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ABSTRACT. Improved assays for the molybdenum enzyme dimethylsulfoxide reductase (DMSOR) with
dimethyl sulfoxide (DMSO) and with dimethyl sulfide (DMS) as substrates are described. Maximum
activity was observed at pH 6.5 and below and at 8.3, respectively. Rapid-scan stopped-flow
spectrophotometry has been used to investigate the reduction of the enzyme by DMS to a species previously
characterized by its U¥visible spectrum [McAlpine, A. S., McEwan, A. G., and Bailey, S. (1998)

Mol. Biol. 275 613-623], and its subsequent reoxidation by DMSO. Both these two-electron reactions
were faster than enzyme turnover under steady-state conditions, indicating that one-electron reactions
with artificial dyes were rate-limiting. Second-order rate constants for the two-electron reduction and
reoxidation reactions at pH 5.5 were (H90.1) x 1 and (4.3+ 0.3) x 10* M~ s71, respectively,

while at pH 8.0, the catalytic step was rate-limiting (62)sKinetically, for the two-electron reactions,

the enzyme is more effective in DMS oxidation than in DMSO reduction. Reduction of DMSOR by
DMS was incomplete belowwl mM DMS but complete at higher concentrations, implying that the
enzyme'’s redox potential is slightly higher than that of the DMIBSO couple. In contrast, reoxidation

of the DMS-reduced state by DMSO was always incomplete, regardless of the DMSO concentration.
Evidence for the existence of a spectroscopically indistinguishable reduced state, which could not be
reoxidized by DMSO, was obtained. Brief reaction (less tkd® min) of DMS with DMSOR was fully
reversible on removal of the DMS. However, in the presence of excess DMS, a further slow reaction
occurred aerobically, but not anaerobically, to yield a stable enzyme form having at 660 mn. This

state (DMSOR\) retained full activity in steady-state assays with DMSO, but was inactive toward DMS.

It could however be reconverted to the original resting state by reduction with methyl viologen radical
and reoxidation with DMSO. We suggest that in this enzyme form two of the dithiolene ligands of the
molybdenum have dissociated and formed a disulfide. The implications of this new species are discussed
in relation both to conflicting published information for DMSOR from X-ray crystallography and to previous
spectroscopic data for its reduced forms.

Dimethylsulfoxide reductase (DMSORjontains molyb- mals, plants, and bacteria. Recently determined crystal
denum and the molybdopterin cofactd)).(Such enzymes  structures §—14) represent a dramatic advance on earlier
(2—5) catalyze a variety of redox reactions that are essentialwork with these enzymesl1%—17). Most are complex
for the cycling of nitrogen and sulfur compounds in mam- enzymes depending on Moco [molybdopterin and its di-
nucleotide variantsl( 18)] and other redox centers, including
" This work was supported in part by a grant from the Wellcome iron—sulfur, heme, or flavin. The common component of

Trust. ; ; ; ; _
* To whom correspondence should be addressed. all Moco forms IS. mol_ybdopterm (MPT), a pte.”n with .a. four
* School of Biological Sciences, University of Sussex. carbon S!de chain W|th_a PhOSphfﬂ? group in thpqmtlor)
$ CLRC Daresbury Laboratory. and bearing a'12-ene-dithiolate (dithiolene) group, in which
! University of Queensland. the dithiolene S atoms can act as Mo ligands. A variety of

9 School of Chemistry, Physics and Environmental Science, Uni- . .
versity of Sussex. active site structures are based on the MPT nucleus. In the

1 Abbreviations: DMS, dimethyl sulfide; DMSO, dimethyl sulfoxide;  enzymes of higher organisms, unmodified MTP is utilized,
DMSOR, dimethylsulfoxide reductase; DMS@R modified form of while in microorganisms, the form most often observed is

dimethylsulfoxide reductase formed on extended aerobic exposure to - : : : _
DMS; DMSOReqen €nzyme regenerated from DMS@Rby treatment molybdopterin guanine dinucleotide (MGD). Crystal struc

with MV* and DMSO and aerobic gel filtration, to restore the resting- tureés have shown that the pterin occurs as a tricyclic ring
state spectrum and enzyme activity; MPT, molybdopterin; MGD, system (from condensation of thé-@H with the pterin

molybdopterin guanine dinucleotide; PES, phenazine ethosulfate; PMS,-_ it ;
phenazine methosulfate; DCPIP, 2,6-dichlorophenolindophenal;, BV 7-position), and that there may be either one or two MTP

