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ABSTRACT: Rhodobacter sphaeroiddsotin sulfoxide reductase (BSOR) contains the bis(molybdopterin
guanine dinucleotide)molybdenum cofactor and catalyzes the reductimbiofin-p-sulfoxide to biotin.

This protein is the only member of the dimethyl sulfoxide reductase family of molybdopterin enzymes
that utilizes NADPH as the direct electron donor to the catalytic Mo center. Kinetic studies using stopped-
flow spectrophotometry indicate that BSOR reduction by NADPH @00 s?) is faster than steady-state
turnover (440 st) and has shown that BSOR reduction occurs in concert with NADPH oxidation with no
indication of a Md' intermediate species. Because no crystallographic structure is currently available for
BSOR, a protein structure was modeled using the structurés f&phaeroidedimethyl sulfoxide reductase,
Rhodobacter capsulatudimethyl sulfoxide reductase, ail@8hewanella massilirimethylamineN-oxide
reductase as the templates. A potential NADPH-binding site was identified and tested by site-directed
mutagenesis of residues within the area. Mutation of Arg137 or Asp136 reduced the ability of NADPH
to serve as the electron donor to BSOR, indicating that the NADPH-binding site in BSOR is located in
the active-site funnel of the putative structure where it can directly reduce the Mo center. Along with
kinetic and spectroscopic data, the location of this binding site supports a direct hydride transfer mechanism
for NADPH reduction of BSOR.

Biotin sulfoxide reductase (BSORis a bacterial enzyme  making them ideal candidates for spectroscopic studies of
that catalyzes the reduction ofbiotin-b-sulfoxide (BSO), the catalytic molybdenum (Mo) center.

a common oxidative product of the vitanmrbiotin. Possible R. sphaeroide8SOR has been cloned, heterologously
roles for the enzyme include scavenging BSO from the expressed, and purified froB coli (2, 3). Resonance Raman
environment to generate biotin and protecting the cell from and extended X-ray absorption fine spectroscopy (EXAFS)
oxidative damagelj. While the preferred substrate for this analyses have shown that BSOR, lile sphaeroides
protein is BSO, it is also able to utilize a variety of alternative DMSOR, cycles between mono-oxo, Mpand des-oxo,

substrates including dimethyl sulfoxide (DMSQ),.-me- Mo", forms with the Ser ligand from the protein and all
thionine sulfoxide, trimethylamin&l-oxide (TMAO), ad- four molybdopterin dithiolene ligands remaining coordinated
enosineN-oxide, and nicotinamidé&+oxide ). Rhodo- to the Mo in both redox state$3,(4). Resonance Raman

bacter sphaeroideBSOR is a member of the DMSO analysis using®O-labeled substrate demonstrated that the
reductase (DMSOR) family of molybdopterin-containing terminal oxo group in the substrate-oxidized Ywrm arises
enzymes and contains the bis(molybdopterin guanine di- from the substrate and that it is exchangeable with water
nucleotide)molybdenum (bis(MGD)Mo) cofactor. BSOR is during redox cycling 4).

closely related to DMSOR fronR. sphaeroidesand R. Because of the similarities between the two proteins, most
capsulatusas well as TMAO reductase (TMAOR) from  of the discussion of the chemistry occurring at the Mo center
Escherichia coliand Shewanella massiliaThese enzymes  of BSOR has been based on the more extensively studied
are unigue among molybdopterin-containing proteins becauseRhodobacteDMSOR. However, the reductive mechanisms
they contain no prosthetic groups other than bis(MGD)Mo, of these two enzymes are very different. The physiological
electron donors tdR. sphaeroideDMSOR andE. coli
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(3). BSOR, however, is unique among this family of enzymes  Previous kinetic analysis has provided some insight into
in its utilization of NADPH as a direct electron donor. the reductive mechanism of BSOR. Steady-state studies in
Because NAD(P)H is a two electron donor, the ‘Morm the presence of BSO and either NADPH or NADH indicated
of BSOR would only be physiologically relevant if NADPH that NADPH is the preferred substratg).( Later, more
oxidation is separated spatially from reduction of the Mo detailed studies indicated that BSOR activity occurs via a
center. ping-pong bi-bi molecular reaction, and that BSO and NAD-
Because no crystallographic structure is available for (P)H are competitive inhibitors of each othdrd). While
BSOR, there is no structural evidence indicating whether this second characteristic suggests that NADPH binding is
NADPH binds at a peripheral location or close enough to likely to occur near the BSO-binding site within the active-
the Mo atom to reduce it directly. Analysis of the BSOR site funnel, it also complicates kinetic analysis of the protein.

amino acid sequence provides little information about how  This article clarifies the mechanism by which NADPH
the protein interacts with NADPH. Although a common reduces BSOR. Pre-steady-state analysis of this reaction has
adenine-binding motif has been identified in many protein peen done for the first time using stopped-flow spectropho-
structures, it relies on both hydrophobic and backbone tometry and indicates that BSOR reduction occurs more
interactions that are not dependent on the protein sequenceyuickly than steady-state turnover and that NADPH oxidation
or the particular properties of amino acid side cha®s ( occurs in concert with reduction of the Mo center. While an
Multiple studies have shown some small sequence identity intermediate spectrum is observed during dithionite reduction
between various NADH-binding proteins, but NADPH- of BSOR that indicates the presence of a‘Miatermediate,
binding sites are even more diverse. no such intermediate species was observed during NADPH
The similarities in amino acid sequence, cofactor composi- reduction of BSOR. A BSOR structure was modeled using
tion, and reaction mechanism suggest that available structureshe structures oR. sphaeroideDMSOR, R. capsulatus
for R. sphaeroideBMSOR (10), R. capsulatu®MSOR (11, DMSOR, andS. massiliaTMAOR as the templates and
12), andS. massiliaTMAOR (13) can serve as models for  allowed the identification of a putative NADPH-binding site.
the structural fold of BSOR. DMSOR and TMAOR exhibit  This location was tested by site-directed mutagenesis of
a high degree of structural similarity. The 2.5-A structure specific residues in the region. Mutation of Asp136 and
of S. massiliaTMAOR can be superimposed on thatRf — Arg137 altered th&, andKp values for NADPH, confirm-
sphaeroide®MSOR with a root-mean-square (rms) devia- ing the validity of the proposed site for NADPH binding.
tion of 1.3 A between @ atoms and orR. capsulatus  This site is located in the active-site funnel and would allow
DMSOR with a rms deviation of 1.31 A@). These proteins  direct reduction of the Mo center. With the kinetic and
are mixedo + B proteins that consist of four domains spectroscopic data, this result supports a direct hydride
surrounding the bis(MGD)Mo cofactor. With the exception transfer mechanism for NADPH reduction of BSOR.
of domain IV, the domains are not formed of continuous
stretches of the amino acid sequence, and residues in threATERIALS AND METHODS
of the four domains have direct contact with the bis(MGD)- . o )
Mo cofactor. BSOR exhibits a high degree of sequence Mutagenesis and Purification of BSORI primers and
identity with TMAOR and DMSOR throughout the protein restrlgtlon enzymes were supplied by Invitrogen Life Tech-
sequences (Figure 1), and the ability of BSOR to bind and Nologies. Mutagenesis was performed on the pBSOR vector
stabilize the complex bis(MGD)Mo cofactor makes it (2) using the Trans_former Site-Directed Mutage_neS|s Kit
unlikely that the basic protein fold of BSOR will differ ~ (Clontech) and confirmed by automated sequencing of both
significantly from that of DMSOR and TMAOR. strands of the resulting plasmids. During the course of

