any additional redox-active or structural doxin-like moiety, referred to as protein-(SHand an
proteins @). A direct spectrophotometric activity assay has un|de|jt|f|ed fIavoprotelnX).'The limited availability pf the
been developed using MY as the reducing agent which E. coli enzyme coupled with fthe absence of a direct and
has facilitated examination of the enzyme’s oxidizing Convenient spectrophotometric assay has precluded any
substrate specificity. BSO reductase uses a variety of €xtensive kinetic and mechanistic examinations.

substrates such as nicotinamidesxide, dimethyl sulfoxide, In this report, we have provided the first demonstration
that purifiedR. sphaeroide8SO reductase requires Mo for

* This work was supported by Grant GM 32696 from NIH. both NADPH utilization and biotin formation and confirmed
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NADPH-dependent conversion of BSO to biotin. In addition,
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d-Biotin d-sulfoxide was prepared as described by Pollock

we have demonstrated for the first time that the enzyme and Barber 1).

exhibits marked competitive substrate inhibition by both
NADPH and BSO, and that the enzyme follows a Ping Pong
Bi—Bi mechanism. Utilizing sterospecifically labeled (R)-
NADPD and (S)NADPD, a kinetic substrate isotope effect
of 2.6 onVmax but not onK,,, was observed only with (R)-
NADPD, indicating that BSO reductase specifically utilizes
the hydrogen in thdR-position of the nicotinamide ring but
not the one in thelSposition. This kinetic isotope effect
further confirms that BSO reductase is unique among Mo
enzymes since it utilizes NADPH directly without the
involvement of an auxiliary flavoprotein. Further, our work
shows that hydride transfer is involved in the reduction of
the enzyme by NADPH. Additional inhibition studies have

Protein Expression and Purificatiorfzor the isolation of
recombinanR. sphaeroideBSO reductase, transformé&d
coli IM109 cells were grown overnight and BSO reductase
expression induced by addition of IPTG as previously
described Z) except that for the production of the tungsten-
containing enzyme, tungstate was added to the growth
medium (to 10 mM final concentration) in place of molyb-
date 1 h prior to the induction of protein expression with
IPTG.

For BSO reductase isolation, the cells were harvested by
centrifugation at 3009 for 20 min and the cell pellets
resuspended in PBS supplemented with DTT (10 mM),
aprotinin (0.1 mg/mL), EDTA (1 mM), PMSF (0.1 mM) and

demonstrated that the enzyme is reversibly inactivated by either sodium molybdate (1 mM) or sodium tungstate (10

cyanide and irreversibly inactivated by diethyl pyrocarbonate
(DEPC), the latter resulting in Mo-cofactor release. The latter
results provide the first evidence for the involvement of
histidine residues in molybdopterin guanine dinucleotide
coordination in BSO reductase.

MATERIALS AND METHODS

Bacterial Strains. E. coldJM 109 was purchased from
Promega (Madison, WI). The mutant strain Bf coli,
AMu29 (E. coli AMu29 is BM 1161bis Mu29A that was
obtained by Mu insertion into BM1161 followed by the later
deletion of Mu which took with it part of theisC gene so
it is bio™, bis, thi~, str) was a generous gift from Dr. Allan
Campbell, Stanford University, Stanford, CA.

Chemicals, Enzymes, and Reagefizctor Xa protease
was purchased from Promega while media for bacterial
growth was purchased from DIFCO (Detroit, MI). Aprotinin,
glucose-6-phosphate dehydrogendsakers yeast alcohol
dehydrogenase Thermoanaerobium brochji antibiotics,
biotin, thiamine hydrochloride, DTT, PMSF, reduced glu-
tathione, hydroxylamine, NADPH, NADR and basic buffer

chemicals were purchased from Sigma Chemical Co. (St.

Louis, MO). SDS, acrylamide and bis-acrylamide, protein

mM). The cells were sonicated on ice and the BSO reductase
purified as previously describe@)(using a combination of
glutathione-agarose affinity chromatography, anion-exchange
chromatography (Mono-Q) and FPLC gel filtration (Superose
12).

Protein Analysis.Recombinant BSO reductase was ex-
amined for purity using both SDSPAGE and reversed-
phase HPLC analysis. Protein samples-21ug of total
protein) were analyzed using a 12.5% SEFAGE gel B)
stained with Coomassie Blue. For reversed-phase HPLC,
samples of BSO reductase (380 xg) were mixed with an
equal volume 68 M guanidine hydrochloride, acidified with
0.5% acetic acid and chromatographed ory@@umn (4.6
x 30 mm) using a linear gradient of TFA (0.1%) to TFA
(0.1%):acetonitrile (70%). N-Terminal sequencing was per-
formed as described by Pollock and Barb#&. (

Enzyme Aciiities. (i) Biotin Analysis Using Rersed-
Phase HPLC.The conversion of BSO to biotin was
performed in 50 mM Tris-HCI, pH 8, utilizing a NADPH-
regenerating system consisting of glucose-6-phosphate and
glucose-6-phosphate dehydrogenase in the presence and
absence of KFe(CN). The reaction products were separated
from the proteins using ultrafiltration spin columns (ultrafree
MC 5000 MW cutoff, Millipore Corp., Bedford, MA) and

purchased from Bio-Rad (Hercules, CA), IPTG was obtained

from Research Products International Corp. (Mt. Prospect,

IL.). DEPC, 2-propanolls, and p-glucose-1d were pur-
chased from Aldrich Chemical Co. Inc. (Milwaukee, WI).

1 Abbreviations: BSOgd-biotin d-sulfoxide; DMSO, dimethyl sul-
foxide; TMANO, trimethylamineN-oxide; MGD, molybdopterin gua-
nine dinucleotide; IPTG, isopropylthig-galactoside;thi, thiamine
hydrochloridestr, streptomycin sulfate; amp, ampicillin; bp, base pairs;
kb, kilobases; GST, glutathior@transferase; GST-BSOR, glutathione-
Stransferase-biotin sulfoxide reductase fusion protein; Da, daltons;
SDS, sodium dodecyl sulfate; MW, molecular weight; LB, Luria broth;
DTT, dithiothreitol; PBS, phosphate-buffered saline; TE, TrissEDTA
buffer; PMSF, phenylmethanesulfonyl fluoride, TFA, trifluoroacetic
acid; DEPC, diethyl pyrocarbonate; MY reduced methyl viologen
radical cation; BV, reduced benzyl viologen radical cation; MV:
BSOR, reduced methyl viologen:biotin sulfoxide reductase; NADPH:
BSOR, NADPH:biotin sulfoxide reductase; NADPH:FR, NADPH:
ferricyanide reductase; MSO, methionine sulfoxide; MES,N2-(
morpholino)ethanesulfonic acid; MOPS, 8+4forpholino)propanesulfonic
acid; TRIS, (Tris[hydroxymethyllamino-methane); CHES, (cyclohexy-
laminoethane-sulfonic acid); R}-[?H]INADPH or (R)NADPD, (&R)-

deuterated-reduced nicotinamide adenine dinucleotide phosphate; an

(49-[*HINADPH or (S)NADPD, (&)-deuterated reduced nicotinamide
adenine dinucleotide phosphate.