benzyl viologen; BV, benzyl viologen radical; My, methyl viologen; mOIECL.”eS "gatEd toa single. Mo. In some of the enzymes,
MV*, methyl viologen radical. an amino acid residue also ligates the metal.
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Study of the reactions of model molybdenum compounds studies (but see ref32 and 36) and with detailed kinetic
(19) led to the proposal that these enzymes function via work limited to the more complek. coli enzyme. With
transfer of oxygen atoms in the form of oxo ligands of molybdenum as its sole redox center, DMSOR is by far the
molybdenum. For two enzymes, oxygen transfer has indeedsimplest MPT enzyme, and though this has facilitated much
been well-establishe®, 21). However, we note2) that, of the spectroscopic work, surprisingly, the potential of-tV
to date, for no molybdenum enzyme has a diermonooxo visible spectroscopy has so far been exploited little, with no
catalytic cycle of the type envisaged by Holrh9( been kinetic work reported. This potential was greatly increased
rigorously established. Furthermore, in the case of the by the recent finding [Baugh et aB4) and McAlpine et al.
xanthine oxidase family of molybdopterin enzymes, itis now (13)] that the enzyme may be reduced by treatment with
clear (7, 23) that the transferred oxygen atom, though no DMS to a spectroscopically and crystrallographically distinct
doubt a ligand of the metal, is not an oxo group. form. We present data on the reduction of DMSOR fram

The DMSOR family ) includes (7) respiratory nitrate  capsulatusby DMS and on its subsequent reoxidation by
reductases as well as enzymes acting on DMSO and closelyDMSO, using both conventional and stopped-flow OV
related aminé\N-oxide reductases. DMSOR from the photo- visible spectroscopy. Though these reactions are faster than
synthetic bacteri&hodobacter capsulaty24) andRhodo- enzyme turnover, the work reveals unexpected complexities
bacter sphaeroide@5), containing no heme, flavin, or iren in both. Preliminary details of part of the work have been
sulfur cofactors, is unusual among molybdenum enzymes published 87).
in having this metal as its sole redox center. These two
proteins (having sequences that are 77% identical) and\ATERIALS AND METHODS
recently trimethylamin&l-oxide reductase frorBhewanella
massilia (26; sequence 45% identical to that of tle
capsulatuenzyme) have proved to be particularly amenable
to study. The DMSOR oEscherichia col(27—29; sequence
29% identical to théR. capsulatugnzyme) is also homolo-
gous, but contains an irersulfur center in addition to the
molybdenum. All these enzymes have dual specificity for
amineN-oxides and for DMSO, though only for tt& coli
enzyme has this specificity been investigated in def#l).(
DMSOR from R. capsulatusor R. sphaeroidesnables
DMSO to function as a periplasmic terminal electron
acceptor for excess reducing power during anaerobic pho-
tosynthetic growth of these organisms, catalyzing a reaction
of considerable environmental interest that leads to the
release of DMS¥§):

Enzyme PreparationTo produce maximum levels of
DMSOR, R. capsulatustrain H123 was grown photosyn-
thetically, under anaerobic conditions in the presence of 50
mM DMSO, using propionate as a carbon sour@d).(
DMSOR was purified essentially as described by Bennett et
al. (32). Briefly, spheroplasts were made by treatment with
lysozyme. The periplasmic fraction was subjected to am-
monium sulfate fractionation (DMSOR precipitating between
60 and 80% saturation), followed by hydrophobic interaction
chromatography on phenyl Sepharose and finally by ion
exchange on Q-Sepharose. The resultant enzyme hagAn
Az ratio of 81+ 3, and anAsa5/Azx ratio of 0.64+ 0.02,
and was pure according to polyacrylamide gel electrophoresis
in the presence of SDS. Very minor spectral variations
between enzyme batches were largely ascribed to light
scattering. Enzyme concentrations were calculated from an
€720 of 2.00 mMt cm? (32)

DMSO+ 2e + 2H" < DMS + H,O

Several X-ray crystallographic studies have been reported )
on these enzyme$,(9, 11, 13, 14), complementing a variety Enzyme AssaysUnless otherwise stated, these were
of spectroscopic studie8@—35). All the structures contain ~ Peérformed at 25C in 50 mM Tris-Cl" and 1 mM EDTA
two MGD molecules and a serine ligated to the molybdenum (PH 8.0). DMSOR was assayed in the forward reaction
(S147 in theR. capsulatuenzyme). The combined results (PMSO reduction) with MV or BV* as electron donor2s,

show that the active site of DMSO reductases can assume &9 The procedure of Jones and Garlag8) (vas usediwith
number of different conformations, indicating that each of NC 9as space over the solution, anaerobiosis being achieved
the Mo(IV), -(V), and -(VI) oxidation states can exist in more without the use of nitrogen. The convenience of this assay
than one structural state. These appear to differ in the numbeVas found to be much improved by the addition of catalase
of oxo ligands to the Mo and the number of sulfur atoms (4 #M hemé), which reduced from 1520 min to a few

from the two cofactor molecules that, in addition to the serine S€conds the time required f8gy to stabilize, as the sample
ligand, are coordinated to the metal. was made anaerobic with B{&0O,. Slow stabilization is due

This apparent variety of structural conformations of the O initially formed HO; reacting only slowly 40) with MV"*.

