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ABSTRACT. Much is unknown concerning the role of thiolate ligands of molybdenum in molybdopterin
enzymes. It has been suggested that thiolate dissociation from molybdenum is part of the catalytic
mechanism of bis-molybdopterin enzymes of the dimethyl sulfoxide reductase (DMSOR) family. For
DMSOR from Rhodobacter capsulatushiolate dissociation has therefore been investigated crystallo-
graphically, by UV/visible spectroscopy, and by enzyme assays. When crystallized from sodium citrate,
all four thiolates of DMSOR are within bonding distance of Mo, but after extended exposuretto Na
Hepes, a pair of thiolates dissociates, a mixture of structures being indicated after shorter exposures to
this buffer. DMSOR is stable in sodium citrate and other buffers but unstable aerobically although not
anaerobically in N&-Hepes. Aerobically in N&Hepes, a first-order reactiok & 0.032 hrt at 37°C)

leads to loss of activity in the backward but not the forward (dimethyl sulfoxide reduction) assay and loss
of absorption atl > ~450 nm. This reaction can be reversed by a cycle of reduction and reoxidation
(“redox-cycling”). Slower irreversible loss of activity in the forward assay and cofactor dissociation follow.
Spectral analogy with a mono-molybdopterin enzyme supports the conclusion that in the Hepes-modified
DMSOR form, only two cofactor dithiolene sulfur atoms are coordinated to molybdenum. Loss of activity
provides the first clear evidence that sulfur ligand dissociation is an artifact, not part of the catalytic
cycle. Clearly, structural data on DMSOR samples extensively exposed to Hepes is not directly relevant
to the native enzyme. The nature of the oxygen ligands detected crystallographically is discussed, as is
the specificity of Hepes and the mechanism whereby its effects are achieved. DMSOR forms complexes
with Na*t-Hepes and other buffer ions. For DMSOR crystallized from Hepes, electron density in the
substrate binding channel suggests that buffers bind in this site. Like the as-prepared enzyme, the modified
form (DMSORy0dD), known to arise on extended aerobic exposure to dimethyl sulfide, is susceptible to

a further degradative reaction, although this is not buffer-dependent. It involves loss of absorption at
~450 nm and, presumably, dissociation of thiolate ligands. Evidence is presented that, as a result of O
damage, DMSOR samples not submitted to redox-cycling may be contaminated with DM&CHRd

with material absorbing in the region of 400 nm, analogous to the Hepes-modified enzyme. Since the
latter lacks absorption &t > ~450 nm, its presence may escape detection.

In molybdenum- and tungsten-containing enzymes that to DMSOR, the closely related biotin sulfoxide reductase
have a bis-molybdopterin structure, the metal atom is and trimethylamineN-oxide reductase, as well as formate
coordinated by the four sulfur atoms of two dithiolene units dehydrogenases, respiratory nitrate reductases, and formyl-
contributed by a pair of molybdopterin (MPT1, 2) methanofuran dehydrogenase.
molecules. These enzymes are widespread in microorgan-

isms, where they catalyze important oxygen atom transfer © Abbreviat OMS. dimet] sulfide: DMSO. dimetivl sulfoxid
: _ ; ; reviations: , dimethyl sulfide; , dimethyl sulfoxide;
reactions §—5). Among them, the dimethyl sulfoxide DMSOR, dimethylsulfoxide reductase. Variants of the enzyme are
reductase (DMSOR) molybdenum enzyme fami®) bas DMSOR;, oxidized enzyme as purified by the standard procedures
attracted particular attention. This includ&s §) in addition here employed (termed “resting” DMSOR in @f DMSOR,, enzyme
submitted to a cycle of reduction and reoxidation (“redox-cycling”),
using prescribed procedures; DMSQED, modified form prepared by
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DMSOR from photosynthetic bacteria such RlRodo- by recent studie] of the reaction of the enzyme with DMS.

bacter capsulatusand Rhodobacter sphaeroide§’, 8) Formation of the initial productlfnax = 545 and 485 nm;
catalyses the final reaction of a respiratory chain with DMSO (11)] takes place at a catalytically competent rdpgnd is
as the terminal electron acceptor: followed, aerobically but not anaerobically, by a slow
reaction. This leads9j to conversion of the enzyme to a
DMSO + 2e + 2H" < DMS + H,O modified form [termed DMSOR,qin ref 9 and DMSOR,{D

here], havinglmax = 660 nm. This species, while lacking
Activity is assayed utilizing this reaction in either direction activity in the backward assay, retains activity in the forward
(9). This enzyme contains, unusually, molybdopterin as its assay and is converted back to the normal enzyme form on
only cofactor making it, in principle, particularly amenable submission to a cycle of reduction and reoxidation (“redox-
to spectroscopic investigations of its molybdenum center. cycling”). Conversion to DMSOR.{D may be regarded as
Thus, from a mechanistic point of view, DMSOR from these a form of oxygen damage to the enzyme, which is fully
organisms should be the most definitive family member. reversible on exposure to a low redox potential.

Nevertheless, despite availability of five crystal structures  We report studies by X-ray crystallography, supported by
(10—14), together with much spectroscopic data (e.g., refs conventional spectrophotometry and enzyme activity mea-
15-19), controversy remains concerning the active center surements. These reveal a specific DMSOR modification
structure and hence the reaction mechanism. Crystallographigeaction, involving thiolate dissociation and loss of catalytic
structures 10—14) differ from one another in the number  activity, that is oxygen-dependent and reversible by redox
of terminal oxygen ligands to the molybdenum atom. cycling. The work emphasizes the importance, in structural
Therefore, it has been unclear whether the molybdenumwork on bis-MPT enzymes, of avoiding conditions that might
center functions by a mono-oxo/des-oxo catalytic cycle or |ead to formation of oxygen-modified species.

the alternative di-oxo/mono-oxo cycle. In particular, not-

withstanding resonance Raman wotl6,(19), the existence,  MATERIALS AND METHODS

nature, and role of a presumed oxygen ligand detected

crystallographically in all published DMSOR structur&g-< The Purification of DMSOR from R. capsulatus
14) and termed O1 by Bailey and co-workers1( 12) (DMSORy). The procedure was generally as outlined earlier
remains unclear. (9). R. capsulatustrain H123 was grown with exclusion of