Cigcolumn, 4.6x 250 mm) utilizing a 35 min linear gradient
of aqueous TFA (0.05%, pH 2.5) to TFA (0.05%, pH 2.5):
acetonitrile (70:30 v/v) at a flow rate of 1 mL/min.

(ii) Disk Microbiological AssayThe disk microbiological
assay usinge. coli AMu29 was performed as previously
described by Pollock and Barbe})(The conversion of BSO
to biotin was performed in 250L volume containing BSO
(2.92 mM), NADPH (40.0 mM), and purified BSO reductase
(5—10 ug) in Tris-HCI buffer, pH 8, and was allowed to
proceed for 15 min at room temperature. The reaction
products were separated from the protein utilizing ultrafil-
tration spin columns (5000 MW cutoff), diluted 1:1000 with
water and aliquots (20L) of each reaction product applied
to filter disks placed on the top of the minimal glucose plates
containing the test organism. Negative control reactions
contained BSO and BSO plus NADPH but no enzyme.
Positive control reactions contained biotin (1.92 mM, diluted
also 1:1000) plus or minus enzyme or biotin plus NADPH.
The plates were incubated at 32 overnight and inspected

(%or bacterial growth detectable as the formation of red

colonies surrounding the filter circles.
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Synthesis of (R)NADPD and (S)NADRB)NADPD was
synthesized by the method of Jeo®y \With some modifica-
tions. A total of 35 mg of NADP (2.8 mM final concentra-
tion), 1.2 mL of 2-propanot8 (1 M final concentration),
and 75 units of alcohol dehydrogena3éérmoanaerobium
brockii) were dissolved in 15 mL of 25 mM Tris, pH 9
buffer. The reaction was allowed to proceed at°€2 and
the formation of (R)NADPD was monitored by following

the increase in absorbance at 340 nm. When no further

increase in the ORp was observed (about 40 min. after
initiating the reaction), the products of the reaction mixture

Pollock and Barber

by either NADPH or BSO at high concentrations, when
substrate inhibition was observed, the concentration of the
fixed substrate was decreased to noninhibiting concentrations.
Only the linear portions of the double reciprocal plots were
utilized for Vimax,app@nNdKm appdeterminationsFor the kinetic
isotope effect studies, both deuterated and nondeuterated,
both (S) and (R)NADPH were varied at constant and
saturating concentrations of BSO, and in Tris, pH 8, buffer.
Diethylpyrocarbonate ModificationAliquots of purified
BSO reductase (@M in 50 mM MES buffer, pH 6) were
mixed with DEPC (dissolved in absolute ethanol) to final

were separated from the enzyme utilizing pressure concen-concentrations of DEPC of 11.5, 4.6, 2.3, and 0.9 mM,

tration (10 000 molecular weight cutoff filter). Unreacted

respectively. The samples were maintained atQ and

2-propanol and the unwanted product, acetone, were removedNADPH:BSO reductase activities were assessed at varying

by rotary evaporation. The (R)NADPD was precipitated with
a ratio of ethanol:(R)NADPD solution of 12:1 following
cooling at—20 °C for 20 min and centrifugation at 15 000
rpm for 30 min. The (R)NADPD pellet was solubilized in 1
mL of 50 mM Tris, pH 8, buffer and frozen at20 °C in
aliquots. The Asd/As4 absorbance ratio of the product was
1.9. To account for any unwanted contaminants in the
reaction that could inhibit enzyme activity, NADPH was
synthesized from NADPusing an identical procedure, and

time intervals following addition of DEPC. NADPH:FR
reductase activities were also assessed in the presence of 2.3
and 4.6 mM DEPC at varying times following DEPC
addition. Control samples of enzyme were incubated under
identical conditions in the absence of DEPC.

Cofactor Analysis of DEPC-Treated BSO Reductase.
Aliquots of BSO reductase (8 mM, in 50 mM MES buffer,
pH 6) were mixed with DEPC to final concentrations of 23,
46, and 69 mM DEPC, respectively. The samples were

both synthesized nucleotides were tested in enzyme assaySnajntained at 0C for 30 min following each DEPC addition

(S)NADPD was synthesized by the method of Viold)
The reaction contained 35 mg NADP(9.3 mM final
concentration) 12 mg ob-glucose-1d (14.7 mM final
concentration), 2.56 mL of 83 mM phosphate buffer, pH 8,
1.70 mL of DMSO (40% final concentration), and 50 units

to allow the reaction to proceed to completion. For the
enzyme samples treated with elevated DEPC concentrations
(46 and 69 mM final), the DEPC was added in two and three
separate aliquots respectively, each followed by a 30 min
incubation. Control enzyme samples were treated in an

of glucose-6-phosphate dehydrogenase. The reaction Wagyentical manner except for the omission of DEPC. Following

allowed to proceed until a maximum absorbance at 340 nm

modification, enzyme samples were dialyzed overnight in

was achieved (1 h at room temperature) and the enzymegy M Tris buffer, pH 7, denatured with 1% SDS for 30

removed by filter concentration. The product had an absor-

bance ratio of As/Aszs Nnm of 1.7. Nondeuterated (S)-

min followed by boiling for 20 min. The SDS was precipi-
tated with KCI (0.25 M final concentration), and the cofactor

NADPH was also synthesized utilizing the same procedure, separated from the protein utilizing ultra filtration spin

and both products were used in enzyme activity assays.
Spectrophotometric Assay8SO reductase (NADPH:
BSOR, NADH:BSOR, and NADPH:FR) activities were
routinely determined at 25C in 84 mM Tris-HCI buffer,
pH 8.0, at 340 nm as the oxidation of NADPH (25M) or
NADH (250 uM) in either the presence of BSO (1.7 mM)
or FeCN63- (63Q:M) as electron acceptor using 248 of
purified enzyme (31 nM final concentration) in a total volume
of 1 mL. NADPH and NADH concentrations were calculated
using anesqo of 6.22 mM. Activities, measured as initial
rates, were expressed in units of micromoles of NADPH
consumed per minute per nanomole of enzyme. Kinetic
parameters were derived from the experimental initial rate
data by least-squares fitting to the original hyperbolic rate
equation using the software “Enzfitter” (Elsevier Biosoft,
Ferguson, MO). Replots of the initial data were performed

columns (“ultrafree-MC” 5000 MW cutoff). The amount of
cofactor contained in each sample was determined by
fluorescence spectroscopy using an excitation wavelength
of 370 nm.