molybdenum center of DMSOR makes attempts to deduce Catalase likewise improved the precision of the assay, by

the precise enzymatic mechanism difficult. Though as already '€MoVving very rapidly the b0, generated by reduction of
noted, there is direct evidence that an oxygen atom is the small amount of dissolved oxygen usually introduced

transferred in the catalytic reactio@1), the nature of the ~ &l0ng with the substrate or enzyme in starting the assay. In
transferred oxygen (oxo, OH or H,0) has not been conventional procedures, slow reaction of thigOpl with

determined. Studies by resonance Raman spectroscopy!V ” Will be superimposed on enzymatic Mvonsumption,

[Garton et al. 85)] appear to favor a monooxedesoxo
catalytic cycle. Nevertheless, the authors conc&p that 2 Jones and GarlanB9) specified the use of a stopper made of
they cannot exclude an alternative diexmonooxo cycle. Teflon in closing the spectrophotometer cell. We found a nylon stopper

Furthermore, this work lacks any fast kinetic component preferable, because of the lower solubility of oxygen in this plastic.
’ *  3The use of catalase preparations containing alkylbenzyl dimeth-

Indeed, little conventional enzymological work has been yjammonium chloride added as a stabilizer was avoided, since this
reported for DMSOR, with almost no pre-steady-state kinetic appeared to cause significant inhibition of the assay.




Reactions of Dimethylsulfoxide Reductase Biochemistry, Vol. 38, No. 26, 1998503

1.5

leading to overestimation of the rate. Standard assay condi- . S - c
tions were 5 mM DMSO and 0.3 mM MY or BV The s Saiil * 050 1E 050 E
reaction was followed at 600 nm to exhaustion of the & *° ' < <
reductant, and activity was calculated from the maximum (@ 025 025
rate of decrease Ofgoo, With Acgoo Values of 13.6 mM? o3
cm! for MV* (41) and 10.6 mM?! cm™* for BV* (42). If 0.0 -0.00 0.00
desired, replicate measurements could be taken on the same s o o 2 a4 & 8 10
assay mixture by further additions of pRaO,. Time (min) [Viologen radical] uM

Activity in the reverse direction (DMS oxidation) was g 10 c 04
assayed43) with DMS (20 mM) and PES (0.2 mM) with s £ o3 E
DCPIP (0.04 mM) as electron acceptors. The reaction was < o5 3 0.2 2
followed aerobically at 600 nm. The activity was calculated ’ o
from the initial rate, using @egpo of 21.0 mM* cm™* for )
DCPIP. 00 o0

Ultraviolet—Visible SpectraThese were recorded using
a Perkin-Elmer Lambda 16 spectrometer, and the data were
analyzed by using the manufacturer’s software and SigmaPIotrigure 1: Analysis of progress curves for the forward enzyme
(SPSS Science Software). Kinetic studies were carried outassay (DMSO reduction): evidence for enzyme inhibition by excess
using an SX.18 MV stopped-flow apparatus equipped with Viologen radical. (a) was obtained with Mt pH 8.0 and (b) with
a sequential mixing capability and a diode array rapid-scan BV* at pH 5.0. Absorption at 600 nm due to the viologen radical

18 20
Time (min)

0 2 4 6 8
[Viologen radicai} uM

10

system (Applied Photophysics). Data were analyzed using
the manufacturer’s software (Pro-K) and SigmaPlot.

DMS Solutions and Anaerobic ExperimeriidviS (98%,
Aldrich) was used sta 2 Msolution in cold EtOH, diluted
to give the nominal DMS concentrations indicated. The fresh
solution in EtOH was sometimes a little turbid, presumably
because of minor impurities in the DMS. Because of its
volatility, actual concentrations of DMS are likely, depending
on the precise experimental conditions, to be somewhat lower
than the indicated nominal ones. Where there was evidenc

decreases progressively with time in the presence of the enzyme
and DMSO (left-hand graphs:). The corresponding rate measure-
ments AA per minute, calculated at 1.2 s intervals) are shown as
individual data points (left-hand grapi®). The right-hand graphs
show the same data, transformed into plots\éf per minute vs

the viologen radical concentration calculated frAggg individual

data points are showr®). The theoretical curves— right-hand
graph) were calculated as described in the text, WitandK; values

in graphs a and b of 24 nM and %8/, and 80 nM and 1.&M,
respectively. In a further experiment (data not shown) witht BV

pH 8.0, values foKs andK; of 17 nM and 6.QuM were obtained.
Different enzyme concentrations were used in experiments whose

Cresults are depicted in graphs a and b; the initial JVi¥hd BVoyx

for serious losses of DMS, this is indicated in the text. concentrations were 0.3 mM, and the initial DMSO concentration

Anaerobic addition of DMS to DMSOR was carried out in
a glovebox operating at~10 ppm Q. The sample was

was 5 mM (for details of the assay procedure, see Materials and
Methods).

subsequently removed in a tightly sealed spectrophotometer

cell.