Resonance Raman analysis indicated that BSOR uses anutagenesis, two &C rich regions were identified where
direct oxo-transfer mechanism to reduce BSO and that biotin the original nucleotide sequence reported for the pBSOR
is able to induce changes in the\D stretching frequencies, Plasmid (5) was incorrect. The corrected amino acid
confirming that both the substrate and product directly Sduence is as follows: Cys22 Trp22, Gly23— Ala23,
interact with the Mo center4j. In DMSOR and TMAOR, ~ ASP629— Glu629, and Glu636~ GIn630.
the bis(MGD)Mo cofactor is buried in the protein and the ~ Wild-type and mutantBSOR were expressed as glu-
only access to the Mo atom is found at the bottom of a deep tathioneStransferase (GST) fusions in MC4180coli cells
depression on one side of the protein. A crystal structure of and purified, and the GST-tag was cleaved with Factor Xa
R. capsulatu®MSOR has shown a bound dimethyl sulfide ~Protease prior to analysis according to the method of Temple
(DMS) molecule coordinated by the oxo group on the Mo et al. @). Q-Sepharose fast flow, Superose 12, glutathione-
atom at the bottom of this active-site funngL). If NADPH agarose affinity resins, and Factor Xa protease were obtained
reduction of BSOR occurs by a direct hydride transfer from Amersham Pharmacia Biotech. BSOR was quantified

mechanism, the NADPH-binding site should be located by the BCA assay (Pierce) using known concentrations of
within a similar funnel to allow direct access to the oxo group PMSOR to determine the standard curve. Mo analysis was
on the Mo atom. Another possibility is that NADPH binds performed using a PerkirElmer Zeeman 3030 atomic
at a distant location, and the electrons are transferredabsorption spectrophotometer as described previoasly (
intramolecularly. A small depression has been identified on  Kinetic Analysis Using Methyl Viologen as the Reductant.
the surface of DMSOR that may serve as the site for BSO was sythesized fromrbiotin according to the method
cytochrome binding because it provides access to and wouldof Melville (17). Kinetic constants using methyl viologen
allow electron transfer through one of the molybdopterin as the electron donor were determined anaerobically in 50
cofactors 12). A similar mechanism could be envisioned mM Tris-HCI at pH 8.0, using 0.15 mM methyl viologen as
for NADPH reduction of BSOR. described previouslyl@). All values at different concentra-
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R.sp DMSOR 1l e EGLANGEVMSGCHWGVFEA RVENGRAVAFERWDEMPRSSHOLPG EGV HADRST) G 94
R.ca DMSOR 1 e EALANGTVMSGSHWGVFTA TVENGRATAFTLY HPHISTPMLEG FGV WADRSTRIENG: 94
E.co TMAOR 1 AQAATDAVISKEGILTGSHWGAIRA TVEKDGRFV. FELWKY)3SKMIAG KRH LSDTSQuleDN 100
S.ma THMAOR 1 ~~~~KAGINEDEWLTTGSHFGAFEM ERENGVIAEVE|gFDL DMING FEGH FKSHTH DF 96
R.sp BSCR 1 VGVE|gFAHEPAISSELIHS DRQ HSDRE RE. 68
K - Gl
R.sp DMSOR 95 RELK ! ES TGTFGGS SP COVLMRRAL FVNSSG H LEVY-E#Q TAWPVVVENTL FWARDPMETHE 193
R.ca DMSOR 95 AEVE T QEVFGGESY] SP CTTLLRREML YVNGAG HV' LEVY-@Q TAWEVLAENTEV WARDPIKTSQ 193
E.co TMAOR 101 EELE T} SALLTAS ST ASGMRAERIAL SVETGGE PRV‘ﬁEI{E VY—EEQ TEWPLVLONSKTIHLWGSDLLENQQ 198
S.ma TMAOR 97 HSLDEPTQ SGLHAGY' T STSHMQRAVG ¥VEEIG FY’ TEVY-AMG TSWEPLILEHSDT SHDPYENLO 195
R.sp BSOR 69 GEIRRSAD AATFAGSY] 8C STLLERMLNL FTGHVD M;Ibkﬁg NTLDSIAEHSOT GAMSPRTAQ 168
* * &k *
o
R.sp DMSOR 194 I-GWVIPDEGAYAGMKALKEK--—& T- INFVRTETADYFGADVVSE ALMPGMEHTLYSEDLH DLF. D; 285
R.ca DMSOR 194 I-GWVIFE YPGLEALKAK -~ T= 11 RTETVEFFGADHVTP IMEGMEHTLVAEDLY DEFL! D 285
E.co TMAOR 199 A-NWWCP VYEYYAQLERES. EI I STHEYLGGEHVEH PLOER TLYSENLY EEFL Dy 298
S.ma TMAOR 196 V-GWNAETRESFAYLAQLKERVE(QE KI I TETQAYLGCE-—-Q TLMPAATEHEMISKELY EEFV D 291
R.sp BSOR 169 SEAGGL LETYLRRIVER-- =V V5| DDLEDWVAARW=~= ALMEG EIVRSGRQ ELY & 261
R.sp DMSOR 286 TP { IC!I. i § (38t FCLEYHY SHGGSPTSDGPALGGISDGGRAVEG 385
R.ca DMSOR 286 TP SDISEVEE jgelele FGLSYHY SGGGTPSTSGPALSGITDGGAATHG 385
E.co TMAOR 299 QF| KLSeI W i elele FGFGWHY NGAGTPGRKGVILSGFSGS--TSIP 396
S.ma TMAOR 292 V. PECEVRPIC eV ISYGHHY SSIGVPSSGAARPGAFPRNLDENQK 391
R.sp BSOR 262 RP STITEL P 349
R.sp DMSOR 386 AAWLSE---SGATS)EzCH TATY|SDVELAYH 482
R.ca DMSOR 386 PEWLAA---SGASViey RESEF|gDVEMAY' 482
E.co TMAOR 397 PVHDNSDYKGYSSTiS SVELIgPLEMCIF. 495
S.ma TMAOR 392 PLFDSSDFKGASSTiSZVE! SKVVYIZDIEMMIFS 491
R.sp BSOR 350 ——————mm—mm NSFidy DRRY|3DIRLVYWS| 448
R.sp DMSOR 483 RLCKGAEFTEGR ISSFYEAAVEQA-EFKNVAM -EGIVEFPITEGANFVE 580
R.ca DMSOR 483 VAFRLGKGKEFTEGK IKSFYDDAAKQG-KAGGVEM -EGIVEFEVTDGADFVE 580
E.co TMAOR 496 RELCRRFNREEAFTEGL RIWQEGVQDG-KGRGVHL KEYVEF--DHPQMFVR 592
S.ma TMAOR 492 TRFAAVLGKEKEYTRNM TLYNECKAAN-AGK-FEM -KQGYVHF -GDGEVWTR 586
R.sp BSOR 449 NALSGKLGVAAAFNEGR TIRHLYEESRNHAQRHHHFEM ~QGHAPCPVQRDHTYL- 544
o
R.sp DMSOR 581 L-G GAGA-KYPLHVVAS NGTSLRDLYAV. PCLI 677
R.ca DMSOR 3581 -0 GPGA-KYPLHIAASH NGTVLREGY AV C 677
E.co TMAOR 593 SHG GPGSQRYPLHLQS ESETLEHEYTV. 692
S.ma TMAOR 587 SHE GPGSDEHPIWLOSC ESREYRETYAVN FVYIS] 686
R.sp BSOR 545 LGE AQAGE---LHLISHORXGNA T E TAEASLAGKR-E WML 639
o