Cyanide ModificationNADPH:BSOR and NADPH:FR
activities were recorded in the presence of increasing
concentrations (up to 10 mM) of KCN. In addition, purified
enzyme was incubated with KCN (10 mM final concentra-
tion) prior to assaying for activity. To examine whether
cyanide inactivation was reversible, the enzyme was dialyzed
to remove the cyanide followed by activity determinations.

RESULTS

BSO Reductase Purityo ensure that the kinetic properties
of the enzyme were not influenced by contaminating proteins

with the same software. The buffers used for determination and were independent of any accessory proteins that have

of the pH optimum were 73 mM acetic acid, pH 5; 57 mM
acetic acid, pH 5.5; 114 mM MES, pH 6; 70 mM MES, pH
6.5; 118 mM MOPS, pH 7; 73 mM MOPS, pH 7.5; 84 mM
TRIS, pH 8; 159 mM TRIS, pH 8.5, 184 mM CHES, pH 9;
and 116 mM CHES, pH 9.5. The concentrations of the

been indicated to be required for the correspondingoli
enzyme {), recombinanR. sphaeroide8S0O reductase was
purified to homogeneity and analyzed both by SEFAGE
and reversed-phase HPLC. As shown in Figure 1, following
anion-exchange and gel filtration chromatography of the

buffers used were calculated such that the ionic strengthFactor Xa-cleaved BSO reductase, the purified enzyme

remained constani(= 0.05) over the pH range examined.
For the Vimaxapp and Km app determinations, one substrate

exhibited a single band of approximately 80 kDa on SDS
PAGE (Figure 1, lane A) and eluted as a single peak from

remained constant at saturating levels while the other the reversed-phase HPLC column with a retention time of
substrate was varied. Due to the marked substrate inhibition40.5 min (data not shown). Direct N-terminal sequencing of
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kDa MW A Table 1: Comparison of the Specific Activities of BSO Reductase

205- ! Expressed in the Presence of Mo or W

116~ BSO reductase specific activity

9&4’ = o activity MoO42"-grown cells WQ? -grown cells
NADPH:BSOR 30.0 14.8
NADPH:FR 1.70 0.69
MV:BSOR 0.90 0.43

45- v a Specific activities were determined in 50 mM Tris buffer, pH 8,

and are expressed amol of NADPH consumed or BSO formed/min/
nmol BSO reductase.

growth of the test organism was sustained only in the
presence of authentic biotin or the product of the NADPH:
BSOR reaction. These results confirmed the product's
identity and indicated that NADPH functioned as a facile
Ficure 1. SDS-PAGE analysis of recombinam. sphaeroides donor of reducing equivalents.
BSO reductase. Purified recombinant BSO reductageg(2.ane (i) HPLC Analysis. The ability of the purified BSO
A) was analyzed on a 12.5% SDS PAGE gel. Lane MW represents o ,case to convert BSO to biotin, utilizing NADPH as an
standard molecular weight markers. . .
electron donor in the absence of any accessory proteins, was
initially examined using reversed-phase HPLC analysis of
the reaction products utilizing a NADPH regenerating system
and in the presence and absence of ferricyanide. BSO was
converted to biotin utilizing NADPH only in the absence of
ferricyanide as shown by the appearance of a biotin peak
eluting at 18.7 min (data not shown).

Analysis of Tungsten-Containing BSO Reductéseor-
poration of tungsten has been used as a convenient method
of assessing the requirement for Mo in the functionality of
putative Mo-containing enzymesZ2). Tungsten-substituted
molybdoenzymes are generally inactive owing to the lower
reduction potential of the W site relative to the Mo sit@)(

To confirm that both BSO reductase-catalyzed activities
Ficure 2: Microbiological disk assay for BSO reductase activity. (NADPH:BSOR and NADPH:FR) required Mo, the specific

The disk biological assay was utilized to confirm the presence of activities of the enzyme isolated m.)E.l. CO|I.gI’OWﬂ in the
biotin as a product of BSO reductase activity. The reactions were Presence of Mog. coli cannot grow initially in the absence
performed as described in the Materials and Methods ®itboli of Mo), but expressed in the presence of 10 mM tungsten
AMu29 as the test organism. Diluted aliquots (d0each) of the  were determined and are shown in Table 1. For the enzyme
reaction products that had been separated from the protein byexpressed in the presence of tungstate, the NADPH:BSOR,

ultrafiltration were applied to the nitrocellulose disks. Disk a: biotin, . . e S
NADPH, BSO reductase, and buffer. Disk b: BSO. NADPH, NADPH:FR, and MV:BSOR specific activities were all

buffer, and BSO reductase. Disk c: biotin, NADPH, and buffer. decreased to approximately 50% of the activity of the enzyme
Disk d: NADPH and buffer. Disk e: BSO, NADPH, and buffer. ~expressed in the presence of molybdate, indicating that Mo
Disk f: biotin and buffer. Disk g: BSO and buffer. The test \as required for both NADPH oxidation as well as BSO

organism grew only around the filters containing biotin or the - oqy,ction. The 50% loss of activity indicates that about 50%

duct of th ti f NADPH with BSO in th f . .
Ergouéd%ctager_eac 1on © W N te Presence ot ot the expressed protein incorporated tungsten instead of Mo.