RESULTS

Forward Enzyme Assay (DMSO Reduction)idence for
Enzyme Inhibition by Excess Viologen Radichl. the
forward reaction, DMSOR is conventionally assay88)(
with BV* or MV* as the electron donor. Typical progress
curves realized in this assay are illustrated in Figure 1. The
rate of the enzyme-catalyzed reaction increases progressivel

as the viologen radical is consumed and until just before it (€ Precision (about

becomes exhausted. The contrast between the reaction o
MV* at pH 8.0 and that of BVat pH 5.0 is illustrated (Figure
la,b). Using BV at pH 8.0 resulted in a progress curve that
was intermediate between the two shown. Thus, this ac-
celeration is more marked for B¥han for M\*, and at low

pH than at high pH. By taking the first derivative (rate of
change in absorbance) and plotting this against radical
concentration (usingdiesoo Values for MV and BV given in
Materials and Methods), we obtained plots of reaction rate
against radical concentration, as shown. The form of such
curves is that typical for enzyme inhibition by excess
substrate (in this case the radical), with the raigoverned

by the equation

v =V /[1+ (KIS + (SK)]

This is shown by agreement of the data with the calculated

curves shown in Figure 1. Values of the Michaelis constant
(K¢ and the inhibition constank() derived from such curve
fitting in a number of experiments are summarized in Table
1. For routine measurement of the enzyme activity in the
standard assay, instead of calculatifigx by using the curve-
fitting procedure, we used the maximum observed rate
attained just prior to the substrate being exhausted. Data
obtained in this way are summarized in Table 1. Particularly
with the MV* assay, results were highly reproducible. The

\peeuracy of specific activity measurements was limited by

5%) with whichz,o measurements of
the enzyme concentration could be taken for the dilute
samples that were used.

The mechanism of the observed inhibition by excess
viologen radical is uncertain, as is considered in the
Discussion. Note that an alternative explanation would
involve the accelerating rates being due to equilibrium
between the viologen and dithionite redox couples. At low
pH values and in the presence of sulfite, full reduction of
the former is not necessarily expected [the redox potentials
of the viologens are pH-independent; that of dithionite is
both pH- and concentration- dependeti){. Thus, until the
maximum rate was attained, free dithionite would be
consumed along with the viologen radical, leading to
diminished rates of absorption decrea®g)(Such a mech-
anism is consistent with the observation that increasing the
concentration of M¥Yx (e.g., from 0.25 to 3.0 mM at pH
8.0) leads to the reaction continuing at very high initial
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Table 1: Catalytic Properties of DMSOR from Steady-State Kinetic Experiments

catalytic center

enzyme assay activity (s1)?2 substrate Ks(app) M) inhibitor Ki(app) @gM)2
DMSOR
MV*:DMSO 27+ 1° MV* ~0.0Z MV* ~50F
BV*:DMSO 17+ 1 Bv* ~0.0Z BV* ~5¢
DMS:PES/DCPIP 81 DMS 1000 DMSO 3
DMSORyof
MV*:DMSO 27+1
DMS:PES/DCPIP 0.20.1
DMSOReged
MV*:DMSO 23+ 1
DMS:PES/DCPIP 61

a All data refer to 50 mM Tris buffer containing 1 mM EDTA at pH 8.0 and°Z5 and generally to the standard assay conditions (see Materials
and Methods). Catalytic center activities are expressed per two electrons and are basee@of @00 mM cm™, except for DMSOR,q for
which they are based on a®so of 2.49 mM cm™L. P Average value for the four different batches of enzyme used in this work which were
prepared in three different laboratori€8/alue deduced from analysis of the assay progress curves in a number of experiments, including those
whose results are depicted in Figure? Assuming competitive inhibition and based on 50% inhibition observed in the standard assay with 60
DMSO. ¢ DMSORyoq is @ modified form of DMSOR formed on extended aerobic exposure to DMS (see the legend of FigDM8)OReegenis
DMSOR;0q after regeneration by treatment, as in the assay with %o ~ 1) for 2 min, followed by anaerobic addition of DMSO (5 mM) and

aerobic gel filtration.

absorbances, instead of plateauing afdaof ~2, as at the
lower MV, concentration (data not shown). On the other

hand, it does not explain the observed differences between

BV* and M\*. The redox potential of BV(—360 mV) is
higher than that of M¥[—440 mV @2)], so less marked
rate acceleration would be predicted for the former than for
the latter, which is contrary to the observed results (Figure
1).

Backward Enzyme Assay (DMS Oxidatidrijtle use has
been made by previous workers of the backward reaction
for the assay of DMSOR. We used the assay of Hanlon et
al. 43, 44) with PES and DCPIP as electron acceptors.
Results, under the standard conditions with 50 mM Tris-
Cl~ and 1 mM EDTA at pH 8.0 and 2%, are summarized
in Table 1, with additional data. The value léf for DMS
(2 mM) is relatively high, but DMSO was found to be a
potent inhibitor of this assay, with an appar&nbf ~3 uM.