The precise role of the thiolate |igands of mo'ybdenum, air and phOtosynthetica”y in 500-mL medical flat bOttles,
not only in bis- but also in mono-MPT enzymes is uncertain. illuminated with tungsten lamps. Prior to induction of
An important unresolved question, potentially concerning all DMSOR, growth was at about 280 °C, in “RCV” medium
bis-MPT enzymes, is whether all four thiolates remain (24) supplemented with 30 mM malate as carbon source and
coordinated to the metal throughout the catalytic cycle. In 25 g mL™* kanamycin. Maximum induction of DMSOR
the crystallographic structures of oxidized, reduced, and Was achieved§) by transfer to the same medium, without
DMSO-bound DMSOR as reported by Bailey and co-workers malate and supplemented with 50 mM propionate as a carbon
(11, 12), all four sulfurs are at normal bonding distances source and 50 mM DMSO. Typically, 10 L of cells were
from the metal, implying that the ligands remain coordinated harvested by centrifugation at 8affr 20 min. The cell
throughout catalysis. A similar conclusion was reached on Pellet was suspended in a minimal volume of 500 mM
the basis of resonance Raman spectroscopic stuthesd). sucrose in 50 mM Tris-Cl 1 mM EDTA, pH 8.0 (buffer
In contrast, Huber and co-workeri4 report that in oxidized ~ A), Using a glass homogenizer. To release the periplasm,
DMSOR, only two of the four sulfur atoms are within lysozyme was added (final concentration 0.5 mg#lLand
bonding distance. Finally, Rees and co-workdrd) feport ~ the cells were incubated at about 2 for 1 h @5).
one sulfur in the oxidized enzyme to be at the rather long Spheroplasts were separated from the periplasm by centrifu-
distance of 3.1 A from the metal, moving to a clearly gation for 30 min, as above. The straw-colored supernatant
nonbonding distance of 3.7 A in the reduced form. They was the pel’iplasmic fraCtion, Containing most of the DMSOR.
presume such thiolate dissociation to be an integral part of The enzyme was purified by (NSO, fractionation, at
the catalytic cycle. Some further support for dissociation of 0—5 °C, precipitating between 60 and 80% saturation. The
a sulfur ligand on enzyme reduction has been provided by (NH,),SO, precipitate was dissolved in a minimal volume
EXAFS (20). More recently, EXAFS orParacoccus deni-  of buffer A and dialyzed against 15% saturated ¢NBO,
trificans nitrate reductase2() indicated dissociation of two  in buffer A. The product was fractionated by hydrophobic
sulfurs on reduction, with their religation on reoxidation by interaction chromatography on phenyl Sepharose. For 10-L
nitrate. For analogous tungsten enzymes, there is no evidenceulture, a 20-mL column equilibrated with 15% saturated
for asymmetric sulfur coordination in the oxidized enzymes (NH4).SO, in buffer A was loaded with the dialysate and
(5, 22, 23). Nevertheless, on the basis of EPR, it has been eluted with a linear gradient of (NSO, to 0% (NHy)2-
suggested that a thiolate may dissociate on reduction to theSQ,. Further purification was by ion-exchange chromatog-
W(V) state 4, 5). Investigations of conditions that might raphy on Q-Sepharose or ResourceQ. DMSOR eluted
lead to thiolate ligand dissociation in bis-MPT enzymes are between 250 and 300 mM NaCl in buffer A. Partial
therefore urgently needed. resolution of DMSOR fractions having slightly different UV/

DMSOR is produced only by organisms growing anaero- visible spectra was sometimes achieved. For some batches,
bically but is isolated and handled aerobically, being appar- Fast Flow Phenyl Sepharose (high substitution) rather than
ently stable under such conditions. However, oxygen might the low substitution variety was used in the first chromato-
have harmful effects on the enzyme, perhaps relevant tographic step, giving better resolution and allowing the ion-
thiolate dissociation. Sensitivity to oxygen was underlined exchange step to be omitted. With all procedures, the final



11260 Biochemistry, Vol. 39, No. 37, 2000 Bray et al.

product was>99% pure as estimated by gel electrophoresis estimate of the absolute concentration of one species
in the presence of SDS. Such samples are referred to as assontributing to the spectrum of a mixture or simply to obtain
prepared DMSOR (DMSOB. DMSOR,, could be con- an estimate of a required baseline correction. Where only
verted, by redox-cycling as described below, to DMSOR small spectral changes are involved and a single reference
DMSOR samples (all forms) in buffer A were stored as spectrum only is used in the fitting (but with baseline shifts
beads, frozen in liquid nitrogen, at80 °C or below. Care  and light-scattering included), the residual from the fit
was necessary to avoid slow thawing, since, if the enzyme approximates to the dilution-corrected difference spectrum
was repeatedly frozen and thawed, considerable deterioratiorbetween the unknown and the reference samples. Such a
was observed (increased absorption around 400 nm). Enzymeprocedure, which we used for obtaining pH difference
assays in the forward (VAMDMSO) and backward (DMS:  spectra, has the important advantage over conventional ones,
PES/DCPIP) directions were according to the standard in that dilution factors do not need to be known. Difference
procedures of Adams et aB)( Enzyme concentrations were spectra so obtained may, however, be liable to some slight

estimated fromAzzo nm With € 2 mM~t cm™?; for dilute distortion, e.g., by the false addition or subtraction of light-
samples, precision could be improved by making computed scattering.
baseline corrections (see below). Crystallization and Structure Determinatio@rystals for

Redox-Cycling (Corersion of DMSOR, to DMSOR,). the diffraction experiments were obtained at22 °C using
The enzyme was caused to undergo a cycle of reduction andDMSOR,, A solution of the enzyme in 5 mM sodium
reoxidation. The procedur®,(26, cf. ref 27) was as for the phosphate buffer, pH 7.0, was mixed with an equal volume
forward assay, i.e., the reaction was carried out in a of crystallization buffer containing 100 mM NeHepes, pH
spectrophotometer cell with no gas space, anaerobiosis being.5, 2 M (NH,),SOs, and 3-4% PEG400 and equilibrated
achieved without the use of nitrogen by the addition of by vapor diffusion against the crystallization buffer. These
Na:S;0, from a microsyringe via a fine hole in the stopper. crystallization conditions are different from those reported
The MV concentration was 0.3 mM, and a0, (~100 for previous work 11, 12) and yield different crystals. The
mM) was added until a stabksoo nm~1 was achieved, after  crystals grow in the space gro®p:2i124 unit cell dimensions
mixing by inversion with glass beads in the cell. After a (in A) a=67.8,b = 116.1,c = 230.4, with two molecules
few minutes, DMSO (510 mM final concentration) was in the asymmetric unit. Crystals grew within a few days but
added. On mixing, the color due to M¥éisappeared at once, were often harvested after a much longer period. Crystals
and the cell was opened and the sample was gel-filteredwere stored at 2622 °C until harvested.
aerobically and concentrated by membrane filtration. The X-ray diffraction data were collected from a number of
same procedure for redox-cycling without DMSO was used, crystals, under slightly different conditions, either on Station
except that the addition of DMSO was omitted. In this case, 9.6 of the Synchrotron Radiation Source, CCLRC, Daresbury
the blue MV disappeared as the sample was removed from Laboratory, with X-rays af = 0.87 A (datasets | and IlI)
the cell. or at the ESRF on BM14 with X-rays at= 1.0 A (dataset

Preparation of DMSOR,D. DMSOR, in buffer A was II). The detector on Station 9.6 was an ADSC CCD system
treated aerobically with DMS at 25C in a tightly sealed  and on BM14 was a 345-mm MAR image plate. Initially,
spectrophotometer cell until the reaction appeared complete data (dataset |) were collected from a crystal in a sealed
and then excess reagent was removed by gel-filtra®n ( capillary at 4°C. For other datasets, crystals were harvested

Spectrophotometric MeasurementdV/visible spectra  just prior to data collection into mother liquor containing
were recorded using a Perkin-Elmer Lambda 16 spectrometercryoprotectant for £2 min and frozen at 100 K using an
and analyzed using the maker’s software and “SigmaPlot” Oxford Cryosystems cryostream. All data were processed
(SPSS Science Software). Deconvolution of spectra (usuallyusing the MOSFLM progran2@), and subsequent process-
320 to 850 nm) was performed with a SigmaPlot routine ing was done using programs from the CCP4 su).(
that optimized their simulation, as the sum of contributions Initial phases were obtained by molecular replacement, using
from reference spectra and from light-scattering (as*[)/[ dataset | and the published moddl2) of the oxidized
and a horizontal baseline shift. Inclusion of the last two enzyme. The position of the two molecules in the asymmetric
parameters is justified since light-scattering by protein unit was determined using the program AMORE, followed
solutions may be increased by small amounts of aggregatedoy rigid body refinement with REFMAC. Atomic positions
material, and since, while the spectrophotometer baselineand individual atomic temperature factors were refined for
generally remained horizontal, small shifts in its height did each dataset with the program REFMABD) using medium
occur. Spectral fits presented correspond to best-fit simula- NCS restraints and with weak restraints applied to the metal
tions after correction to the calculated baseline. We used sucHigand distances. Cycles of ARRY) were used to add
fitting, first for estimating from observed spectra the relative solvent atoms. The program @2) was used for inspecting
amounts of the species assumed to be contributing. Threeelectron density maps and model building. The initial model
reference spectra were routinely ugethese were experi-  for refinement of structures using datasets Il and Ill was from
mental spectra of DMSQRand of DMSOR,,[D and a a partially refined model from dataset |, and refinement
synthesized spectrum, “XS400”, representing excess absorpproceeded using the same protocol as that used for dataset
tion in the 400 nm region and havidg.ax = 395 andmin = I. In all cases, the same reflections (5% of the data) were
355 nm superimposed onto a light-scattering background. used for calculation of the fre-factor.Za-weighted electron
Subsidiary uses of fitting were to obtain a quantitative density maps were then calculated using the coefficients
2mF,—dF;, Ocac and nm,—dF., acac (Where F, and F