R.sp DMSOR 678 GTLDE HCGOUNTIRADY 2, -V 769
R.ca DMSOR 678 GTLDK Qe tlelel ¥TEePA-V 769
E.co TMAOR 693 ALCK ATSAHWTIRVE IK Y NETV-E 784
S.ma TMAOR 687 GALCS CSA \FVE ¥ V-P 785
R.sp BSOR 640 GPELS| FEYGCSA] TR T DAGD 729
R.sp DMSOR 770 TWIVEDTPEG A---——-—== —==== 780

R.ca DMSOR 770 TLTGEFVAPKR AE~~~~~~~ ==~~~ 781

E.co TMAOR 785 QVTAFNGEVE a09

S.ma TMAOR 786 KVSSFDGFIE 792

R.sp BSOR 730 AVRIYDAHLA 744

Ficure 1: Sequence alignment Bf. sphaeroideDMSOR,R. capsulatuPMSOR,E. coliTMAOR, S. massiliafMAOR, andR. sphaeroides

BSOR. Residues identical for all five proteins are highlighted in black, and similar residues are shaded in gray. Residues that interact with
the bis(MGD)Mo cofactor in DMSOR 08. massiliaTMAOR are indicated by>. BSOR residues that have been mutated in this paper are
starred, and BSOR residues that are within the Ala/Gly-X-Gly-X-X-Ala/Gly binding motifs are in boxes.

tions of BSO were the average of at least three assays,background activityK,, andk., values were determined by
normalized for 100% Mo incorporation, and corrected for direct fit to the Michaelis-Menten equation.
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Kinetic Analysis Using NADPH and NADH as the Re- using a circulating water bath set to°€, resulting in a
ductantsKinetic constants under steady-state conditions were sample cell temperature of 6°&. The NADPH concentra-
determined aerobically at 2% by monitoring NADPH or tion was varied, while the final concentration of BSOR was
NADH oxidation at 340 nm using an extinction coefficient held constant at 16M. The lowest concentration of substrate
of 6.2 mMt cm™L. Assays using NADPH concentrations was at least 4-fold in excess over the protein concentration
greater than 0.25 mM were monitored at 380 nm using an to maintain pseudo-first-order kinetics. Rates for BSOR
extinction coefficient of 1.3 mM! cm™. The assays were reduction obtained with NADPH concentrations from 0.05
started by the addition of protein to a final volume of 1 mL to 1 mM were fit to the following equation to obtain tkgq
in 50 mM Tris-HCI at pH 8.0 and monitored for 30 s on a andKp:

Shimadzu UV-106 UV-visible spectrophotometer. Back-

ground activity was determined by monitoring NAD(P)H Kobs = Kred NAD(P)H]/(Kp, + [NAD(P)H])

oxidation in the absence of the enzyme. All values were ) ) )
normalized for 100% Mo incorporation and corrected for ~ Modeling of the BSOR Structurghe corrected amino acid
background activity. To determine the pH dependence of Sequence for BSOR was threaded onto the previously
BSOR, values folmax and K 2o NPPH were determined at ~ Published structures fd?. sphaeroideBMSOR (1eul) 10),

pH 6.0, 6.5, and 7.0 in the presence of 50 mM bis-Tris- R. capsulatu®MSOR (1dmr) (9), andS. massiliarMAOR

HCI, 7.5, 8.0, and 8.5 with 50 mM Tris-HCI, and 9.0 and (1tmo) (13) using the SWISS-MODEL protein modeling

9.5 with 50 mM bis-Tris-HCI propane-HCKm apN*CH and server R0—22). The coordinates for residues within the
aNAPPH values were determined in the presence of 1.7 flexible loop (residues 359398 in DMSOR and 365405
mM BSO by a combination of LineweaveBurk plots, in TMAOR) were removed before submission. Secondary