We found that PES could be replaced by PMS (activity

25 i
I Ty
® 15 \\\
£ \
g 10
5 \
0 =
5 6 7 8 9 10 1
pH

Ficure 2: pH dependence of DMSOR activity in the forward and
backward assays. DMSOR was assayed using both the forward BV
DMSO assayM) and the backward DMS:PES/DCPIP assay. (
Activities are expressed as catalytic center activities per two
electrons (cf. Table 1). To vary the pH, the standard buffer, 50
mM Tris (pH 8.0), was replaced with acetate (pH 5.0), MES (pH
6.0), MES (pH 6.5), MOPS (pH 7.0), MOPS (pH 7.5), BICINE
(pH 8.0), BICINE (pH 8.5), CHES (pH 9.0), CHES (pH 9.5), CAPS
(pH 10.0), CAPS (pH 10.5), or CAPS (pH 11.0), all at a

increased by about 20%) and DCPIP by equine cytochromeconcentration of 50 mM. EDTA at a concentration of 1 mM was

c. However, the phenazine dye (PES or PMS) is essential
for the reaction. Thus, negligible activity was found with
DCPIP, with cytochrome, with ferricyanide alone, or with
DCPIP and eithep-benzoquinone ax,N,N',N'-tetramethyl-

included in all buffers. Assays were performed in quadruplicate,

and error bars show standard deviations. The data were fitted
assuming two K, values for the reverse assay and oig palue

for the forward assay. The fitted curves correspond, for the DMS:

PES/DCPIP data, to a loweKpof 8.30+ 0.23 and a higherkf,

p-phenylenediamine. We also attempted to measure, with anof 9.01 + 0.25, and for the B¥YDMSO data to a single Ky of

oxygen electrode, the ability of DMSOR to oxidize DMS
(50 mM) using molecular oxygen, in air-saturated 50 mM
Tris-ClI- and 1 mM EDTA at pH 8.0 and 22C. Oxygen
was consumed at a significant rate (3:10.4xM min~Y) in

the absence of enzyme. We were unable to observe an
increase in this rate on addition even of 14 enzyme.
This enables us to set an upper limit for the catalytic center
activity in this assay of 0.03 min.

Effect of pH on the Actity of DMSOR.We have used
both assays to determine the pH profiles of DMSOR activity

8.75+ 0.20.

Binding of DMSO to DMSORWe have found a clear
change in the visible absorption spectrum of DMSOR in the

)})resence of 150 mM DMSO (Figure 3). The peak at 723
n

m in resting DMSOR is shifted to 711 nm, while other
features are also somewhat changed. This is direct evidence
for the formation of a complex between DMSOR and
DMSO. DMSOR was titrated with DMSO, the position of
the long-wavelength maximum being used as a measure of
the extent of the binding of DMSO to DMSOR. The use of

(Figure 2). Whereas in the DMS:PES/DCPIP assay there isother measurement procedures was precluded by the small

a sharp pH optimum at pH 8.3, for the BWMSO assay,
activity appears to be controlled by a singl€,mf ~8.8,
giving an activity plateau in the low-pH region extending
down as low as pH 5.0. Thus, activity at pH 5.5 is rather
higher than that at pH 8.0, a result contrasting sharply with
data in the literature2; see also refill).

magnitudes of the absorbance changes. A fit of these data
suggests that the dissociation constant for DMSO binding
to DMSOR is 17+ 4 mM. The spectral change was reversed
(Figure 3) by gel filtration to remove the DMSO, the product
retaining virtually full activity (catalytic center activity of

25 sY) in the standard forward assay (cf. Table 1).
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Ficure 3: Effect of DMSO on the spectrum of DMSOR and 00 02 04 06 03 10 0 10 20 30 40 50
evidence for the formation of a complex. The upper solid line of [DMS) mM [DMSO} mM

the main graph shows the spectrum of the enzyme alone, the dashe
line that in the presence of DMSO (150 mM), and lower solid line
the corresponding difference spectrum (right-hand axis). The
experiment was carried out in 50 mM Tris=Cbuffer (pH 8.0)
containing 1 mM EDTA, and the spectra were scaled to correct
for dilution by the DMSO. The inset graph shows the position of
the long-wavelength peak in the same experiment, as a function of
the concentration of DMSO, following successive additions of this.
The following symbols are used®j enzyme alone,®) enzyme

in the presence of DMSOA( (with error bar) enzyme gel-filtered

%IGURE 5: Stopped-flow kinetic data at pH 5.5 and 25 for the
reduction of DMSOR by DMS and for its subsequent reoxidation
by DMSO. For graphs a and b, DMSOR in 25 mM MES at pH 5.5
containing 1 mM EDTA was mixed with varying concentrations
of DMS and the reaction was followed at 714 nm. Graph a shows
the rate constant obtaine#y,s plotted against the final DMS
concentration, while graph b shows the total amplitude of the
change, similarly plotted. Graphs ¢ and d correspond to similar
plots for the enzyme, first reduced with 0.5 mM DMS for a few