2 The authors will endeavor to make the reference UVAvisible spectra '€Present the observed and calculated structure factors,
available in digital form on request by e-mail to r.c.bray@sussex.ac.uk. respectively). After several rounds of refinement and inspec-
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Table 1: Crystallographic Data Collection and Refinement Wavelength (nm)

dataset l I I 400 500 600 700 800

approx age of crystais 1 4 2 251 .7 ' ' ‘ ‘ '

(months)
cryoprotectant none 20% glycerol 25% w/v sucrose 19 (a)

data collection and processing statistics N
resolution (A) 2.4 2.0 1.9 g 20
Rayn? 0.081 0.083 0.084 5
no. of observations 305979 465630 367 035 5
no. unique reflections 59 409 123010 121 768 2
% complete 80.4 98.1 78.2 < 157
1 ((last shell) 7.7(3.8) 5.6(5.1) 5.4 (2.8)
refinement statistics

resolution (A) 30.6-2.4 30.6-2.0 30.0-1.9
no. of atoms 12 439 13274 12748
R-factor (%Y 17.1 194 17.8
Riree (%) 22.3 24.1 21.6
rmsd! bond lengths 0.012 0.013 0.011
rmsd' bond angles 2.4 1.9 1.9

(degrees)

2 DMSOR,, and N&-Hepes-containing media were used for growing
all the crystals® Rym = =|I(k) - DV=I(K) wherel(k) and (lCrepresent
the diffraction intensity values of individual measurements and the
corresponding mean valugsR-factor = X|F,—F|/SF, whereF, and
F. are the observed and calculated structure factor amplitdaesd
= root-mean-square deviation from ideality.

Absorbance

tion of the model, refinement was terminated with crystal-
lographicR-factors and fredr-factors as given in Table 1.
The two molecules in the asymmetric unit were found to be
very similar, both in terms of the polypeptide chain (rmsd
of 0.27 A for 763 @), and in terms of the molybdenum
coordination sphere.

RESULTS

DMSOR Samplesinspection of UV/visible spectra of
DMSOR samples in the literatur@<9, 11, 33 34) reveals
variability not commented on by previous workers. We have
developed UV/visible spectral fitting and deconvolution
procedures, described in Materials and Methods, to quantify
differences in the UV/visible spectra of DMSOR samples.
Representative data are summarized in Figure 1 and Table
S1 (Supporting Information). A number of points are
apparent. With a few exceptions, the spectrum of redox-
cycled enzyme (DMSOR is highly reproducible (e.g.,
Figure 1a). Freshly prepared DMSQ@QRilways shows a Wavelength (nm)
resolved peak at about 350 nm and a trough at about 335FIGURE 1: Deconvolution analysis of UV/visible spectra of DMSOR
nm, never seen for as-prepared DMSOR (DM3QRee, samples. (a) A sample after redox-cycling; (b) the same sample
e.g., Figure 1b). This and the lack of reproducibility in the before redox-cycling; this was a somewhat atypical as-prepared
spectrum of the latter, suggest that DMSOR more likely DMSOR fraction; (c) Na-Hepes-treated DMSOR after redox-
to represent a single species. We have therefore usecfycling. In each case, curve 1 (continuous line) shows the

. o experimental spectrum of the sample examined. This is compared
DMSOR, for all experiments, except the crystallization \ith"the appropriately scaled spectrum of reference samples of

work. Specific activity measurements on DMSE&amples, DMSOR (curve 7: marked with squares), DMSQRD (curve
expressed as catalytic center activities per&@ed calculated  4; marked with triangles), the synthesized XS400 spectrum (curve

using enzyme concentrations based A, values, were 5: marked with circles; referred to as “XS400", see Materials and
comparable to those for DMSQR9). Typical values were Methods) and light-scattering (14]) (curve 3: broken line). Curve

- 2 (broken line) corresponds to a simulation of curve 1, based on
1
28 and 8 s' in the forward and backward assays, respec- ihe pest-fit summation as illustrated, being the sum of curves 3, 4,

tively. The DMSOR, sample of Figure 1b shows contami- 5 and 7. Curve 6 (continuous line) is the residual from the fit (i.e.,
nation by substantial amounts of DMSQJD (confirmed curve 1 minus curve 2).

by a shift in the long-wavelength peak from 723)f(

measured in Tris-Cl buffer] to 709 nm). However, only a  increased absorption in the region of 400 nm, represented
few DMSOR,, samples showed such contamination (Sup- by the “XS400” spectrum. Interestingly, the as-prepared
porting Information, Table S1). DMSQRcontamination is recombinant DMSOR of Hilton et al26) appears from our
largely with undefined material or materials responsible for analysis of the published spectrum to be a mixture of

- 1.0

Absorbance

- 0.5

- 0.0

400 500 600 700 800
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Table 2: Metal-Ligand Distances from the Crystallographically derived Struétures
distances in A (A, B)

e e

structure (dataset) | 1] (Mo position 1) (Mo position 2)
Mo—MGD-P S1 distance 25,25 2.6,2.6 25,25 2.6,2.7
Mo—MGD-P S2 distance 2.6,25 2.4,2.4 2.7,2.7 2.2,2.2
Mo—MGD-Q S17 distance 25,25 34,34 2.3,2.3 3.7,3.8
Mo—MGD-Q S2 distance 2.6,25 4.0,4.1 2.7,2.6 4.0,4.2
Mo—Ser 147 @ distance 2.0,1.9 1.9,1.9 19,19 19,21
Mo—0O1 distance 1.8,1.8 1.9,2.0 not detected not detected
Mo—Q02 distance 1.8,1.8 2.0,2.0 2.0,1.9 1.8,1.8
molybdenum movement 0.1,0.1 14,13 0.2,0.2 15,17
rmsd of 763 @ of the polypeptide 0.15,0.16 0.28,0.35 0.29, 0.30

chain from the reference structure

aThese are given for the two molecules, A and B in the asymmetric unit. The movement of the molybdenum atom is measured using the 1.82
A DMSOR, structure 12) as reference? Mo—ligand distances are given for comparison with previous structures only. These distances will be
less reliable than for structures | and Il, as only one position was refined for each ligand atom, and two alternative Mo positions were refined.

DMSOR..D and XS-400-like material.

It was noteworthy that although we routinely used DMSO,
redox-cycling could also be performed successfully without
any added oxygen donor. Redox-cycling without DMSO has (a)
previously been achievedl§) using ferricyanide as the
oxidant.