Kinetic PropertiesThe direct demonstration of the ability
the HPLC-isolated enzyme yielded the single amino acid of NADPH to function as a facile electron donor for BSO
sequence YPITRVPH, indicating correct cleavage of the BSO reductase activity in the absence of any accessory proteins
reductase from the GST expression tag. provided a direct and convenient spectrophotometric assay

BSO Reductase Aciiies. (i) Disk Microbiological Assay.  with which to examine for the first time a variety of kinetic
To confirm the identity of the NADPH:BSO reductase- and mechanistic properties of the enzyme. To facilitate
catalyzed reaction product eluting at 18.7 min from the detailed kinetic studies, we examined the pH dependence of
reversed-phase HPLC column, we utilized the reaction both full (NADPH:BSOR) and partial (NADPH:FR) enzyme
product in the disk microbiological assay, as shown in Figure activities. The NADPH:BSOR and NADPH:FR activities as
2. E. coli AMu29 mutants were unable to grow utilizing a function of pH, under conditions of constant ionic strength
either BSO and buffer (disk g) or BSO, NADPH, and buffer (« = 0.05), are shown in Figure 3. Initial rate kinetic studies
(disk e), respectively. However, growth of the mutants was of NADPH:BSOR activity performed at various pH’s within
evident, visible as red halos surrounding the disks, in the the range 59.5 indicated significant substrate inhibition by
presence of biotin and buffer (disk f), biotin, NADPH, and both NADPH and BSO at concentrations that varied with
buffer (disk c), biotin, NADPH, BSO reductase, and buffer the applied pH. Thus, NADPH concentrations greater than
(disk @), as well as the products of the reaction between BSO60 and 30Q«M were observed to be inhibitory at pH 5 and
and NADPH catalyzed by BSO reductase (disk b). Thus, 9.5, respectively, while BSO concentrations greater than 500
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Ficure 3: BSO reductase pH optimum profiles. The reactions were
performed in 1 mL total volume at fixed concentrations of one
substrate while varying the second substrate and using@ &
purified BSO reductase, in buffers described in the Materials and
Methods. Activities were monitored at 340 or 375 nm and were
expressed as activity unitarfiol of NADPH consumed/min/nmol

of enzyme). The data were plotted &g («M) versus pH, Figure
3A, andVma/Km (unitsi«M) versus pH, Figure 3B. In determining
the Vimax and Ky, for BSO, to avoid substrate inhibition by BSO,
the concentration of BSO was varied between 19 and/&8t
pH's 5.0, 5.5, 6.0, and 6.5; between 19 and 480 at pH's 7.0
and 7.5; and between 96 and 1920 at pH'’s 8.0, 8.5, 9.0, and
9.5. To avoid substrate inhibition by NADPH, its concentration
was kept fixed at 12&M at pH'’s 5.0 and 5.5; at 30@M at pH

6.0 and at 63«M at pH's 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5. In
determining theVmax and K., for NADPH, to avoid substrate
inhibition by NADPH, the concentration of NADPH was varied
between 10 and 5iM at pH 5.0; between 25 and 100 at pH

5.5; between 17 an 200M at pH 6.0 and 6.5; between 50 and
250uM at pH's 7.0, 7.5, 8.0, 8.5, and 9.0; and between 90 and
250 um at pH 9.5. To avoid substrate inhibition by BSO, its
concentration was kept constant at 1920 at pH'’s 5.0, 5.5, 6.0,
6.5, 8.0, 8.5, 9.0, and 9.5; at 48M at pH 7 and at 96@M at pH

7.5. In determining th&/ .« andKp, for NADPH, in the NADPH:

FR reaction, to avoid substrate inhibition by NADPH, its concentra-
tion was varied between 35 and 2x0/1 at pH's 5.0 and 9.0;
between 25 and 18M at pH’s 5.5, 7.0, and 7.5; between 6.0 and
110uM at pH's 6.0, 6.5, and 8.0; between 20 and 180 at pH

8.5; and between 40 and 25M at pH's 9.0 and 9.5. The
ferricyanide concentration was maintained constant at 480
except for pH’s 8.0 and 8.5 where it was increased to 1 mM.

Pollock and Barber

uM and 2 mM were observed to be inhibitory at pH 7 and
9.5, respectively. Thus, for the initial rate experiments, the
fixed substrates were maintained at noninhibitory levels and
data points corresponding to only the linear portion of the
Lineweaver-Burk plots obtained for the variable substrate
were used foVmay app @and K app determinations. Control
experiments were performed to confirm that the pH extremes
did not inactivate the enzyme during the assay period or did
not result in substrate degradation.

The dependence &y, ,ppfor both BSO and NADPH as a
function of pH is shown in Figure 3A, and values obtained
for the specificity constant/max,apgKm,app for the NADPH:
BSOR activity as either a function of NADPH or BSO at
various pHs are shown in Figure 3B, together with the results
obtained for the NADPH:FR activity. Specific values ob-
tained at each pH are given in Table 2.

For the NADPH:BSOR reaction, the minimui, ap, for
BSO, corresponding to 5&M, was determined at pH 7,
while in contrast the maximur{m appWas determined to be
3.5 mM at pH 9.5. For NADPH, the minimundy app was
determined to be 64M at pH 5 and the maximurm app
was determined to be 30#M at pH 9.5. In contrast,
maximum and minimum turnover numbers for the NADPH:
BSOR activity were determined to be 552! {Vmax app=
33.1 units) at pH 5 and 28.35(Vimax.app= 1.7 units) at pH
7.5, respectively. Optimum values for the specificity constant
for NADPH and BSO were obtained at pH Bu{ax appKm,app
= 5.1 x 107! unitsiM) and pH 6.5 ¥max,appKm.app= 64.1
x 1073 unitstM), respectively.

Values for the specificity constant as a function of pH for
the NADPH:FR patrtial activity were also determined in order
to obtain information about the binding of NADPH and the
specific activity of the enzyme in the absence of the second
physiological substrate BSO. Ferricyanide acts as an artificial
electron acceptor, which does not require a specific binding
site and does not exhibit the inhibitory effects of BSO on
BSOR activity. TheKn apps for NADPH, in the absence of
BSO, were significantly lower than in the presence of BSO
(the inhibitory effect of BSO was absent), and exhibited two
minima, one at pH 6 and one at pH 8, suggesting that in the
absence of BSO, NADPH may have two binding sites one
of which is preferentially utilized at low pH and the other at
high pH. In the presence of BSO, th&, app, for NADPH
reached a minimal value at low pH, suggesting that NADPH
binding was preferred under weakly acidic conditions in the
presence of BSCMinimum and maximum values obtained
for the Kmapp for NADPH, in the NADPH:FR reaction,
corresponded to 1@M at pH 8 and 350uM at pH 9.5
whereas the maximum and minimum turnover numbers were
obtained at pH 9\{max.app= 1.9 units) and pH 5\{max,app=
0.01 units), respectively (Table 2).