. . minutes, and then mixed with varying concentrations DMSO.
to remove DMSO after the experiment. The position of the long- o retical curves through the data points were calculated as

wavelength spectral maximum was estimated from smoothed spectrayasceribed in the text and parameters derived from them are
using the software from the spectrophotometer manufacturer. Theg;j\marized in Table 2. The final enzyme concentration was 10.5
curve was calculated for a dissociation constf 17 = 4 mM, M in all experiments ’ ’

with the peak shifting from 723 1 to 711+ 1 nm. H '

state spectrum (as in Figure 4, curve a) could be regained
by simple removal of the DMS by gel filtration of the sample
into the same buffer. The reoxidized DMSOR so obtained
had a catalytic center activity in the DMS:PES/DCPIP assay
that was unchanged within experimental error from that of
the starting material (cf. Table 1). In a later experiment at
the same pH in Bicine buffer, enzyme treated with sufficient
DMS to give full reduction, and then simply incubated at
25 °C in an open spectrophotometer cell, was found after
400 500 600  T00 800 900 50 min to have regained its original resting spectrum. The
possibility that a weak DMS:Qoxidoreductase activity of
the enzyme (see above) might have been responsible for this

FIGURE 4: Absorption spectra of resting-state, reduced, DMSO- effect was considered. However, as the final spectrum was

reoxidized, and DMS-modified DMSOR. The following spectraare nat of the resting enzyme and not that of the DMSO
shown: (a; ---) resting air-oxidized DMSOR (as prepared), S
(b; - --) DMSOR treated with 9 mM DMS for 2 min at 2%, complex, the most probable explanation is that the DMS had

(c; —) DMSOR treated with 10 mM DMS for 5 min and then with ~ SImply evaporated from the solution. DMS boils at 33,
80 mM DMSO for 5 min at 25°C, and (d;—) DMSOR treated and according to Wood4p), its aqueous solutions have a

with 100 mM DMS for 22 h and then gel filtered into buffer  particularly high vapor pressure (see Materials and Methods
(OMSOR. Al exprmerts were aried urseracely n 0. iy eltion to DM concentrations)
expressed as molar absorption coefficients (rhkm—1) based on Addition of a large excess of DMSO to DMS-reduced

an ez, of 2.00 for the resting-state enzyme. DMSOR was found to lead, as illustrated in Figure 4 (curve
c), to reoxidation of the enzyme, though this was always
Reduction of DMSOR by DMS and Its Reoxidation by incomplete (see below).
DMSO. (1) Preliminary Experiments Using Slow Manual  (2) Pre-Steady-State Kinetic Studi&ge report stopped-
Mixing. Typical data confirming the spectral change observed flow studies on the reduction of DMSOR by DMS and on
by McAlpine et al. .3) that occurs on adding4) an excess  its subsequent reoxidation with DMSO. Experiments were
of DMS to DMSOR are illustrated in Figure 4 (curves a and carried out at pH 8.0 and 5.5, and both single-wavelength
b). As discussed below, we studied this reaction under a(714 nm) and rapid-scan diode array measurements were
variety of conditions. Under those described in the legend performed. Initial experiments3{) showed that the DMS-
of Figure 4, complete reduction of the enzyme was attained, reduced species is formed rapidly on mixing the resting-
as indicated by the apparently complete disappearance ofstate enzyme with DMS. At pH 8.0, the reaction with 10
the 720 nm peak. With a DMS concentrations of less than mM DMS proceeds very rapidly and to completion, with an
~1 mM, the reaction was incomplete. The reversibility of apparent first-order rate constant®500 s* at 10°C (data
the reaction was shown by two sets of experiments (datanot shown). At pH 5.5 and 2%C, this reduction was much
not shown). At least for brief treatment (less thah5 min slower (Figure 5a), with a linear dependence of the apparent
at 25°C) of the enzyme with DMS at pH 8.0, the resting- first-order rate constants,s 0n the DMS concentration. This

e (MM em™)

Wavelength (nm)
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Table 2: Catalytic Properties of DMSOR from Pre-Steady-State
Kinetic Experiments Carried Out at pH 5.5 and 25

reactant Kg(mM) kon(M71s™) Kot (57 koti/kon (MM)
DMS 0.164+0.02 (1.9+£0.1)x 10° 26+5 0.13+0.04
DMSO nd (43£03)x 10* 47+9 109+ 28

a Parameters were obtained as described in the text, from the data

depicted in Figure 52 Value not determined.

0.4 0.04

03 (a) 0.03

0.2 0.02
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Ficure 6: Rapid-scan stopped-flow traces showing (a) the reduction
of DMSOR by DMS and (b) its subsequent reoxidation by DMSO.