Effect of the Medium on the Molybdenum Center in the
Crystallographically Determined Structure: Time-Dependent
Effects of Hepes BuffeiCrystallization of DMSOR and
related enzymes for structure determination has previously
been reported from sodium citratel( 12), cacodylate 10),
Na-Mes (14), or Na'-Hepes 13) buffers. Three new
structures of DMSOR have been refined using data obtained

Tyr114

from crystals grown with new crystallization conditions, in = 02

all cases in the presence of Hepes. The positions of atoms (b) Tvri14 01‘.\ ® Ser147

in the protein backbone and in the MGD cofactors super- yr /’J

impose, within experimental error, when these models are pe l

compared (Table 2) with one another and with our published | e ‘X
model (L2). However, there are significant differences in the /A"t./& \L .
position of the molybdenum ion and hence in its coordination . Q©
sphere (Table 2). Our first structure from crystallization Pg,

Canitions with Hepes buffer (structure ,l) appe.ared. VelY Ficure 2: Structure around molybdenum in DMSOR. (a) Crystal-
similar to the structure of DMSOR crystallized using citrate |ized from citrate buffer 12) and (b) after extensive exposure to
[(12), Figure 2a] within the limited resolution (2.4 A) of the  Hepes, structure Il (present work), showing maximum thiolate
data. The molybdenum site was initially refined to be the ligand dissociation. P and Q represent the two MGD molecules.
same as this, with all four thiolates within bonding distance &%iég;ﬁ%f‘”i F'g(;"s A%Tvé‘ggDprepared using the programs
of the metal and with three oxygen ligandsy ©f Ser 147, €4 an ) 4.
01, and O2 (Figure 2a). Peaks were observed in difference@nd co-workers ¥4). In particular, the molybdenum has
density maps if either O1 (45and 6.% peakdin molecules ~ moved by approximately 1.4 A away from the Q-MGD
A and B, respectively) or O2 (500and 5.% peaks) were [nomenclature of refL3], and only the two thiolates of the
omitted from the refinement, and these atoms refined to P-MGD remain within bonding distance of the molybdenum.
reasonable occupancies. However, spectroscopic data (e.gSerl47 is also a ligand to the molybdenum, but assigning
refs 16, 17, and 20) do not Support two 0oXO0 |igands' The the remaining |IgandS was more dlfflCU|'[. T_hl’ee peakS were
evidence presented by the structures described below demobserved around the molybdenum in the difference electron
onstrates that under certain conditions the molybdenum density maps. Two peaks in similar positions to O1 and 02,
moves within the structure to a position that is very close to (Peak heights 68and 4.6 in molecule A, 6.8 and 5.&
the suggested position of O1 (see Discussion). in moIgcuIeB) were assigned as oxygens, and both refine
Subsequently, data were collected to 2.0-A resolution from t© & distance of 1.92.0 A from the molybdenum. These
frozen crystals, using glycerol as cryoprotectant (structure ©Xygens are hydrogen-bonded to the OH of Tyr 114 and
Il, Figure 2b). The structure refined against these data Nel of Trp 116 and in equivalent positions to Oa and Oe,

appeared to be more like the reported structure of Huber "espectively, in the structure of Huber and co-workér$).(
A third peak (height 7.6 and 9.% in molecules A and B)

30 is the root-mean-square deviation of the difference electron in the difference density maps could be interpreted as a third

density map. High values correspond to a significant feature, but OXYgen, giving a total of six |i_9§md5 in octahedral geometry
absolute values depend on the resolution of the data. around the metal. However, it is rather close to the thiolates
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published structures of the oxidized enzym@-14). It is
clear that there are two well-defined alternative positions for
the molybdenum atom, while the majority of other atoms in
the vicinity of the metal do not move. There are obvious
differences in the sulfur ligation to the molybdenum in the
two positions. In one position, all four dithiolene sulfurs are
within bonding distance of the molybdenum. In the other
position, the molybdenum is still within bonding distance
of the dithiolene sulfurs of one cofactor but at least 3.4 A
from the thiolates of the other cofactor. It is also possible
that there are changes in the oxygen ligation to the
molybdenum, although Pof Ser 147 remains as a ligand
in all models. 02, the oxygen ligand hydrogen-bonded to
Trp 116, is present in all oxidized structures of DMSOR from
R. capsulatus although it is absent from the published
structure of DMSOR fromR. sphaeroideq13). In the
enzyme with DMSO complexed to the metal and the
dithionite-reduced enzyme{, 12); not shown] all four
dithiolene sulfurs are within bonding distance of the metal.
These latter structures, in conjunction with the present ones,
strongly suggest that O2 is the oxygen transferred during

) - o enzyme catalysis. The function of O1 is more difficult to
FiGurE 3: Superimposition of structures of oxidized DMSOR. The explain, if indeed it is not an artifact (see Discussion)
structure of the enzyme when crystallized from citrate2){( red] S ec,ific Effects of NaHepes Buffer on the Stabilit .of
and structure | (present work, green) have the molybdenum =P p Yy

coordinated by four thiolate ligands. Structure Il (present work, DMSOR.To seek to understand the effects of'Ndepes in
yellow) and the structure of Huber and co-workeffj( magenta)] ~ the crystallographic work, we carried out a series of
are coordinated by only two thiolate ligands (from P-MGD) while experiments in which the stability of DMSOR in different

the structure of DMSOR fronR. sphaeroide§(13) blue] appears i
to have the molybdenum halfway between the two positions. O1 buffers was assessed by enzyme activity measurements and

(hydrogen bonded to Tyr 114) appears to move with the molyb- PY changes of UV/visible absqrptiion spectrum. Incubation
denum, whereas the movement of O2 (not seen for Rhe  Of the enzyme for 2 days at 3T in different media revealed
sphaeriodesstructure; hydrogen-bonded to Trp 116) is less. The (Table 3) a dramatically diminished stability in N&lepes

?n(gygﬂﬂeggf%é%%tlléxf:gf({)teednii/rrl#;t:r(isot()fsﬁgwg?iitse'cr gg:*d?ﬁté 4 i comparison with that in Tris-C| sodium citrate, or Nax
by four thiolate ligands and superimposes almost exactly on the Ches. _In buffers other than Hepes, _the spectrum was
molybdenum of the enzyme crystallized from citrate. essentially unaffected by this incubation, as shown by

estimations of the DMSORconcentrations before and after

of the Q-MGD and may alternatively be interpreted as incubation from spectral deconvolution (see Materials and
residual electron density due to a proportion (approximately Methods). In contrast, in NaHepes the long-wavelength
20%) of the molybdenum not moving. features of the spectrum were greatly diminished by the

Fearing that the glycerol was causing the movement of incubation, leaving a relatively featureless spectrum with a
the molybdenum and associated changes in the coordinatiorpronounced shoulder at about 400 nm. Deconvolution
sphere of the metal, we collected data from a frozen crystal, indicated loss of the greater part of the DMSQRvith
again using Hepes buffer but using sucrose as cryoprotectantsubstantial conversion to material with an XS400-like
In this case, we saw a mixture of the two previous structures spectrum. Activity in the forward assay was essentially
with approximately 55% of the molecules in the crystal unchanged in all samples. In contrast, uniquely for thé-Na
having the molybdenum in one position and 45% having the Hepes samples in the backward assay, activity was dimin-
molybdenum in the alternative position. The resolution of ished by 80% or more. Results indistinguishable from those
the data are probably insufficient to give an accurate model in Table 3, experiment 1, were obtained when EDTA was
of the ligand sphere around the metal in the presence of twoomitted (data not shown), so that inactivation in the presence
alternative positions of such a heavy scatterer as a molyb-of Nat-Hepes is not dependent on trace metals. However,
denum. However, we were able to refine single positions the backward assay activity loss was essentially eliminated
for O2 and Ser 147, with reasonable metal ligand distancesby anaerobiosis (Table 3, experiments 2a and b). Thus,
to both molybdenum positions (stucture 1ll, Table 2). There inactivation in the presence of Ndlepes is oxygen-
was no evidence for O1. This structure suggested that it wasdependent.
not the glycerol causing the molybdenum movement, and During preparative-scale inactivation in N&lepes, there
other possibilities were considered, including the effect of was progressive disappearance of all the long-wavelength
temperature and of the buffer. The observation that variable absorption features, with more subtle changes in the-400
degrees of molybdenum movement had occurred, which 450 nm region (Figure 4a). Figure 4, panels b and c, show
could be roughly correlated with the age of the crystals detailed kinetic analysis of these data, supplemented by
(Table 1), suggested a slow time-dependent process. results of activity assays in both directions. DMSPR