The biphasic nature of the pH dependence of the specificity
constants for both BSO and NADPH in the NADPH:BSOR
and NADPH:FR reactions, respectively, may indicate that
both an acidic and a basic residue are involved in catalysis.
However, the values for the specificity constant for NADPH
in the NADPH:BSOR reaction indicate that the reaction is
more favorable at low pH. Since the initial rate data suggests
that the kinetic mechanism of BSO reductase is a Ping Pong
Bi—Bi mechanism, one pH optimum may favor the reduction
of the enzyme by NADPH via a hydride transfer mechanism
while the other may favor the reduction of BSO, or
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Table 2: pH Dependence & app and Vinaxappfor BSO and NADPH Utilizing NADPH:BSOR and NADPH:FR Activities

BSO NADPH NADPH (FR reaction)

Vmax Km Vma)le Vmax Km Vma)lK;n Vmax Km Vma)JKm
pH (units) (uM) (unitsjuM) (units) (uM) (unitsjuM) (units) (uM) (unitsfuM)
5.0 33.1 1990 16.6 1073 331 64 5.1x 10! 0.01 250 4.0< 10°°
55 32.2 1200 26.& 1073 324 72 45x 101 0.12 150 8.0x 10°°
6.0 31.4 583 53.% 1073 315 163 1.9 10! 1.29 18 7.2x 1072
6.5 27.1 423 64.% 1073 27.1 232 1.2 10t 1.60 39 4.1x 102
7.0 2.3 51 44,3 1073 2.3 294 7.8x 1073 1.10 133 8.3x 1073
7.5 1.7 74 22.1x 1073 1.7 228 7.2< 1073 1.30 193 6.7x 1073
8.0 29.8 524 56.% 1073 30.0 206 1.5¢ 10! 1.70 16 1.1x 10t
8.5 18.5 1610 11.% 103 18.6 269 6.9< 102 1.80 75 2.4x 10?2
9.0 3.6 2920 1.2 1073 3.6 288 1.3x 1072 1.90 217 8.8x 1073
9.5 2.8 3510 0.8 103 2.9 307 9.0x 1073 0.03 350 8.6x 10°°

a1 unit= 1 umol of NADPH consumed /min/nmol BSOR.

alternative oxidizing substrate, by the reduced enzyme. at the same point on thg-axis, indicating that at high
Support for this rationale is that thi€,, for NADPH is inhibitory concentrations of the fixed substratgax,appwas
relatively low at acidic pH (pH 5), whereas tkg, for BSO unchanged and only then, .ppwas affected. This pattern is
is low at a higher pH (pH 7). In addition, the specificity indicative of competitive substrate inhibition of enzyme
constant is relatively high for NADPH at low pH (pH 5) activity. In addition, substrate inhibition by the varied
and that for BSO is biphasic (high at pH 6.5 and 8). However, substrate was also observed since the Linewea®erk plots
the data analysis is complicated by substrate inhibition indicated a lower velocity thaWmax.appat high, inhibitory
effects, exhibited by both substrates, that are both concentraconcentrations of the varied substrate. As the fixed BSO
tion and pH dependent. concentration increased, inhibition by NADPH was only
Mechanistic AnalysisTo examine the kinetic mechanism observed at increasingly elevated concentrations of NADPH.
of BSO reductase, maximal rates for NADPH:BSOR activity The double competitive substrate inhibition pattern suggests
were determined at various concentrations of each substratethat the reactants give rise to competitive substrate inhibition
at three different, fixed and uninhibiting concentrations of by combining with an improper stable enzyme forfrB)
the second substrate. The results, shown in Figure 4A, areSupporting evidence for this conclusion comes from reso-
plotted as the reciprocal of specific maximal activity versus nance Raman studies performed on BSO reductase indicating
the reciprocal of the varied substrate concentration. Pointsthat, unlike DMSO reductase, BSO reductase cannot be
at which the varied substrate inhibited the activity were reduced to the Mo(IV) state by the product, biotin, or
omitted so that only the linear portion of the plots is shown. alternative products such as DMSO, even though these
With increasing concentrations of each of the fixed Products bind to the enzymel4) and probably form an
substrates, both th¥maxapps and Kmapss for the varied improper stable enzyme form resulting in product inhibition.
substrate increased, yielding LineweavBurk plots consist-  These data strongly indicate that double competitive substrate
ing of a series of parallel lines (Figure 4A left and right inhibition in a Ping Pong mechanisnig) occurs forR.
panels) and indicating that the enzyme follows a Ping Pong SPhaeroides8SO reductase.
Bi—Bi mechanism 13). The dissociation constant for BSO from the dead end
TheK,'s for BSO and NADPH were obtained from replots  €OMPplex,Kieso was obtained from slope replots of the data
of the Lb-axis intercepts of the parallel asymptotes obtained OPtained at high and inhibitory concentrations of the fixed
at three low concentrations of the fixed substrate (from Figure Substrate, BSO. The replot is illustrated in Figure 5B and

4A). These replots are illustrated in Figure 4B and values Yi€lded aK; for BSO of 6.1 mM. Substituting this value in
obtained are shown in Table 3. the velocity equation (shown below) for double competitive

substrate inhibition in a Ping Pong mechanist®)(yielded

Similar experiments were performed with NADH as the
P P for NADPH of 900 4M.

reducing substrate for BSO reductase yielding a series of& Ki
parallel lines at fixed concentrations of BSO (corresponding _
to 120, 240, and 480AM, respectively) and varying NADH VNV max = [[BSOJINADPHIY

concentrations, as well as at fixed concentrations of NADH  [Kmnnapp{BSO](1 + [BSOIK;gsa) + Ky gsdNADPH]

(corresponding to 170, 209, and 2iB, respectively) and (1 + [NADPHJ/K; yappr) T [INADPH][BSO]] (1)
varying BSO concentrations (data not shown). Replots

performed as for the NADPH data yielded tKg, values Substituting individual data values into this equation in
for NADH and BSO given in Table 3. addition to theK,, values for BSO and NADPH obtained