For both graphs a and b, spectra were recorded at 2.6 ms interval

starting 1.2 ms after mixing. Thus, the initial spectrum is not that
of the resting-state enzyme in graph a or that of the reduced enzym
in graph b. In graph a, DMSOR was mixed with DMS to a final
concentration of 10 mM in 25 mM MES at pH 5.5 containing 1
mM EDTA. The final enzyme concentration was 80. In graph

b, the enzyme in the same buffer was reduced with 0.4 mM DMS
for a few minutes and then mixed with DMSO to a final
concentration of 100 mM. The final enzyme concentration was 25
uM.

Adams et al.

500 800

Wavelength (nm}

FiIGUrRe 7: Absorption difference spectra for the reduction of
DMSOR by DMS and for its reoxidation by DMSO. Data from
two reduction experiments (curves with dots, the spectrum of the
enzyme shortly after DMS addition minus the spectrum of the
resting-state enzymeDMSO complex) and from three reoxidation
experiments (curves without dots, the spectrum after DMS addition
minus the spectrum shortly after subsequent DMSO addition).
Manual mixing ) or stopped-flow (- - -) was employed. Before
subtraction, spectra were scaled to correspond to the same enzyme
concentration. The difference spectra illustrated have been further

600 700

Scaled so they coincide at 550 and 710 nm. Difference spectra

obtained for reoxidation had lower amplitudes than the correspond-

dng ones on reduction, because of the incompleteness the reoxida-

tion. Thus, relative to the corresponding reductions, scaling factors
of 1.60 and 1.83 have been applied to the illustrated manual and
stopped-flow reoxidation spectra, respectively. All experiments were
carried out in 50 mM Tris-Cl and 1 mM EDTA at pH 8.0.
Reduction was achieved with 10 or 60 mM DMS and reoxidation
with 200 mM DMSO. In the stopped-flow experiments, the
reduction time was 100 ms; for the reoxidation, this was followed
immediately (sequential mixing mode) by reoxidation for 10 s.

indicates that under these conditions, the formation of the the incompleteness of the reoxidation is shown by the

enzyme-substrate complex is rate-limiting. A linear fit of
these data predicts, andky values of (1.9+ 0.1) x 10°
M~!stand 26+ 5 s, respectively (Table 2). The fraction

of DMSOR reduced is also dependent on the DMS concen-

tration. A dissociation constant of 0.160.02 mM predicted
from a Michaelis-Menten fit of the amplitude data (Figure
5b) is in good agreement with that calculated from the two
rate constants (0.1 0.04 mM). Complementary scanning

considerably smaller maximum absorbance change in Figure
5d in comparison with that in Figure 5b.

Incompleteness of the Reoxidation by DMSO of DMSOR
Reduced by DMSWe carried out a number of further
experiments in an effort to understand the origin of the
incompleteness, noted above, of the reoxidation by DMSO
of DMSOR reduced by DMS. In different experiments, the
extent of this reoxidation varied from as low as 40% to as

stopped-flow experiments (Figure 6a) showed clear isosbestichigh as 80%. We postulated that brief treatment as described
points, and analysis (not shown) of the time course indicated above of DMSOR with DMS results in two reduced species,

a simple exponential. This is consistent with a simple
concerted two-electron reduction of the enzyme with no
intermediate species.

one of which can be reoxidized with DMSO while (as
demonstrated in several experiments; data not shown) both
are reoxidized in the presence of molecular oxygen after

Stopped-flow studies have also been used to investigateremoval of DMS by gel filtration. To obtain further informa-

the reoxidation of DMS-reduced DMSOR by DMSO. At pH
8.0, a rate constant of 6t 4 s was observed. Variations
in the DMSO concentration between 4 and 50 mM had no

observable effect on the rate or the extent of reoxidation.

tion, we compared difference spectra corresponding to the
reduction of DMSOR by DMS with those corresponding to

its subsequent reoxidation by DMSO. Data are summarized
in Figure 7. This includes spectra obtained from manual

However, at pH 5.5, both were dependent on the DMSO mixing experiments when the enzyme was reduced for about

concentration (Figure 5c,d). A linear fit df,,s for the
reoxidation reaction against DMSO concentration gakig a
of (4.3+£0.3) x 1® M~1stand akes of 47+ 9 s71 (Table

5 min prior to the addition of DMSO, and from sequential
mixing experiments using the stopped-flow apparatus, when
the enzyme was reduced for exactly 100 ms only. The