Comparison of the Position of Molybdenum in Structures concentrations from spectral fitting in the long-wavelength
of DMSOR Figure 3 shows a superimposition of the active region only, agree (Figure 4b) with data from the backward
site of structures | and Il presented in this paper and threeassay in indicating that the normal enzyme form disappears

Ser147
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Table 3: Effect on DMSOR of Aerobic Incubation for 45 h at 37 in Different Bufferg

expt no. sodium citrate Tris-Cl Na"-Ches Na-Hepes
before: DMSOR: conc (from spectruf) 1 (100) 95 101
after: DMSOR. conc (from spectruf) 1 104 89 27
after: activity (forward assa) 1 (100)+9 93+ 6 95+ 6
after: activity (backward assdly) 1 (100)+ 12 81+ 9 16+ 4
after: activity (backward assdly) 2a 96+ 5 104+ 12 10+ 4
after: activity (backward assdly) 2b (anaer.) 9% 10 101+ 10 67+ 8

aThe enzyme was 20M in experiment 1 and %M in experiments 2a and 2b. Experiments 1 and 2a were carried out aerobically. For experiment
2b, samples were made anaerobic in a glovebox operating agpm oxygen. Buffers and pH values were as follows. In experiment 1, Tris-Cl
was 20 mM, pH 7.5, sodium citrate was 85 mM, pH 5.0, and-Napes was 85 mM, pH 7.5. In experiments 2a and 2b, all samples were at pH
8.2, with Tris-CI- at 50 mM and Na—Ches and Na—Hepes at 80 mM, with 10 mM Tris-Clalso present for the last two samples. In all
experiments, 1 mM EDTA was also present. Forward and backward assays were performed as described in Materials anblRdetxuksiment
1, UVivisible spectra were recorded before and after incubation. Values are calculated concentrations of,JM@®@ssed relative to the value
in sodium citrate before incubation, taken as 100. They were obtained as described in Materials and Methods from deconvolution of the spectra.
Indicated relative amounts (as in Supporting Information, Table S1) of DMs@Rand of the XS400 spectrum were generally small (within the
range+ 0.06). The one exception was for the sample ifRkepes after incubation, for which much higher contributions from the XS400 spectrum
were indicated® The indicated relative amount of the XS400 spectrum (as in Supporting Information, Table S1) wasli®.@gperiment 1,
values given correspond to activities relative to the value in sodium citrate after incubation, taken as 100. Calculated specific activitythalues fo
latter were similar to those of typical unincubated DMS©Rmples. In experiments 2a and 2b, activities are expressed relative to those measured
in unincubated controls, after making small corrections for evaporation.

via a first-order reaction with a rate constant of about 0.03 and transfer of the sample to Tris-Ghe spectrum retained
hr-1. This is supported by analysis of relative absorbance an extremely high proportion of XS400, nevertheless, the
changes at 720, 630, and 352 nm (Figure 4c). However, filtration resulted in a significant loss of 400-nm absorption
closer examination reveals some complications. Whereas, thgSupporting Information, Table S1, Figure S1). By analogy
curve fitted to the activity data (Figure 4b, curve 1) with the more definitive data reported below for thermal
extrapolates within experimental error to zero activity, the modification of DMSOR,.D, it is assumed (Scheme 1) that
DMSOR, concentration plot extrapolates not to zero but to this loss results from liberation of some Moco from the
a statistically significant apparent residual content of this enzyme (reaction 3). In the final spectrum of the gel-filtered
species. Close inspection shows, however, an associateghroduct of Na-Hepes-mediated modification, termed
small shift of the 720-nm peak toward shorter wavelengths DMSOR..dH, after correcting by deconvolution for unreacted
as the reaction proceetisMore dramatically, analysis of DMSOR, and for light scattering, a 400-nm shoulder is the
relative absorbances at 430 nm (Figure 4c) provides clearmost prominent feature, with additional very weak features
indications of a secondary phase in the reaction following at 500 and 680 nm. Upper and lower limits fepo nm for

the primary phase. Furthermore, activities in the forward DMSOR,,,qH were 1.2 and 0.5 mit cm™2.

assay (at zero and at longest reaction times only) show a DMSORmoH, like DMSORsod (9), retained activity in
small but significant decrease, not obviously associated With e torward assay and it was therefore of particular interest
the primary reactpn phase. _ to test the effect of redox-cycling on it (specifically, on the
These data are interpreted (see below, Scheme 1) in termgpove gel-filtered sample). This treatment restored in sub-
of two successive first-order reactions. Loss of activity in stantial part the DMSOR spectrum (see Figure 1c). Fur-
the backward assay and of the long-wavelength absorptionthermore, the redox-cycled material was active in both assays.
are associated with the primary reaction (reactioh and |5 more detail, our findings are consistent with reaction 2
activity loss in the forward assay and the small negative of Scheme 1 being very largely reversed by redox cycling
relative absorbance change at 430 nm are associated withreaction 2) but reaction 3 not being reversed. A significant
the secondary phase (reaction 3). With a first-order rate resjdue of a species with an XS400-like spectrum is indicated
constant of 0.032 ht for the primary reaction, then for the by the fit (Figure 1c and Supporting Information, Table S1).
secondary phase, a rate constant of 0.0026 hray be  Ajso, the absorbance ratiesf/Azzo = 100, was rather higher
calculated from the forward activity data. In Figure 4b, curves ian the value of~80 reported §) for DMSOR,, and
3, 4, and 5 correspond, respectively, to plots on the basis of ;gnfirmed for DMSOR, in the present work. At the end of
this Scheme for the concentrations of the final product, the o Na -Hepes incubation (but before transfer to Tris)Cl

primary product, and the sum of the concentrations of this specific activities as catalytic center activities in the forward
and the starting material (this corresponding to the predicted ;g packward assays, respectively [data from Figure 4b,

activity remaining in the forward assay). The same rate rgcaiculated relative td\vzo nm values at the start of the
constants were used in plotting the curve through the 430- gy heriment], were 20 and 0.6% In contrast, for the final
hm data in Figure 4c. - . _ redox-cycled material (based on actUsho nm measure-
The final product of this experiment was examined further. ments), activities were 22 and 7si.e., similar to, but
AlthOUgh after membrane filtration to remove theﬂ\lﬂepes slightly less than, values for normal DMS@Ramples.

Basis of the Specificity of HepeBurther investigations
“ There is residual long-wavelength absorption (Figure 4b, curve 2) were aimed at understanding the remarkable specificity of

after conversion of DMSORto DMSOReH. Although it is virtually ; il ;
free from absorption at > ~450 nm, DMSOR.H as discussed beiow Hepes, as revealed in the stability experiments. The spectrum

retains a very weak feature at about 680 nm (see Supporting Informa-0f DMSOR was reported] to be pH-independent, at least
tion, Figure S1). over a limited range. However, we found (Supporting
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Wavelength (nm) Information, Figure S2) that several buffers having sulfonic
500 600 700 800 acid groups in their structures had quite marked effects on
I the spectrum, in comparison with that recorded in Tris-Cl
or Na-Bicine. These included (in decreasing order of
difference spectral amplitude) N&Ches, Na-Mes, and Na-
Hepes. In the case of NeChes, the observed change
included a shift of the long-wavelength peak from 722 to
729 nm. The spectral changes observed, which were revers-
ible on removal of the buffer by gel filtration, are analogous
to those for the binding of DMSQO9J to the enzyme.