To examine the mechanism of substrate inhibition, one from replots of the data from the parallel lines yieldets
substrate (BSO) was maintained at several fixed and inhibit- for BSO and NADPH of 6.38 mM and 91dM, respectively,
ing concentrations while the concentration of the second in good agreement with the values obtained from Figure 5B.
substrate (NADPH) was varied. As shown in Figure 5A (lines  Kinetic Deuterium Isotope Effect on BSO Reductase
B, C, D, and E), with increasing inhibitory concentrations Activity. To further confirm that BSO reductase utilizes
of the fixed substrate, the slopes of the LineweaRurk NADPH as a direct electron donor substrate, and to determine
plots increased. At high inhibitory levels of the fixed whether this enzyme utilizes stereospecifically #f or
substrate (lines C, D, and E), the lines converged to intersect4Shydrogen of the nicotinamide ring4QNADPD and 49-
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Ficure 4: BSO reductase kinetic mechanism. (double reciprocal plots). (A) For this experiment, one substrate was varied while the second
was maintained constant at three, fixed, uninhibitory concentrations. The rates were measured at each substrate concentration and plotted
as the reciprocal 0¥max measured in activity unitsutmol of NADPH consumed/min/nmol enzyme) versus the reciprocal of the varied
substrate concentration (). The reactions were performed in 1 mL of Tris buffer, pH 8, and in the presence af25purified BSO

reductase. (Right panel) The concentration of NADPH was maintained constant at eithev 289, 145 uM (B), or 72.3uM (C), while

the concentration of BSO was varied between 280and 1.5 mM. (Left panel) The concentration of BSO was maintained constant at

either 720uM (A), 360 uM (B), or 187.5uM (C), while the NADPH concentration was varied between 45 and/300A), 20 and 150

uM (B), and 16 and 7Q«tM (C). (B) The K, for BSO (left panel) and that for NADPH (right panel) were obtained from replots of the
1/v-axis intercepts of the parallel asymptotes obtained at the three low concentrations of the fixed substrate and illustrated in Figure 4A,
respectively.

Cyanide InhibitionCyanide inhibition has frequently been

Table 3: Ky, Values for NADPH, BSO, and NAD#H ) e .
used to examine the nature of the thiol ligands at the active

NADPH:BSO NADH:BSO site of molybdenum-containing enzymds). The inhibition
(uM) (M) - R i
K 14 132 of BSO reductase activity by cyanide is shown in Figure 7.
Kmyzing 645 Increasing concentrations of cyanide were observed to

Kn NADH 1250 significantly decrease the NADPH:BSOR activity, with 10
) L 0 S
aKm values were obtained from replots of the reciprocal$gf of mM KCN reducing the activity to Onl_y 7% of the initial
the parallel lines versus the reciprocals of the fixed substrate V@lue. However, removal of the cyanide from the enzyme
concentrations. by dialysis resulted in restoration of the original level of
activity indicating that cyanide inhibition was reversible and

NADPD were synthesized and the enzyme activities suggesting the absence of any cyanolysable sulfur ligands

NADPH. As shown in Figure 6, in the presence &R like DMSO reductase, BSO reductase has a free oxo ligand

NADPD, V,ax Was reduced 2.6-fold while no effect was and nota free sulfur ligand at its active sit&). Very similar
observed on th&, when compared with the data obtained results were observed for the effects of cyanide on NADPH:
in the presence of NADPH. There was no kinetic isotope FR activity.

effect observed with4§NADPD. These data suggest that Diethylpyrocarbonate ModificationThree histidine resi-
BSO reductase utilizes only thER-hydrogen of the nicoti-  dues have recently been shown to be involved in binding
namide ring, and that this is a primary isotope effect requiring the MGD cofactors irR. sphaeroideDMSO reductaseQ).

the breakage of théR-hydrogen-carbon bond. These histidine residues are also conserved in BSO reductase
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Ficure 5: BSO reductase substrate inhibition. (A) The disappear-
ance of NADPH was monitored at 375 nm to allow the use of higher
concentrations of NADPH, concentrations at which this substrate
was also inhibiting. Rates were measured in Tris buffer, pH 8, using
2.5ug of BSO reductase, and various NADPH concentrations while
maintaining the BSO substrate concentrations at four fixed inhibi-
tory levels of 1440 (B), 2160 (C), 2880 (D), and 432M (E),
respectively. In addition one fixed uninhibitory BSO concentration
of 1080uM (A) was also used for comparison. Data points where
the concentration of the variable substrate NADPH was inhibiting
were also included in this plot to illustrate inhibition by both

-5000 -3000

substrates. The data were plotted as the reciprocal of the specific

activity (units) versus the reciprocal of the variable substrate
concentration. (B) Slope replots of data (illustrated in panel A)
obtained at three high concentration of fixed substrate, 2160, 288
and 4320uM BSO.

(21). To examine the effects of histidine modification on
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FIGURE 6: Steady-state kinetic deuterium isotope effects on BSO
reductase using deuterated NADPH. NADPH consumption for BSO
production was monitored at 340 nm as described in the Materials
and Methods. The data obtained from the kinetic assays was plotted
as LineweaverBurk plots [double reciprocal plots &y« (activity

units inumol of pyridine nucleotide consumed/min/nmol of BSO
reductase)] versus pyridine nucleotide concentrations utilizing (R)-
NADPD (@), NADPH (O), and (S)NADPD ¥). Reactions were
performed in 1 mL volume of 50 mM Tris buffer, pH 8, containing
BSO 1.9 mM, BSO reductase 11.3 nM, and varying concentrations
of the pyridine nucleotides, respectively.
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Ficure 7: Inhibition of BSO reductase by cyanide. NADPH:BSOR
(®) and NADPH:FR M) activities were determined in the presence

10

0 of increasing concentrations (0.0, 0.5, 1.0, 2.0, 4.0, and 10.0 mM)

of KCN, and the results plotted as the percent activity remaining
in the presence of the specified amount of KCN versus concentration
of KCN. 50% of the NADPH:BSOR activity was lost in the
presence of 2.4 mM KCN.

the properties of BSO reductase, the enzyme was modified

with DEPC, a reagent with a high specificity for His residues
in the pH range of 5.57.5 (22). As shown in Figure 8 (left
panel), addition of increasing amounts of DEPC to BSO
reductase resulted in complete inactivation of both the
NADPH:BSOR and NADPH:FR activities. In the presence
of 2.3 mM DEPC, inactivation was complete within 50 min
while increasing the DEPC concentration to 11.5 mM
reduced the inactivation time to 10 min. Neither NADPH:
BSOR nor NADPH:FR activity was restored following
treatment of the DEPC-modified enzyme with either high
pH Tris buffer or hydroxylamine22).