Eadie-Hofstee plots, and direct fit to the MichaeliMenten ~ Structure assignments were from the DSSP datatiz&e (
equaLtion Vma2SC andKBSC values were determined at 0.25 and f!gures were created using the PyMOL molecular
mM NADPH or 0.25 mM NADH. The Li-axis intercepts ~ 9graphics system2d).
were obtained from LineweaveBurk plots at constant, RESULTS
noninhibitory NADPH concentrations. Secondary replots of
1/v intercept versus [NADPH] were used to obtain the  Spectroscopic and Kinetic Analysis of BSOR Reduction
keaf"PPH andKNPPH values (8). The values fok.£°and by NADPH.BSOR, DMSOR, and TMAOR exhibit charac-
KmPSC were calculated in the same manner. teristic UV—visible absorption spectra that vary depending
Rapid reaction kinetics of BSOR with dithionite, NADPH,  on the reductive state and coordination geometry of the Mo
or NADH were determined using a SX.18MV stopped-flow center 8, 16, 25, 26). While previous studies have shown
spectrophotometer (Applied Photophysics Ltd., Surrey, U.K.) that an EPR-active Mospecies is generated in BSOR during
with a 10-mm path length and a 1.4-ms deadtime. To preparepartial reduction by dithionite3), this technique cannot be
the instrument for anaerobic operation, the stopped-flow lines used to obtain the pure Maspecies because the maximum
were incubated in 250 mM sodium dithionite for several amount of the wild-type protein found in the Matate
hours to remove oxygen and then rinsed thoroughly with during redox titrations is 30%2{). Although similar results
anaerobic water. All buffers, proteins, and substrates werehave been observed in EPR titrations with sphaeroides
made anaerobic prior to loading into the stopped-flow using DMSOR, reduction of the glycerol inhibited form of DM-
a capped syringe, and the sample syringes were flushedSOR was shown to generate 100% of the'Mxdate, and
continuously with nitrogen. the absorption spectrum of this species exhibits an altered
The change in the U¥visible spectrum during dithionite UV —visible spectra from the fully oxidized protei@). To
reduction of BSOR was determined by monitoring the change develop a method to analyze the appearance and lifetime of
in absorbance over time on the stopped-flow spectropho-the transient M intermediate by its absorption properties,
tometer at individual wavelengths from 330 to 800 nm in BSOR reduction by dithionite was monitored using stopped-
10-nm increments. While BSOR exhibitsiaax at 720 nm flow spectrophotometry. The change in absorbance over time
characteristic of the M6 form of the cofactor ), a high was monitored at multiple wavelengths from 330 to 710 nm
degree of instrumental noise at longer wavelengths neces-upon the addition of a 10-fold excess of sodium dithionite
sitated a 710-nm cutoff for data analysis. One stopped-flow to R. sphaeroidesBSOR. As seen in Figure 2A, an
syringe contained 3@M BSOR in 50 mM Tris-HCI at pH intermediate spectrum appears within the first 0.2 s and then
8.0, the second contained 3p® sodium dithionite in the disappears over the next 100 s to reveal a spectrum very
same buffer, and equal volumes of the two solutions were similar to that previously published for dithionite-reduced
mixed to start the assay. Assays were monitored at@5 BSOR @).
on a logarithmic time scale from 0 to 100 s, and the entire  To determine whether a similar intermediate is present
spectra at specific times were extrapolated using the softwareduring NADPH reduction of BSOR, this reaction was also
of the manufacturer. The change in the Y¥isible spectrum monitored using stopped-flow spectrophotometry in the
during NADPH reduction of BSOR was determined in a presence of equimolar concentrations of BSOR and NADPH.
similar manner with the exception that assays were monitoredAs seen in Figure 2B, BSOR reduction by NADPH occurred
on a split time scale from 0to 0.1 s and 0.1 to 2.0 s, and the more rapidly than reduction by dithionite, and BSOR
stopped-flow syringes contained 7Z& BSOR and 72uM exhibited decreases in absorbance characteristic of reduction
NADPH, respectively. of the Mo center without the manifestation of any intermedi-
The kops values for BSOR reduction at various NAD(P)H ate spectrum that would indicate the presence of & Mo
concentrations were determined at 570 nm using the stoppedintermediate. While dithionite reduction of BSOR produces
flow spectrophotometer. The temperature was controlled a rapid increase in absorbance at 640 nm followed by a
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Ficure 2: Stopped-flow kinetic scan of BSOR reduction by
NADPH. The change in the UVvisible absorbance over time was
monitored at 10-nm increments from 330 to 710 nm on the stoppe
flow spectrometer in 50 mM Tris-HCI at pH 8.0 and 26 as
described in the Materials and Methods. (A) Reduction ofil/6
BSOR by 150uM sodium dithionite. (B) Reduction of 3gM
BSOR by 36uM NADPH. (C) Change in absorbance at 640 nm
over time during reduction by 30@M sodium dithionite. Change
in absorbance over time during BSOR reduction by:86NADPH

at 640 (D), 340 (E), and 570 nm (F).
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Ficure 3: Steady-state kinetics of BSOR with NADPH and BSO.
NADPH oxidation was monitored aerobically at 340 nm as
described in the Materials and Methods with 0:88BSOR in 50

mM Tris-HCI at pH 8.0 and 25C. The NADPH concentration
varied between 0.04 and 0.25 mM, while BSO was held constant
at 0.17, 0.30, 0.44, 0.88, 1.7, or 3.4 mM.

tion (18) as previously reported by Pollock et al4f. To
determine the truk.,;andKy, values, the L/axis intercepts
were obtained from LineweaveBurk plots at constant
noninhibitory NADPH concentrations. Secondary replots of
1/v intercept versus [NADPH] were used to obtain the
APPH and K,NAPPH One consequence of this type of
inhibition is that the calculatekl,;of BSOR determined with
both NADPH and BSO in these studies was greater than the
maximal experimentally observed rate of 440.§he values
with NADPH werek "APPH = 950 s, KBS0 = 1.4 mM,
andKNAPPH = 0,26 mM. These values are higher than the
Km reported by Pollock and Barbek VAPPH = 0.0645 mM
and KBS° = 0.714 mM) (4); however, because they did
not report a value fok.,, it is impossible to compare the
specificity constants. WheVpax and Kpyapp values for
NADPH or BSO were determined at a fixed concentration
of the other substrate, the valu®,{(25° = 520 s, Ki apSC
= 0.67 mM andVpyaPPH = 540 s, Ky apAPPH = 0.15
mM) are very similar to those reported by Pollock et al.
(VimaPSO = 497 s1, K ap5° = 0.524 MM andVma,APPH =
500 s1, Km app"APPH = 0.206 mM) (4). While the fact that
BSO and NADPH are competitive inhibitors of each other
complicates kinetic analysis of the protein, it also suggests

d- that NADPH binding is likely to occur near the BSO-binding

site.

Using stopped-flow spectrophotometry, NAD(P)H binding
and reduction of BSOR can be measured without the
complication of BSO inhibition. Therefore, BSOR reduction
was monitored at various concentrations of both NADPH
and NADH. Rates were monitored at 570 nm, and all kinetic
traces fit best to a double-exponential equation with a fast

slower decrease (Figure 2C), reduction by NADPH produces (kop9 and slow Ksow) rate. Theky,s was dependent on the
only a monophasic decrease in absorbance at 640 nm (Figuré&dAD(P)H concentration and fit to a hyperbolic curve (Figure
2D). Additionally, as shown in parts E and F of Figure 2, 4). At 25 °C, the majority of the reaction occurred within
during NADPH reduction of BSOR, the rate and shape of the dead time of the instrument, and therefore, the assays
the absorption change at 340 nm (which directly monitors were run at 6.5C. Even at the lower temperature, thgs
NADPH oxidation) and 570 nm (the wavelength exhibiting was faster than th¥,,,,2S° at all concentrations of NADPH

the maximal change in BSOR absorbance during reduction)and NADH. Thekgow Wwas 50-100 times slower than the
were identical, suggesting that both processes occur simul-observed rates for steady-state turnover with NADPH, with

taneously.

rates of 7 st at 25°C and 0.7 st at 6.5°C. It was also the

The kinetic parameters for BSOR were determined under same for both NADH and NADPH and was independent of
steady-state conditions. As seen in Figure 3, BSOR exhibitedthe NAD(P)H concentration. It is possible that this rate can
a curve characteristic of double competitive substrate inhibi- be attributed to a small proportion of the active sites existing
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1000 described biphasic pH dependence was caused by the
presence of MOPS and not by the presence of two different
800 binding sites.
Modeling of BSOR Structure and lIdentification of a
ﬁ‘ 600 —e— NADPH Potential NADPH-Binding SiteThe rapid rate of BSOR
~ =& -NADH reduction by NADPH, the double competitive inhibition
2 40 observed between NADPH and BSO, the congruent rates

for NADPH oxidation and BSOR reduction, and the lack of
200 e et a Mo" intermediate during NADPH reduction of BSOR all
suggest that a single binding site for NADPH is located near
the Mo atom in BSOR. No structure to date has been solved
4 5 6 for BSOR, which has made it difficult to determine the
NAD(P)H (mM) location of this site. However, automated computer programs