The binding site, in the complexes that must be responsible
for these spectral changes, has not been determined but a
likely site both for DMSO and for the buffer ions is located
in the substrate binding channel adjacent to the active site.
Such a site would be close enough to molybdenum for
binding to cause the minor perturbations of its environment
indicated by the spectral changes. Some support for this site
is provided by the difference electron density map shown in
Figure 5, derived for the structure of the Hepes-modified
enzyme. There is evidence for continuous density represent-
ing a molecule binding in the substrate-binding channel of
the enzyme, between residues Trp 196 and Tyr 165.

Stability of DMSOR.D. We examined the stability of
DMSOR,,D in experiments analogous to those on

E DMSORe.. In sharp contrast to the situation with the latter,
3 in parallel experiments on DMSQRD in Na"-Hepes and
- in Tris-CI~ buffers, no significant stability differences were
found. Also, Na-Hepes had virtually no effect on the
spectrum of DMSOR,D at the start of the experiment (data
not shown). Data from the stability experiment in Tris-Cl
010 1 are summarized in Supporting Information, Figure S3. After
042 & , , , : B A 2 days’ incubation at 37C, the 660-nm feature of the
0 25 5 75 100 125 DMSOR.D spectrum had decreased to about half its
Time (hr) original intensity, while absorption around 400 nm had
Ficure 4: Kinetics of aerobic DMSOR modification at 3T in increased. The Samp|e was then submitted to membrane

the presence of NaHepes. Panel a: UV/visible spectra recorded g-ation, and the spectra of the filtrate and the retentate were
at intervals during the reaction. Panels b and ¢ show secondary

plots derived from these data, together with enzyme activity data. "€c0rded. That of the former, withnax ~375 nm and with

In panel a, curves 17 correspond to spectra at the following N0 280-nm peak (data not shown), is similar to that of the
reaction times: 0, 7.0, 21.9, 30.0, 45.0, 71.7, and 117.0 h. Triangle oxidized molybdenum cofactor liberated from biotin sulfox-
and circle markers, respectively, distinguish the time 0 and 117 h jde reductase by denaturatioB5{ or to that of oxidized
curves. The experiment was carried out starting with ;

DMSOR, in :I_OOpmM Na-Hepes, 45 mM Tris-Cl, %md 1% qarbogamldomethylated MPT6). Clearly, some cofact.or
EDTA, pH 7.5. Small baseline corrections have been applied to liberation has taken place. (Note that on a molar basis the
the spectra. In panel b, the fraction remaining of activity in the OXidized cofactor has a severalfold higher absorption at 375
backward assay (circles; with SD from triplicate assays) and of nm than does the enzyme). Deconvolution of the spectrum
DMSOR. concentrations as estimated from fits to the spectrum ¢ the retentate was performed analogously to that for the

over the range 4606815 nm (upright triangles; points in duplicate) . g
are plotted against time. The fraction of activity remaining in the spectrum of DMSOR.H, as described above, yielding the

forward assay is shown as inverted triangles. Curves 1 and 2 Spectrum of the first product of DMSQRD decay, termed
(continuous and dashed lines) correspond respectively to first-orderDMSOR,dDX. As for DMSORnodH, a 400-nm shoulder is
decay with rate constants of 0.0320.005 hr* and 0.037 0.001 the most characteristic feature, although a very weak feature
hr-1 and with limiting fractions remaining of 0.04 0.05 and 0.11 at 700 nm appears also to be real. Rough calculation gives

4+ 0.00. Curves 3, 4, and 5 are theoretical plots respectively for the o
concentrations of C, B, and A B in a reaction of the form A~ upper and lower limits fOE4o0 nm Of DMSORnodDX Of 5

B — C, governed by first-order rate constants of 0.032 and 0.0026 and 2 mM* cm™* (values considerably higher than the
hr. In panel c, “relative absorbance” at different wavelengths is corresponding ones for DMSQRH).
plotted against time, with relative absorbancé.at defined as 5 The decrease in the concentration of DMSQI in the

x [AL— (A1 = 30 nmTt A1 + 30 nm)/2]. Plotting in this way is expected ; :
to minimize interference from possible baseline shifts or turbidity above experiment, calculated fr%m .de‘?on"o'F‘“O” of the
changes. Vertical markers at the top of panel a indicate the spectrum of the retentate was 56% (indistinguishable from

wavelengths at which relative absorbances are plotted in panel ¢.54% found in the parallel experiment in Nélepes). If a
In panel ¢, curves through the experimental points (each in first-order reaction is assumed, this corresponds to a rate
duplicate) correspond to a first-order reaction with rate constants, ~qgnstant of 0.02 h for the conversion of DMSORD into

respectively, for 720, 630, and 352 nm, of 0.G682.001, 0.034- ; : .
0.001 and 0.034t 0.002 hrt. For 430 nm, two successive first- DMSORn.DX (Scheme 1, reaction 5). If Moco liberation

order reactions were assumed with rate constants of 0.032 angoccurs from the latter by a further first-order reaction and
0.0026 hr, €40 nm 7.34 mMt cm™ (37) is used to calculate the

300 400
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Scheme 1: Proposed Forms of DMSOR and Their Interconvefsions

Partial conversion

by air during preparation Not characterised:

Le-"TLIIIIIIIIIZIZIZIZCIP constituent of DMSOR,,
e /,," ~400 nm (sh)
’ /’ @ Redox-cycle
!y o5
(! Ps\ae@“ k 0.0026 hr'
'y @ Hepes; k 0.032 hr' (37°C)  / @ (37°C) N .
X » DMSOR, ,H poprotein
F’ ~400 nm (sh)
@ Redox-cycle
DMSOR,, Moco
720 nm
560 nm (s:; oS °
470 nm (s H oo )
350 nm (@) ko22hr 32 k0.02 hr! @ ?3‘;-0‘2:2) hr

- 37°C
k\ (25°C) DMSOR,,,D { ,) DMSOR,, ,DX -——Tb Apoprotein
660 nm ~400 nm (sh)

\
\ Redox-cycle 470 nm
\

\ Partial conversion by air after
~a anaerobic MV/S,0,2/ gel filter

Moco

Not characterised
~400 nm (sh)

2 The positions of the main absorption peaks and shoulders (sh) are indicated for each species. Formg,DWERIR,.H, and DMSOR,.D
are all fully active in the forward assay but of these, only DM&Q®Ralso active in the backward assay. Forms from which Moco has dissociated
are inactive. Note that DMSQRis proposed to be a mixture of DMSQRogether with variable but usually small amounts of the product of
reaction 1, with sometimes also some DMSQ&RD.

DMSO to be successful, it seems that the simultaneous
presence of reduced enzyme, the reductants, and oxygen is
needed. In the absence of the reductants, side reactions
between oxygen and the reduced enzyme apparently occur,
leading to the formation of additional forms, including ones
with increased absorption in the 400 nm region.