Since DEPC-inactivated BSO reductase irreversibly, we
examined whether histidine modification resulted in the
release of the MGD cofactor from the enzyme. Incubation
of BSO reductase with increasing concentrations of DEPC
resulted in increased cofactor release as demonstrated by the
fluorescence analysis, shown in Figure 8 (right panel) of
cofactor isolated from native and DEPC-inactivated enzyme.
The observation that complete inactivation of BSO reductase
occurred at a DEPC concentration (2.3 mM) substantially
lower than that resulting in liberation of 62% of the enzyme’s
cofactor (23 mM) suggests that complete modification of
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Ficure 8: DEPC inactivation of BSO reductase and cofactor analysis of the inactivated enzyme. (Left panel) BSO reductase was treated
with DEPC as described in the Materials and Methods. The percent remaining NADPH:BSOR activity was plotted versus time following
DEPC addition. The 100% activity corresponds to the activity of BSO reductase treated only with the same amount of ethanol as contained
in the DEPC treated samples (1%). BSO reductase (106f 8 uM) was treated with final DEPC concentrations of 0.9 mM),(of 2.3

mM (O), of 4.6 mM ©), and of 11.5 mM ¥). NADPH:FR activity was plotted for samples treated with 2.3 mM DEREZ4nd 4.6 mM

DEPC @), respectively. (Right panel) BSO reductase was treated with DEPC, and cofactor was isolated from untreated as well as DEPC-
treated enzyme as described in the Materials and Methods. The fluorescence emission spectra of cofactor isolated from DEPC-treated and
untreated enzyme were recorded using an excitation wavelength of 370 nm. Fluorescence spectra of cofactor isolated from untreated enzyme
(D) and from BSO reductase treated with 23.0 mM (C), 46.0 mM (B), and 69.0 mM (A) DEPC, respectively, are shown.

histidine residues is not required for abolition of NADPH: cofactor. We have also shown that the enzyme could directly
BSOR and NADPH:FR activity but may be required for utilize pyridine nucleotides as electron donors as well as
extensive cofactor dissociation. These results provide the firstreduced methyl viologen or reduced benzyl viologen as
indication that histidine residues are essential for BSO artificial electron donors and that the activity could be

reductase activity and are involved in cofactor binding in a monitored directly, as the disappearance of NADPH at 340

manner similar to DMSO reductase. nm (2). The previous development of a spectrophotometric
assay ?) has facilitated a more detailed kinetic analysis of
DISCUSSION BSO reductase.

The preceding results demonstrate that BSO reductase 10 further characterizB. SphaeroideBSO reductase, we
from R. sphaeroideis able to utilize NADPH and, to a lesser have demonstrated by two alternate methods, reversed-phase

degree, NADH directly as electron donors for the conversion HPLC and the disk microbiological assay, that the product
of d-biotin sulfoxide to d-biotin in the absence of any Of the reaction catalyzed by BSO reductase utilizing NADPH
accessory proteins. In addition, the enzyme was found toas an electron donor is biotin. Tite coli enzyme has been
use only the4R-hydrogen from the nicotinamide ring of ~shown using the disk biological assay to have a nonphysi-
NADPH. Thus, BSO reductase is the only known Mo- o©logical pH optimum of 9.5 and an apparéqt for BSO of
enzyme in which NADPH serves as a direct electron donor 5.74M at pH 9.5 (7). In contrast, we have shown using the
to the Mo centef.In addition, the enzyme has been shown spectrophotometric assay that BSO reductase fieRm

to exhibit a NADPH:FR partial activity while chemical —sphaeroidesippears to have two pH optima (pH 6 and 8),
modification studies have indicated that histidine residues @s illustrated in the specificity constants obtained for the
are essential for activity and cofactor binding. Kinetic NADPH:BSOR reaction. This may suggest that the enzyme
mechanistic studies have demonstrated for the first time thatundergoes a conformational change which is pH dependent
this enzyme follows a P|ng Pong BBi mechanism and and which favors Optimum CatalySiS at two pH’S or that
exhibits competitive substrate inhibition by both its sub- NADPH has two binding sites, one which is preferred at
strates, NADPH and BSO. low pH and the other at high pH. In the presence of BSO,

Previous work on BSO reductase has been limited to the NADPH binding appears to be more effective at lower pH.
partial purification of the enzyme fronE. coli to an BSO reductase frorR. sphaeroideslso appears to have a
undetermined purity®) and partial characterization of this much higheim appfor BSO, corresponding to 583 and 524
enzyme in the presence of added lysate owing to the#M at pH 6 and pH 8, respectively.
requirement for auxiliary proteins for activity. We have  To test whether the high, values obtained for BSO and
expressed BSO reductase frdR sphaeroidesn E. coli, NADPH were potentially due to the fact that, in vivo, other
and purified it to homogeneity. In contrast to tke coli auxiliary proteins may be involved in catalysis, we have
enzyme, we have shown that BSO reductase freBm  determined the enzyme’s activity in the presence and absence
sphaeroidesdoes not require any auxiliary proteins for of added whole cell lysate from botE. coli and R.
activity and that the enzyme contained only MGD as sphaeroidesrespectively. In the presence of added lysate
which had not been dialyzed, the activity of BSO reductase

2The term “Mo-pterin center” is used to refer to the complex of decreased, presumably due to the presence of small inhibitory
Mo, molybdopterin, and associated protein ligands to Mo. molecules such as FAD and NADRdata not shown). In
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the presence of dialyzed lysate, the activity was unchanged The double competitive inhibition in a Ping Pong-HBi
from values obtained in the absence of added lysate, mechanism results from both substrates forming dead-end
suggesting no stimulation by exogenous proteins. From thesecomplexes with the wrong enzyme form as illustrated below.
results, it is apparent that, in contrast to thecoli enzyme, NADPH (substrate A), with &, of 65 uM, reduces the
BSO reductase fronR. sphaeroidesequires no auxiliary = enzyme but also forms a dead-end complex with enzyme
proteins for either NADPH:BSOR or NADPH:FR activity. form F, at high concentrations of NADPH{(yvappn = 900
Previously, utilizing MVV* as an artificial electron donor, «M). Then BSO (substrate B), with &, of 714 uM, binds
the Kp, for BSO was determined to be only 154, at pH 8 to the reduced enzyme form F, and is reduced to biotin but
(2), while utilizing ferricyanide as an artificial electron also forms a dead end-complex with enzyme form E, at high
acceptor, thé&,, for NADPH has been determined to be 16 concentrationsijsso = 6.1 mM). (16). The putative second
uM, at pH 8. The increaseH, obtained for each of the binding site observed with NADH may correspond to the
substrates in the presence of the physiological secondbinding site which leads to the formation of the dead-end
substrate, when compared with th&, obtained in the complex.
presence of an artificial electron donor or acceptor MV

and Fe(CNy*], can be explained by the marked competitive A P B Q
inhibition exhibited by each of the physiological substrates A A
toward the second physiological substrate. We have shown \b T ¢ 1
for the first time that BSO reductase follows a Ping Pong E \"(EA&H FP) = (FB._.EQ)
Bi—Bi mechanism with marked competitive inhibition

exhibited by each substrate toward the second substrate. Due EB - B FA A

to the nature of the Ping Pong mechanisk8)( when the
fixed substrate concentration is lowered, bothKhgp,and
the Vinax appfor the varied substrate decrease so that the slopes Slope replots of data obtained at high concentrations of
of the LineweaverBurk plots remain constant. This indi- the fixed substrate yielded a straight line ani{;dor BSO
cates that at low, physiological concentrations of each of 6.1 mM, a value which is very close to the value of 6.38
substrate, the&,, for the other substrate is also low, and mM obtained using eq 1. The good agreement between these
probably within a physiological range, while the turnover values supports the finding that BSO reductase fiem
number of the enzyme is still high. The marked competitive sphaeroidedollows a Ping Pong BiBi mechanism.