FIGURE 4: Concentration dependence of BSOR reduction by have been developed that are able to model the 3D structure
NADPH and NADH. Thekgs at increasing concentrations of  of a protein using the structures of related proteins as the
NADPH (®, —) and NADH @, - - -) were determined at 6.5C templates. While the sequence identities between BSOR and
by monitoring the change in absorbance at 570 nm on the stopped-g sphaeroideDMSOR (44%), R. capsulatusDMSOR
flow spectrophotometer and fit to a hyperbolic curve. (39%), andS. massiliaMAOR (35%) are lower than ideal,
in a noncatalytic coordination geometry that is slowly the shared sequence is spread throughout the entire amino
reduced or that the absence of an oxidative substrate result&cid sequence (Figure 1), and all of these proteins contain
in a slow product dissociation step that also alters the the same large cofactor, making them suitable templates for
absorption spectrum. In any case, this rate is too slow to bemodeling. Therefore, a structure for BSOR was modeled by
important under normal catalytic conditions. the SWISS-MODEL protein-modeling serv@0-22) using

The values fokyps Obtained at different concentrations of the structures foR. sphaeroide®MSOR (1eul) 10), R.
NADPH or NADH were fit to a hyperbolic curve to obtain  capsulatusDMSOR (1dmr) (9), andS. massiliaTMAOR
kres @andKp. Thekef*PPHis 980 st at 6.5°C and even faster  (1tmo) (3) as the templatesFigure 5A shows these
at 25 °C (>1200 s%). This rate was greater than the structures aligned with the resulting putative BSOR structure.
calculatedk.,MPPH at 25°C under steady-state conditions As shown in Figure 5B, the majority of the amino acids in
(950 sY) and faster still than the maximal observed rate at BSOR that do not exhibit any sequence similarity to the other
25°C of 440 s*. TheKpNAPPH (0.27 mM) at 6.5°C is very proteins are scattered throughout the protein structure and
similar to the calculate®\NAPPH of 0.26 mM obtained with  surrounded by residues that are similar, confirming the
steady-state kinetics at 2Z%. The values fok.d/Kp with overall validity of this approach. All of the residues shown
both NADPH (3600 mM? s%) and NADH (210 mM*s™1) in the crystal structures oRhodobacterDMSOR or S.
are very similar to the values fOfma/Km,app (3600 mM™ massiliaTMAOR to interact with the bis(MGD)Mo cofactor
st with NADPH and 193 mM? s~ with NADH) as well have a high degree of sequence similarity to the equivalent
as the trueke/Km with NADPH of 3650 mM? st residues in BSOR, and in the BSOR model structure, these
determined as described above. No inhibition was observedresidues are all in similar locations to the positions observed
at higher concentrations of NADPH and NADH, confirming in DMSOR and TMAOR.
that the inhibition observed with excess NAD(P)H under  The putative BSOR structure does contain three regions
steady-state conditions results exclusively from interference that are significantly different from DMSOR and TMAOR.
with BSO binding and reduction. The first area is comprised of the initial 24 and 26 residues

Identification of the NADPH-binding site in BSOR would in DMSOR and TMAOR, respectively, that forma3strands
greatly facilitate understanding the electron-transfer pathway located on the face opposite from the active site. These
in this protein. A previous report by Pollock and Barber residues and, thus, thiestrands that they form are missing
suggested the possibility of two NADPH-binding sites in in BSOR. A second region is comprised of residues-134
BSOR that were utilized differently based upon the [iH)( 144, which are located in the active-site funnel (Figure 5B).
This suggestion was based upon the observation that, undeAlthough these residues are present in DMSOR, they differ
steady-state conditions, the pH profile of BSOR showed a considerably in the predicted structure of BSOR and in the
similar Vimax at pH 6.5 and 8.0 while exhibiting a sharp drop primary sequence. The third area where the putative BSOR
in activity at pH 7.0 and 7.5. However, in those experiments, structure differs dramatically from that of DMSOR or
MOPS was used as the buffer exclusively at pH 7.0 and 7.5, TMAOR comprises residues 33661 in BSOR. Although
the two points that exhibited a sharp decrease in activity. residues 339349 are modeled as anhelix near the bottom
To determine whether this biphasic pH dependence wasof the active-site funnel (Figure 5B), this assignment should
characteristic of the enzyme or caused by buffer interference,be considered with caution. Various secondary structure
the Vinax and K appAPP" of BSOR were determined using prediction programs do not predict that these residues form
Tris, bis-Tris, and bis-Tris-propane as buffers throughout the a regular secondary structure element, and as modeled, they
pH range. Although th&/. did decrease above pH 8.0, as appear to block access to the substrate-binding site. Residues
previously described, no decreaseVip.x was observed at  339-349 correspond to a mobile loop region that includes
pH 7.0 or 7.5 (data not shown). In fact, little change was residues 386394 in DMSOR and residues 38898 in
observed in th&/max from pH 6 to 8.5. When MOPS was TMAOR. In the structure 0o6. massiliaTMAOR, this loop
added to bis-Tris buffer at pH 7.0, a 10-fold increase was is located on the exterior top surface of the active-site funnel
observed in theK,NAPPH confirming that the previously  (13). While no electron density was observed for the
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Ficure 5: Homology model of BSOR. Stereoview down the active-site funnel with the bis(MGD)Mo cofactor shown in yellow. (A)
Structure of BSOR (red) aligned with the structurefRosphaeroideBMSOR (black) ands. massiliarMAOR (gray). (B) BSOR structure

with residues that exhibit sequence similarityRo capsulatubMSOR, R. sphaeroide®MSOR, and/orS. massiliaTMAOR are shown

in blue, and residues that exhibit no similarity are shown in red. The region in BSOR that is equivalent to the flexible loop in DMSOR and
TMAOR s highlighted in purple, and the region containing residues-1134 is shown in green.