DISCUSSION

Nature of the Modification of DMSOR Occurring in the
Presence of Hepe®MSORH is the primary product of
DMSOR modification in the presence of Hepes. Crystal-
lographic data, particularly dataset Il of the present study,
show that in crystallized DMSOR after extended exposure
to Hepes, two thiolate ligands have dissociated from mo-
lybdenum. Independent evidence that thiolate ligands can
dissociate from the metal under specific conditions involving
exposure to Hepes, comes from comparison of the UV/visible
Ficure 5: Difference electron density map, contoured ab3for spectrum of DMSOR,dH with that of the C207S mutant of
structure Il shown in Figure 2b, showing electron density proposed sulfite oxidase §8). Like DMSORm,dH, C207S sulfite
to be due to a disordered Hepes molecule. Similar electron densityoxidase has its main long-wavelength absorption feature at
was seen between Trp 196 and Tyr 165 in structures | and Il but gpout 400 nm, with a molar absorption coefficient [about

not in the structure of oxidized DMSOR crystallized from citrate R
buffer. The following additional amino acid residues are shown: 1.7 mM™cm %, calculated from ref88 and39] comparable

Try 114, Trp 116, Ser 147 (part). This figure was prepared using 0 the upper-limit value for DMSOR,H of 1.2 mM™ cm ™.,
the programs BOBSCRIPH®6) and RASTER3D 45). According to EXAFS analysis4(), this sulfite oxidase

mutant has three oxo groups and two dithiolene sulfur atoms

concentration of oxidized liberated Moco, a rate constant, from the single MPT molecule coordinated to molybdenum
also of 0.02 hr', may be calculated for this latter step rather than the structure expected from wild-type sulfite
(Scheme 1, reaction 6). oxidase 41), with the serine hydroxyl coordinated in place

Reaction of Reduced DMSOR with. @s noted, addition ~ of one of the oxos. Nevertheless, this comparison supports
of DMSO is not essential to effective redox cycling of the conclusion that the relatively intense long-wavelength
DMSOR samples. To probe this further, an enzyme sample absorption of DMSOR depends on there being four dithi-
was reduced with MV and N&0O, and then gel-filtered  olene sulfur atoms coordinated to the molybdenum. Thus,
anaerobically in a glovebox~5 ppm Q) to remove the  when thiolate ligands are lost, so too are spectral features
reductants. It then showed the expected spectrum for thewith A > ~450 nm.
reduced enzyme [cf. ref; data not shown]. Subsequent The spectrophotometric and activity data provide further
exposure of this reduced sample to air gave partial conversioninsights into the reactions occurring in the presence of Hepes.
to DMSOR., accompanied by a substantial increase in the With Hepes but not with other buffers tested, the long-
indicated content of an XS400-like spectrum (Supporting wavelength absorption disappears concomitantly with activity
Information, Table S1). Thus, for redox-cycling without in the backward assay, in an oxygen-dependent reaction with
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clearly-defined kinetics. Though this reaction may be re-
versed, a slower one that is irreversible follows it. Hence,
maximum conversion to the product of the primary reaction,
DMSORodH, is predicted to occur at 85 h reaction time at
37 °C, with maximal conversion of 80% of the enzyme to
this form (see Figure 4b, curve 4). While it is thus impossible,
for kinetic reasons, to produce DMSQEH on its own, it

DMSOR. and clearly, for some DMSQRsamples, elimina-
tion of contaminating DMSOR,D is one of the effects of
this treatment. The occasional presence of some DMSOR-
modD IN DMSOR,, samples may be explained by variations
in the growth conditions, e.g., in the level of anaerobiosis
achieved. Other material eliminated by redox-cycling, ac-
cording to our spectral analyses, absorbs in the 400-nm
is clearly obtainable without difficulty as the preponderant region, as represented by the synthesized XS400 spectrum.
species. The nature of this material is unsure; it is almost certainly
A number of buffers that we tested bind to the enzyme, more than one chemical species. Spectral contamination with
but Hepes is unique among them. It alone promotes backwardsuch material is not unique to our samples. Thus, according
assay activity loss and loss of absorptiortat ~450 nm, to our analysis of the published spectrum, the as-prepared
both of which we attribute to thiolate dissociation. The recombinant DMSOR of Hilton et al26) is a mixture of
difference between Hepes and the other buffers must lie in DMSOR,,.dD and material with an XS400-like spectrum.
its chemical structure. Accepting that the buffers that complex Redox-cycling is reported to convert this mixture to normal
with the enzyme bind at a site in the substrate-binding enzyme. The very substantial contamination by XS400
channel, we speculate that Hepes binds in a way such thaindicated by the spectrum of these workers must be
its CH-CH,-OH group can coordinate to molybdenum, emphasized. On the plausible assumption that here the 400-
thereby displacing another ligand, presumably a thiolate, nm feature is due to DMSQR/DX, then a conservative
from the metal and so triggering the observed oxygen- calculation from our molar absorbances indicates that

mediated decay.
Oxygen-Mediated DMSOR Modification Reactioim$or-
mation from the present and earli®) (vork on the various

DMSORD and DMSOR,,DX are present in amounts
roughly stiochiometric with one another. This clearly has
an important bearing on the interpretation of published

forms of the enzyme and their kinetic interrelationships and EXAFS data 7).
spectral properties are summarized in Scheme 1. Data on Reverting to Scheme 1, although only limited data have
reactions 4 and 4 are from ref9; reactions 2, 27, 3, 5, been presented in support of reaction 7, its existence is clear
and 6 have been considered in Results. Evidence for oxygen-as discussed in Results. Evidence for reactiomslindirect
dependence has been demonstrated where indicated, i.e., faand based on the presumption that DMSQBpresents the
reactions 2 and 4, although it is probably reasonable from true native form of the enzyme, with 400 nm-absorbing
analogies with reaction 2to assume it applies also to material in DMSOR, resulting from oxygen-mediated
reaction 5. We have not shown that reaction 6 follows degradation reactions, analogous to reactiohard 5 and
reaction 5 rather than running in parallel with it, but the probably 7, that have taken place during growth and enzyme
former is assumed by analogy with reactiorisabd 3. We isolation. The existence of reaction &k assumed from the
have not attempted to test for reversal, by redox-cycling, of effects of redox-cycling on DMSOR
reaction 5. This might be difficult to demonstrate because Oxygen-Damaged DMSOR Forms: Structural Implica-
of the similarity of the rate constants for reactions 5 and 6. tions. The new finding that oxygen has harmful effects on
The remaining reactions are considered below. DMSOR under some conditions has a profound bearing on
As already noted, DMSOR®D is considered to be an the conclusions from structural work. Care is called for in
oxygen-damaged DMSOR form. While structural data on work on the enzyme to ensure that samples studied are free
this enzyme form are not yet available, the likely structure from contamination by oxygen-damaged forms such as those
is pertinent. Adams et al.9) speculated that a pair of encountered in the present work. Since these lack absorption
dithiolene sulfurs might have dissociated from the metal, as in the long-wavelength region, their presence could easily
we have now shown to be the case in DMSQH. remain undetected. In confirmation of the reality of such
However, for DMSOR,D this is almost certainly incorrect,  contamination, early EPRL8 on DMSOR revealed multiple
as is shown by its retention of long-wavelength absorption, Mo(V) signal-giving species, presumably related to micro-
at undiminished intensity relative to the native enzyme, heterogeneity of the enzyme analogous to that here docu-
although withAmax shifted from 720 to 660 nm. It seems mented. The existence of oxygen-damaged forms of DMSOR
therefore that the structural difference between DMGGR was not known to earlier workers. That the enzyme is under
and the native enzyme relates to changes involving oxy- many conditions quite stable in air gives a false sense of
gen ligation rather than sulfur ligation. In contrast, security, as does the fact that standard forward assay
DMSORnDX has lost long-wavelength absorption, indicat- conditions lead to reversal, by redox-cycling, of any inactiva-
ing dithiolene sulfur detachment. Thus, we conclude (Schemetion that may have occurred. We have shown that all known

1) that rather than reaction”4reaction 5, like reaction™2
involves dissociation of a pair of dithiolene sulfurs from
molybdenum.