inhibition by both substrates aided interpretation of the nature  The Ping Pong mechanism may explain the relatively low
of the highKy, appvalues obtained for each substrate, at each substrate specificity of BSO reductase. It would be difficult
pH optimum, under saturating conditions of the second to simultaneously accommodate two bulky substrates at the
substrate. Replots of the:taxis intercepts of the parallel active site of this enzyme. In the Ping Pong mechanism,
asymptotes obtained at low concentrations of the fixed NADPH can bind, reduce the enzyme, and then dissociate.
substrate indicated that the acti@| for BSO was 714M Following reduction of the enzyme, the second substrate can
and that for NADPH was 6aM, a lower value than initially bind, with different affinities depending on the nature of the
obtained under inhibitory conditions of BSQ)( Similar substrate, and is subsequently reduced.

plots performed with NADH as an electron donor yielded a  The reversible inhibition of BSO reductase by cyanide
Km for BSO of 132uM and that for NADH of 125Q:/M, at supports recent studies on the active site of BSO reductase
pH 8, and indicated that double competitive inhibition also which indicated the absence of any sulfido ligands in the
occurred with NADH. Both the higKm, and the 10WVmax,app coordination sphere of the Mo atom and the presence of only
obtained for NADH suggest that NADPH is the physiological four thiols donated by the two MGD cofactors and an oxo
electron donor for BSO reductase. ligand donated by the side chain of a serine residy@ (@

In contrast to the NADPH:BSOR reaction, where substrate the protein 14, 23). In contrast, molybdoenzymes that have
inhibition by BSO was observed at BSO concentrations a terminal cyanolysable sulfur £80) bound as one of the
greater than 1.4 mM, in the NADH:BSOR reaction, inhibition ligands to Mo are irreversibly inactivated by treatment with
by BSO was observed in the presence of @0 BSO, at cyanide due to the formation of thiocyanate. These inacti-
pH 8. The kinetic analysis indicates that, wRhsphaeroides  vated enzymes can be reactivated only by chemical treatment
BSO reductase, decreaskg .o, for a substrate results in  with sulfide (@8).
inhibition of activity at lower concentrations of that same  Recent EPR, XAS, and EXAFS studies to probe the active
substrate. An increase in the slope of the parallel lines site of BSO reductase indicated that there are subtle but
obtained in the NADH:BSO reductase assays was alsoimportant differences in the dithionate- and NADPH-reduced
observed with increasing BSO concentrations, but, at 1.92forms of this enzyme3). These differences may result from
mM BSO, the slope of the LineweaveBurk plot (Km,appnaoH a direct hydride transfer to the Mo center following reduction
= 394 uM, Vmaxapp= 2.8 units) decreased, and at 3.84 mM with NADPH but not with dithionite. Our kinetic isotope
BSO, it increased again, suggesting the presence of aeffect studies on this enzyme strongly suggest that a hydride
secondary lower affinity binding site for NADH which was transfer (involving bond breaking) from NADPH to the
not observed with NADPH at the same concentrations of enzyme occurs during the reduction of the enzyme by
BSO. The second binding site observed with NADH may NADPH (24).
be due to the formation of the inactive NADHBSO The X-ray crystal structure for the closely related enzyme,
reductase complex. We did not detect the formation of the DMSO reductase has recently been determined to 3.5 A
corresponding NADPHBSO complex at the concentrations  resolution 0). The crystal structure indicates that, in DMSO
of BSO utilized in our assays. reductase, there are three histidine residues involved in
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(97} (404) (580} (604) (611} 2,

RSBSOR - RFHHA --- FHHHQ --- GPBPA --- ISHQP --- RLHSQ -

* % k-4
RSDMSOR - RLENC --— FAHHQ --- PAHPT --- ASHPK --- RLHSQ - 3.
ECTMANOR - MFHNA --- FHRHQ --- QGHPM --- SVHPD --- RLHSQ - 4
ECBISC - VLBKA --- FTHHQ --- PGHPM --- SAHPA --- RLHSQ -

Ficure 9: Conserved His residues in the DMSO reductase family
of Mo-enzymes. The stan() indicates the His residues shown to
bind cofactor in the X-ray crystal structure of DMSO reductase,
and the numbers in brackets indicate the actual position of that
His residue in the amino acid sequence of the respective protein
(20). RSBSOR represenhodobacter sphaeroidéotin sulfoxide 8.
reductase 4), RSDMSOR represent®hodobacter sphaeroides 9.
dimethyl sulfoxide reductas@8), ECTMANOR representE. coli
trimethylamine N-oxide reductas24), and ECBISC represenis 10.
coli biotin sulfoxide reductase. 1
binding the MGD cofactor, H438, H643, and H649. Multiple
alignments of amino acid sequences of the proteins compris-
ing the DMSO reductase family, which includ® sphae- 13.
roides BSO and DMSO reductases aid coli trimethyl- 14.
amine N-oxide reductase and BSO reductases, indicated that
these three His residues are conserved in BSO reductase, as
well as the remaining Mo-enzymes within the class that are 15.
characterized by the presence of a mono-oxo-Mo(VI) center,
as shown in Figure 9. In addition to these cofactor-binding
residues, there are also seven noncofactor-binding His 17.
residues which are also conserved between BSO and DMSO
reductase. These observations prompted us to investigate thel
effect of DEPC-modification of BSO reductase. The decrease
in NADPH:BSO reductase activity coupled with the loss of 5
MGD cofactor clearly demonstrate that His residues are
involved in cofactor binding in BSO reductase. 21.
This work provides further insight into understanding the
kinetic mechanism by which BSO reductase converts BSO
to biotin. Although this enzyme is unique among Mo-
enzymes, since it contains the Mo-cofactor as its sole 23
prosthetic group and can also utilize NADPH directly, it still
retains some features including cofactor binding, Mo coor-
dination sphere, and broad substrate specificity which are 24.
common to most of the Mo-enzymes that comprise the o5
DMSO reductase family. '

8.

22.

26.
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