equivalent residues in thR. sphaeroidestructure 10), a by Ala (30), and Cylindorcarpon tonkinenes&45Gor
crystal structure oR. capsulatu®MSOR in complex with contains an Ala-X-Gly-X-X-Ala variant of this motif that is
DMSO showed the loop acting as a lid over the active-site involved in NADPH binding 81). As can be seen from
funnel @1). In addition to these differences, the amino acid Figure 6B, this Ala-X-Gly-X-X-Ala motif variant is also
sequence preceding the loop region in BSOR shows little present in BSOR and is located within region 2. Neither of
sequence similarity with the other proteins. While the lack these maotifs is present in the equivalent TMAOR and
of homology suggests that the model may not be accurateDMSOR amino acid sequences (Figure 1).
within this region, it does seem highly likely that the BSOR  Analysis of the Potential NADPH-Binding Site by Muta-
structure differs from that of DMSOR in this area. tional AnalysisTo determine if the regions described above
The putative BSOR structure was analyzed to determine are indeed involved in NADPH binding in BSOR, mutations
potential NADPH-binding sites. Previous studies have re- were made to residues within these areas. The goal was to
ported that NADPH does not reduce either DMSOR or create variants with altered affinity for NADPH that main-
TMAOR (2, 28). These experiments were repeated, and tained protein structure, bis(MGD)Mo incorporation, and
NADPH was not oxidized at TMAOR, DMSOR, and turnover with BSO. Therefore, all residues selected for
NADPH concentrations up to 200-fold higher than those used mutagenesis were different from the equivalent residues in
with BSOR. Thus, NADPH is expected to bind in a location DMSOR and TMAOR and contained side chains that faced
where BSOR differs in sequence, while TMAOR and outinto the active-site funnel in the putative BSOR structure.
DMSOR are similar. Figure 6A shows the surface area of Because the side chains of arginine residues often stabilize
the putative BSOR active-site funnel with residues that differ both the pyrophosphate group present in NADPH and NADH
from both TMAOR and DMSOR highlighted in red. As can and the additional phosphate group in NADPBP2{34),
be seen in the figure, one large group of highlighted residues,Arg130, Arg137, Argl47, and Arg455 were selected for
corresponding to region 2 described above, spans a distancenutagenesis. Aspartate residues provide the principal means
of 30—40 A across one side of the active-site funnel close by which many enzymes discriminate between NADP(H)
to the residues corresponding to the flexible loop. The Gly- and NAD(H) @5). They have also been implicated in
X-Gly-X-X-Gly motif (where X denotes any amino acid) correctly orienting the catalytic hydride in NADPH prior to
was originally identified as part of a short loop present in a extraction 86). Therefore, mutations were made to Asp135,
variety of NADH-binding proteins with Rossman-type folds. Aspl136, and Asp457. While Lys and Glu residues can
This fold consists of g81-a1-32 structure, and the loop function in a manner similar to Arg and Asp residues,
containing the Gly-X-Gly-X-X-Gly motif is located between respectively, neither of these residues is present in the
A1l andal and binds the pyrophosphate group of NAD(H) putative NADPH-binding region.
(29). This motif is present within region 3 of BSOR (Figure The ability of all BSOR variants to utilize NADPH,
6B). In NADP(H)-binding sites, the third Gly can be replaced NADH, and BSO was analyzed kinetically using the assays



NADPH reduction ofR. sphaeroide8SOR

Biochemistry, Vol. 43, No. 35, 200411233

Table 1: Specificity for NAD(P)H at Constant BSO

NADPH NADH

Vinax Km,appNADPH VimaxKim,app Vinax Km,apg\‘ADH VimaxdKm,app ratio of

(s (mM) (mM~ts) (s (mM) (mM~1s) NADH/NADH?®
wild type 540+ 80 0.15+ 0.07 3600 12Gt 30 0.62+ 0.09 193 19
R137A 470+ 50 0.49+ 0.10 960 130Gt 10 1.3+ 0.1 100 9.6
R130K 530+ 40 0.16+ 0.01 3300 14Gt 30 1.1+ 0.2 127 26
D136A 924+ 20 0.013+ 0.004 7100 46t 24 0.51+0.18 90 79
D136N 100+ 16 0.013+ 0.004 7700 532 0.40+ 0.08 130 59
DA57A 400+ 20 0.088+ 0.009 4500 20@&: 50 0.97+ 0.26 210 21

a Activity was determined at 25C in the presence of 1.7 mM BSO in 50 mM Tris-HCI at pH 8.0 as described in the Materials and Methods.

b Ratio of second-order rate constants.

FIGURE 6: Surface representation of the putative BSOR structure.

The view down the active-site funnel of BSOR with the bis(MGD)-
Mo cofactor shown in yellow. The residues equivalent to the flexible
loop in DMSOR and TMAOR are shown in a ribbon representation.
(A) Residues that differ in BSOR while being conserved in DMSOR
and TMAOR are highlighted in red. (B) Location of Gly-X-Gly-
X-X-Gly putative pyrophosphate-binding motif is highlighted in
cyan. Location of Ala-X-Gly-X-X-Ala putative pyrophosphate-
binding motif is highlighted in blue.

previously described. Thén,""PPH andKm 4o APPH were

FiGUurRE 7: Location of mutagenized residues on putative BSOR
structure. View down the active-site funnel of BSOR with the bis-
(MGD)Mo cofactor highlighted in yellow. Arg130 is highlighted
in pink; Asp136 is highlighted in green; Arg137 is highlighted in
red; Asp457 is highlighted in brown; and mutations that resulted
in unstable protein (Asp147, Asp135, and Arg455) are highlighted
in orange. Location of Gly-X-Gly-X-X-Gly putative pyrophosphate-
binding motif is highlighted in cyan. Location of Ala-X-Gly-X-X-
Ala putative pyrophosphate-binding motif is highlighted in blue.

methyl viologen (15 ') (2) and thek.: (50 s1) observed
for DMSOR with MV and DMSO 25).

The mutated residues fell into two groups based upon their
location along the surface of the funnel (Figure 7). Three
residues, Aspl47, Arg455, and Asp457, were located near
each other and did not appear to specifically affect NAD-
(P)H binding. Mutagenesis of Aspl147 and Arg455 to Ala
resulted in an unstable protein, defined by low expression
levels, a low Mo incorporation, and a tendency to fall out
of solution. While these residues appear to be important in
maintaining the structural integrity of the protein, they did
not contribute to an understanding of the NADPH-binding
site and were not investigated further. Mutation of Asp457

determined under steady-state conditions in the presence ofo Ala did not significantly alter the absorption spectra, Mo
1.7 mM BSO (Table 1). The same assay was used toincorporation, or NADPH activity from that observed for

determine th&/,,85° andKpy, 4pFSC at either 0.25 mM NADH
or 0.25 mM NADPH (Table 2). ThieqandKpNAPPH were

the wild type, indicating that Asp457 is not important for
NADPH binding or activity.

determined in the absence of BSO using the stopped-flow The second group of residues was located on the other
spectrophotometer (Table 3). As a control for the specificity side of the funnel and includes Arg130, Asp135, Aspl136,

for BSO, thek:£5° andKBS°were determined using methyl
viologen as a nonspecific electron donor (Table 4). Khe
value for BSOR using methyl viologen (18% is much
smaller than thé/ma.x with NADPH. However, it is similar
to the previously published value for BSOR activity with

and Arg137 (Figure 7). Mutation of Asp135 and Arg130 to
Ala resulted in an unstable protein; however, the presence
of a positive charge in the Arg130 position was enough to
restore stability, because mutation to Lys resulted in a protein
with an UV—visible absorption spectrum and Mo content
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Table 2: Specificity for BSO at Constant NAD(PH

NADPH NADH

Vmax Km,appBSO Vma)le,app Vmax Km,appBSO Vma){Km,app

(s (mM) (mM~ts?) (s (mM) (mM~ts)
wild type 520+ 70 0.67+0.12 780 52+ 8 0.075+ 0.013 690
R137A 170+ 20 0.25+ 0.04 680 24+ 1 0.0574 0.002 420
R130K 430+ 10 0.87+ 0.2 490 464+ 1 0.164+ 0.05 290
D136A 200+ 20 1.5+ 0.2 130 22+ 10 0.10+ 0.01 220
D136N 130+ 10 1.9+ 0.2 68 20+ 2.6 0.12+0.03 170
D457A 370+ 10 0.69+ 0.05 540 41+ 3 0.0904+ 0.02 460

a Activity was determined at 28C with 0.25 mM NAD(P)H in 50 mM Tris-HCI at pH 8.0 as described in the Materials and Methods.