Relation between DMSQfand DMSOR,. In most of the

Mo(IV) and Mo(VI) enzyme forms, that is, oxidized, DMS-
reacted, and reduced enzyme, are susceptible to this type of
damage, although in the case of the first-named form, it is
only the complex with Na&-Hepes that has clearly been

present work, DMSOR samples submitted to redox-cycling shown to be susceptible. The possibility therefore has
(DMSOR,) were used, since these were more consistent in seriously to be considered that microheterogeneity of the
their spectral properties than conventionally prepared onesenzyme due to oxygen damage might explain complexities
(DMSOR,). The nature of the difference between such in published spectroscopic work on this enzyme.

samples must be considered. Redox-cycling is kno@in ( In relation to crystallography, clearly data on DMSOR
confirmed in the present work) to convert DMSQJD to samples that have been exposed extensively and aerobically
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to Hepes is not directly relevant to the native enzyme interpretation has been attempted using the 1.82-A data on
structure. This conclusion is particularly pertinent to the work the oxidized enzyme, but a completely satisfactory fit was
of Schindelin et al.13), since these workers crystallized their not achieved (data not shown) and further experiments, at
enzyme in Hepes buffer. It may also be relevant to the work higher resolution, are needed to resolve this controversy.
of Butler et al. 1), who performed EXAFS studies in Hepes Significance of the Dissociation of Thiolate Ligands from
on another DMSOR family enzyme, periplasmic nitrate DMSOR.We have shown that thiolate dissociation is a
reductasé. Schneider et al.14) who reported a DMSOR  particular form of oxygen damage to which DMSOR is
structure with extensively dissociated thiolate ligands, used susceptible. Loss by DMSQRH of all activity in the
Mes not Hepes, a buffer not investigated in relation to backward assay is of particular significance. This provides
enzyme stability in the present work. However, it seems the clearest evidence to date that sulfur ligand dissociation,
significant that the crystallization conditions of these workers specifically of dissociation of a pair of thiolates, is an artifact

involved one month at 306C. Our work on DMSORD and not part of the catalytic cycle. This applies, presumably
stability shows that the presence of Hepes is not obligatory not only for DMSOR, but also to other members of this
for the occurrence of damage to the enzyme. enzyme family. In DMSOR,H, the dissociated thiolates

In relation to the structure of DMSOR, potential movement may have linked to form a disulfide, as is implied by the
of the molybdenum atom (as described in Results), in a smallwork of Schneider et al.14). As noted in the introduction,
proportion of the molecules of the sample studied, compro- it has been speculated (e.§§3, 21) that thiolate dissociation
mises the assignment of electron density peaks in themight form part of the catalytic cycle of these enzymes. Until
coordination sphere of the metal. A 20% occupied molyb- now, notwithstanding resonance Raman wdr& (9), there
denum atom [M&" ion with 36 €] would be expected to  has been little direct evidence on the basis of which this
give rise to electron density similar to that of a fully occupied postulate might be refuted. Although a variety of mechanisms
oxygen atom. On the basis of, or extrapolating from, the of thiolate dissociation in DMSOR family enzymes may
structures described here and previously published from thisoperate, it seems that all those that are well-established can
laboratory (1, 12), it is clear that @ of Ser 147 and O2  safely be attributed to oxygen damage.
are ligands to the molybdenum of oxidized DMSOR, both  Apility to transform DMSOR. to DMSOR,,,¢H and back
in the physiological enzyme and in the Hepes-modified should facilitate a variety of further spectroscopic studies of
enzyme. Further, the structure with DMSO bourd)(to the enzyme, e.g., by EPR and Raman spectroscopy. In the
the molybdenum strongly implies that O2 is the oxygen [atter case, understanding might be advanced of complica-
ligand atom transferred during catalysis. The situation for tions (16) concerning transitions related to molybdentum
01, hydrogen-bonded to Tyr 114, is much more confusing sulfur bonds. More generally, our findings provide a basis
and leads us to reassess the presence of this as a ligand ifor further work that should soon bring to an end remaining
our DMSOR structures. For oxygen-damaged forms of the uncertainties concerning the structure and catalytic mecha-
enzyme where the molybdenum is only coordinated by two nism of this key member of the DMSOR enzyme family.
thiolates [e.g., structure 1118)], an oxygen ligand, equivalent
to O1, seems the only reasonable interpretation of the metaINOTE ADDED IN PROOF
site. However, for structures of the enzyme with molybdenum
coordinated by four thiolate ligand41, 12), an alternative
interpretation to O1 being a ligand could be that a small
proportion of molybdenum (1520%) has moved from its
physiological position, giving the appearance in the electron
density maps of a spurious additional ligand. Figure 3 shows
that the exact position of O1 depends on the position of the
molybdenum atom, but that the molybdenum in Hepes-
modified enzyme is very close to the indicated position of
O1 in enzyme with molybdenum coordinated to four thi-
olates. Thus, it is by no means clear that O1 is a part of the
physiological active site, despite its apparently being present
in all crystal structures published to date. Removing O1 from
the molybdenum coordination sphere of our previously
published structure of oxidized DMSORY) would predict
a metal site that agrees with spectroscopic dataX7, 20)
on DMSOR. Refinement of the molybdenum site with this

H.-K. Li, C. Temple, K. V. Rajagopalan, and H. Schindelin
[J. Am. Chem. So0€2000) 32, 7673-7680] very recently
published a 1.3-A resolution structure of DMSOR in which
the Mo is discretely disordered, as a mixture of two forms,
deduced to be penta- and hexacoordinated. These workers
do not report crystallographic studies on the individual
enzyme forms nor data on their interconversion in solution
or on their spectroscopic or catalytic properties. The no-
menclature used for the oxygen ligands to the Mo in the
present paper corresponds to that of Li et al. (2000), in the
following manner: O1 is equivalent oxo2, and O2 is
equivalent oxol. Clearly, the two forms studied by these
workers correspond to structures | and Il of the present work.
Our suggestion, that O1 (so numbered in¥&fand12 and
H-bonded to Tyr 114) might be an artifact of the movement
of the Mo, is in agreement with their work. Li et al. (2000)
are also in agreement with the earlier result of McAlpine et
al. (12) (structure of the enzyme complexed with DMSO),

5In a recently reported crystallographic structud2,(43 of a ; ; ;
periplasmic nitrate reductase, the four sulfur ligand atoms were that O2 (oxo1) is the oxygen atom transferred in catalysis.

approximately equidistant from the metal, giving no indications of 1hiS 0xygen, which is{ H'bc_mded to Trp .1161 was ﬁ.rSt
thiolate dissociation. NaMes was used as the crystallization buffer. ~detected crystallographically in enzyme having all four thiols
However, in comparing buffer effects on different enzymes of the |jgat McAlpine et al. 12).

DMSOR family, the nature of the substrate binding site needs to be gated, by McAlpine et al. 12)
considered. That of DMSOR is predominantly hydrophobic, with a
slight negative charge, whereas the nitrate reductase binding site has aA‘CKNOWLEDGMENT

number of charged residues nearby. Thus, the exact nature of small -
molecules that can affect the molybdenum site is likely to differ for _ We are grateful to Dr. A. G. McEwan for providing the
the various enzymes. R. capsulatustrain used for this work and to Mr. S. Reeve
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for help with the enzyme preparation and for studies of the
effects of freezing and thawing.

SUPPORTING INFORMATION AVAILABLE

Table S1: Deconvolution of the UV/visible spectra of
DMSOR samples, as prepared or treated in various ways.
Figure S1: UV/visible spectrum of the product of aerobic
modification of DMSOR in the presence of N&lepes.
Figure S2: Evidence from UV/visible difference spectra for
complex formation between DMSOR and different buffer
ions. Figure S3: UV/visible spectrum of the product of
aerobic modification of DMSOR,{D. This material is
available free of charge via the Internet at http://pubs.acs.org.
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