Table 3: Fast Reaction Kinetics with NAD(P)H

NADPH NADH

Kred KpNADPH kred Ko Kred KpNAPH kred Ko ratio of

(s (mM) (mM~1s™) (s (mM) (mM~1s NADPH/NADH®
wild type 980+ 100 0.27+ 0.05 3600 290t 40 1.4+ 0.4 210 17
R137A 860+ 110 0.72£0.12 1200 30Gt 40 2.4+ 0.8 130 9.2
R130K 1000+ 100 0.28+ 0.05 3600 230t 50 1.6+0.7 140 26
D136A 550+ 90 <0.02% >22 000 250t 20 0.59+ 0.07 420 >52
D136N 340+ 100 <0.025% >14 000 150+ 20 0.48+ 0.10 310 >45
D457A 830+ 20 0.12+0.01 6900 30@t 60 1.3+ 0.7 230 30

a Activity was determined for 1M protein at 4°C using several concentrations of NAD(P)H and fit to the equatiap;= ke{NAD(P)H]/(Ko
+ [NAD(P)H]). P Ratio of second-order rate constarftblo decrease in turnover was seen at 0.05 mM NADPH, and therefore, masivehs

estimated to be 0.025 mM NADPH.

Table 4: Specificity for BSO Using Methyl Viologén

kcat Km kca{Km

(s (mM) (mM~ts)
wild type 18+ 1 0.0184+ 0.007 1000
R137A 17+ 2 0.0144 0.001 1200
R130K 18+ 2 0.0244 0.001 750
D136A 9.6+ 1.1 0.0184+ 0.005 530
D136N 6.0+ 1.4 0.0174 0.005 350
D457A 8.7+ 1.2 0.0204 0.002 440

a Activity was determined at 25C with 0.15 mM methyl viologen
in 50 mM Tris-HCI at pH 8.0 as described in the Materials and Methods.

comparable to the wild type. No significant change was
observed in the ability of the R130K variant to utilize
NADPH as seen byma/Km app(Table 1) or theéked/Kp (Table

3) for NADPH. However, it was less efficient at utilizing
BSO as shown by a 2-fold increase in tkg?SC, using
NADPH (Table 2), NADH (Table 2), and methyl viologen
(Table 4) as the reductants.

Mutation of Arg137 to Ala decreased the degree to which
BSOR prefers NADPH to NADH. The UMvisible spectrum
of R137A is identical to that of the wild type, and this variant
exhibits aVmax (Table 1) andkeq (Table 3) with both NADPH
and NADH that are very similar to those of the wild type.
While the Km appAPH and KpNAPH for R137A are roughly
2-fold greater than those for the wild type, the values for
Km.appAPPH and KpNAPPH are 3-fold greater than those for
the wild type. Thus, while the wild type prefers NADPH to
NADH by a factor of 20, R137A only prefers NADPH by a
factor of 10. Thek.o/Km?S® (Table 2) using methyl viologen
and theVma/Km ap£SC (Table 4) using NADPH and NADH
were only slightly changed from that seen for wild-type
BSOR, indicating that this residue is not important for BSO-
mediated oxidation of the Mo center.

The D136A and D136N variants also exhibited a distinct
change from the wild type in their ability to bind and oxidize

NADPH. TheKpm api*APPH for both D136A (0.013 mM) and
D136N (0.013 mM) is at least 10-fold lower than that
observed for the wild type (0.15 mM) (Table 1). TKgNAPPH

was also decreased by at least 10-fold (025 mM) from

the wild-type value of 0.26 mM (Table 3). The exact value
of the KpNAPPH for D136A and D136N cannot be determined
using the stopped-flow spectrophotometer, because no de-
crease irkops Was observed even when the NADPH concen-
tration was lowered to 0.05 mM, the lowest concentration
that still maintained pseudo-first-order kinetics. Although
D136A and D136N also exhibited lowéy, p " PH (Table

1) and KpNAPH (Table 3) values, the magnitude of the
decrease is not as great as that observed with NADPH.
Unlike the mutation of Arg137, which only effects thg,
andKp, the mutation of Asp136 alters théax andkeeg with
NADPH or NADH. While the ke/*APPH for D136A and
D136N were 2-fold and 3-fold lower, respectively, than that
of the wild type (Table 3), the rate was still faster than the
VimatAPPH for both variants, which were approximately 5.5-
fold lower than the wild-type value (Table 1). Although the
KmBSC for both D136A and D136N is similar to that of the
wild type when determined with methyl viologen (Table 4),
the Kmap£S© values for both mutants are higher when
determined with either NADPH or NADH (Table 2),
suggesting that the tighter binding of NAD(P)H in D136A
and D136N means that higher BSO concentrations will be
required to successfully compete for the binding site. To
determine whether this was the case, steady-state assays were
performed at high NADPH concentrations. While minimal
inhibition of wild-type BSOR was observed at NADPH
concentrations below 0.25 mM, both the D16A and D136N
variants were clearly inhibited at 0.050 mM NADPH (Figure
8). When NADPH reduction of BSOR was monitored
directly by stopped-flow spectrophotometry, no inhibition
was observed at NADPH concentrations up to 1 mM (data
not shown).
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350 the specificity for NADPH over NADH by half. Although
300 s mutation of Argl37 effects the kinetic values with both
[ . < . NADPH and NADH, the greater increases observeldiinpp
250 | . and Kp for NADPH than those for NADH suggest that
< 200 _.t . Arg137 specifically coordinates thé ghosphate group of
%’ Py NADPH. A comparison of several protein structures with
g 130 3 bound NADPH has shown that an Arg side chain often stacks
< 100 . against the plane of the adenine while hydrogen-bonding the
° A A phosphate group at thé @osition @1). While the alteration
30 F. 0 ° A in the kinetic parameters for the R137A variant is specific,
0 L L L L ° the magnitude of this change is less than an order of
0 02 0.4 0.6 0.8 1 magnitude, suggesting that other residues also modulate the
NADPH (mM) specificity of BSOR for NADPH. Even though residues yet

FicUre 8: Substrate inhibition of D136AC), D136N (), and to bg identified are likely to have an equal or greater roI(_e in
wild-type BSOR #) by NADPH. Steady-state assays were per- Rinding the 2 phosphate, Arg137 and Asp136 are the first

formed with 0.60ug D136A, 2.0ug D136N, and 0.5%g wild- residues in BSOR shown to interact specifically with
type BSOR in the presence of 1.7 mM BSO in 50 mM Tris-HClat NADPH and, thus, provide valuable information about the
pH 8.0 as described in the Materials and Methods. mechanism of this enzyme.
i NH, The concentrations and ratios of reduced and oxidized
o= 0 nucleotides are closely regulated within the cell, &doli
Hz:; . s contains 0.8 mM NAD, 0.02 mM NADH, 0.05 mM
N~NADPH
ﬂ NADP™, and 0.15 mM NADPH40). Thus, even though the
o specificity of BSOR for NADPH is only 10-fold higher than
T\ < > // IN that for NADH, for all practical purposes, NADPH is the
MGD (Serm)o MGD MGD N 121)0‘W §7 MG physiological substrate for BSOR. The physiologic concen-

i . tration of NADPH is actually lower than thipNAPPH for
Ficure 9: Proposed mechanism for NADPH reduction of BSOR. ggoRr (0.26 mM). It is likely that the highd¢,VA°PH serves
to prevent NADPH from inhibiting BSO binding and, thus,
DISCUSSION to allow the most efficient turnover of BSOR. This is
The identification of amino acids residuesRn sphaeroi- supported by the kinetic analysis of the D136A and D136N
des BSOR that are involved in NADPH binding and variants, which both exhibit a lowdf, for NADPH than
oxidation is made difficult by the fact that, while two closely that for the wild-type protein and also exhibit substrate
related proteins have been structurally characterized, thesénhibition at NADPH concentrations lower than that normally
proteins are not reduced by NADPH. In faBt, sphaeroides  present in the cell (Figure 8). In both of these variants, the
BSOR is the only Mo-containing enzyme that has been Knappfor BSO was greater than that for the wild type when
shown to utilize NADPH to directly reduce the Mo center. NADPH was used as the reductant, andkfgluring steady-
RhodobacteDMSOR andE. coli TMAOR are reduced by  state turnover was lower. The relatively high, values for
pentaheme-type cytochromes, while other members of this both NADPH and BSO also suggest that enzyme velocity
family includingE. coliDMSOR and the dissimilatory nitrate ~ will vary in response to alterations in the cellular concentra-
reductases contain F& centers37). While genes encoding  tions of both substrates.
putative BSO reductases have been identified in other In many NADH-binding proteins, including dehydroge-
bacteria, only two of these proteins have been analyzed innases, aspartate residues modulate the specificity for NADH
any detail, and neither appears to utilize NADPH as the versus NADPH by repulsion of the phosphate group in
reductant. BisC, the primary BSOR kh coli, is a cytoplas- NADPH (35). In BSOR, Asp136 appears to exhibit a similar
mic protein @) that is not active with NADPH and requires  repulsive effect on the' hosphate, because removal of the
the presence of a small thioredoxin-like protein for activity negative charge results in a 10-fold decrease ik °PH
(38). E. coli Bisz, also referred to as TorZ, contains a andKpNAPPH, Although mutation of Asp136 lowers thHé
periplasmic signal sequence, can support growth anaerobifor NADPH, thek.,: and thek.J**P"H were also lower for
cally in the presence of BSO, TMAO, and DMSO, and the D136A and D136N variants than those for the wild type.
requires the presence of a pentaheagpe cytochrome39). As mentioned previously, Asp136 appears to increase the
Aspl36, Argl37, and the Ala-X-Gly-X-X-Ala NADPH-  Kp for NADPH to a level that allows BSO to compete more
binding motif are not conserved in either BisC or BisZ, and efficiently for the binding site. It also appears to have an
both protein sequences are very similar to DMSOR and affect upon the rate with which NADPH reduces BSOR,
TMAOR in this region. because théieq is lower in both D136A and D136N than
The data presented here show that, in the absence of ahat observed for the wild type. Thus, the repulsive effect of
crystal structure, protein modeling has been an effective tool Asp136 toward NADPH may serve to properly orient the
to evaluate the BSOR amino acid sequence for mechanisticpyridine nucleotide to allow efficient turnover of the Mo
information. In combination with kinetic, spectroscopic, and center.
mutagenesis data, it has allowed the identification of a While the putative BSOR structure provides a good
putative NADPH-binding site. Two residues in particular approximation of the overall protein fold, it does not have
have been identified that appear to be involved in NADPH the accuracy and detail that a crystal structure could provide,
binding and oxidation. Mutation of Arg137 to Ala reduces particularly regarding the location of residues corresponding
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to regions where BSOR differs from DMSOR and TMAOR. and Asp136 are located approximately 21 A from the Mo
The residues that have been implicated in NADPH binding atom. This distance is consistent with direct transfer of a
are close to each other at one end of the larger area exhibitinghydride to the oxo group on the Mo, because the distance
significant amino acid differences from DMSOR and TMAOR between the active carbon at thepbsition on the nicoti-
(Figure 7). Two potential NADPH-binding motifs were namide ring and the oxo groups on thephosphate varies
identified, a Gly-X-Gly-X-X-Gly motif within the region between 15 and 18 A in structures of protein-bound NADPH
corresponding to the flexible loop in DMSOR and an Ala- (43—47).
X-Gly-X-X-Ala motif encompassing residues 13843 along These results allow the refinement of the proposed
the surface of the active-site funnel. While the mutagenesis mechanism for the reductive half of the BSOR catalytic cycle
data suggest that the Ala-X-X-Gly-X-Ala motif is more likely  (Figure 9). A hydride ion will be transferred to the single
to be involved in binding the pyrophosphate group of oxo group on the MY center. Two electrons can then be
NADPH because of its proximity to Asp136 and Arg137, transferred to the Mo atom resulting in a Maenter and a
the residues corresponding to the flexible loop adjoin this coordinated hydroxyl group. This is consistent with EXAFS
area and could also be directly involved in NADPH binding. analysis, indicating that the Ntocenter of BSOR coordinates
Mutation of Asp147 and Arg455, which are in a different with either a water or a hydroxyl molecul&)( EXAFS
location from the residues that are proposed to bind NADPH analysis has also indicated the presence of a similar- Mo
(Figure 7), causes structural instability. These residues mayO/N ligand in the M& form of R. sphaeroide®MSOR
interact with residues corresponding to the flexible loop. that could arise from either a hydroxyl or water molecule
For the first time, stopped-flow spectrophotometry has (8). Although BSOR has a different physiologic electron
been used to monitor BSOR reduction by both dithionite and donor and different reductive mechanism than DMSOR, the
NADPH under pre-steady-state conditions. While EPR similarities in the oxidative half reactiond)(provide some
studies have shown that a Mapecies is obtained during support for a hydroxyl ligand in the M6 center of
dithionite reduction of the Mo centeB,(27), this technique RhodobacteDMSOR.
cannot be used to obtain a pure Wspecies because redox
titrations of wild-type BSOR an. sphaeroide®MSOR ACKNOWLEDGMENT
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suited to monitor the appearance of this intermediate. TheseHermann Schindelin, Dr. Margot Wuebbens, and Dr. Heather
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