2). While the amplitude data (Figure 5d) exhibited some spectrum of DMSO-bound rather than resting-state DMSOR
dependence of the amplitude change on the DMSO concen-was used in constructing these plots so we could focus on
tration, the errors do not allow a meaningful determination changes in the spectrum caused by reduction and reoxidation,
of the dissociation constant. However, values from the kinetic and not those resulting from DMSO binding (cf. Figure 3).
plot (Koii/kon) SUggest a dissociation constant of 168928 After appropriate scaling, such reduction and reoxidation
mM. As in the reduction experiments, complementary difference spectra are indistinguishable from one another
scanning stopped-flow oxidation experiments both at pH 5.5 within the noise (Figure 7). Thus, if there are two reduced
(Figure 6b) and at pH 8.@8{) showed clear isosbestic points species, we are unable to distinguish them spectrophoto-
and indicated a simple two-state exponential model, again metrically. The scaling factors for the manual and stopped-
consistent with a concerted two-electron oxidation of the flow experiments in Figure 7 correspond respectively to 63
enzyme not involving any intermediate species. Nevertheless,and 55% reoxidation.
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inactive in the DMS:PMS/DCPIP assay [2.5% activity
remaining (Table 1), compared with 98.89.6% completion
L 0.04 of the spectral modification reaction, as calculated from the
theoretical plots in Figure 8]. Note that quantitative conver-
sion of the enzyme to DMSQR4 was achieved only in
experiments performed in vessels that were tightly sealed to
prevent loss of DMS. The spectrum of DMS@QRwas not
changed by the addition of DMSO (data not shown).
However, this form was found to revert to the resting enzyme
L .01 form, when treated with MY/ dithionite, and DMSO (the
conditions of the forward assay) and then gel filtered into
0.008 — T 1w 1 2 50 mM Tris-C and 1 mM EDTA at pH 8.0. Both the
original spectrum and most of the enzymatic activity were
Time (hrs) restored by this treatment (Table 1, DMSQR).

FicurRe 8: Time course of extended aerobic and anaerobic reaction ; ;
of DMSOR with DMS. The enzyme (40M) was treated aerobi- A requirement for oxygen as well as DMS for conversion

cally or anaerobically with DMS (100 mM) at 2% in tightly of DMSOR to DMSORq is clearly shown (Figure 8) by

stoppered spectrophotometer cells, and spectra were recorded ahe anaerobic experiment carried out in parallel with the

intervals (see Materials and Methods for details of the anaerobic aerobic one described above. The magnitude of the spectral

E“}ched”rest)-.me el"pe:\'/lm%“[t)_l‘_’"&as ?arueds%utg} ?0 me Tl”f'c' changes observed was some 10-fold smaller than those in
uffer containing 1 m at pH 8.0. Plots of relative ; :

absorbances, defined Ass — (Asso + Assg)/2 [aerobic &) and the aeroblq experiment. It seems reasongble to assume t_hat

anaerobic ), lower data set] anfkss — (As1o + As79)/2 [aerobic had more rigorous anaerobiosis been achieved (see Materials

(m) and anaerobic+), upper data set], vs time are shown. The and Methods) the reaction would have been completely
solid lines through the experimental points are fitted curves for a suppressed.

first-order reaction with rate constants of 0.200.01 and 0.25t

0.02 hi, respectively. The inset shows spectra recorded at the

following time intervals after DMS addition (in order of decreasing DISCUSSION

absorbance at 540 nm): 0.4, 1.6, 4.8, 17.2, and 20.7 h. Though

well-defined isosbestic points were not observed, probably because .
of changing turbidities, the procedure used in the experiment whose ASSay Prpcedures, Proper.tleslof the.Enzyme_, and S_teady-
results are depicted in the main graph permitted meaningful data State Kinetic Parameter€onflicts in the literature in relation

analysis. to the structure of DMSOR make it imperative that samples
of the enzyme used for physical studies be carefully
Effect of Oxygen in the Slow Phase of the Reaction of DMS characterized and assayed. Previously, workers have assayed
with DMSOR As stated above, brief treatment of DMSOR  the enzyme in the forward direction only, with Bgr MV*
with DMS was fully reversible, as shown by complete as the reducing substrate and DMSO as the oxidizing
restoration of the resting enzyme’s spectrum on aerobic gelsubstrate. The procedures we have introduced represent an
filtration. However, there were slight spectral changes, with improvement in both the convenience and the precision of
shifts of the 720 nm peak toward shorter wavelengths, if this assay. In addition, to provide a further parameter relating
the exposure to DMS was a little more prolonged (data not to the activity of the enzyme, we have for the first time used
shown). Systematic investigation of this phenomenon was also the reverse assay with DMS as the reducing substrate
handicapped both by evaporation of DMS from solution and and the mixed dyes, PES and DCPIP, as oxidizing substrates.
by the development of turbidities in its freshly prepared For this work, we used four enzyme batches prepared in three
solutions (see Materials and Methods). Furthermore, the different laboratories. We were not able to distinguish the
changes were found to be oxygen-dependent, necessitatingrroperties of these batches either in absorbance ratios or in
the use of anaerobic techniques. As shown in Figure 8, uponspecific activities in either assay (Table 1). Minor differences
much more prolonged aerobic treatment of DMSOR with in the absorption spectra were largely ascribed to light
DMS, there is a pronounced change in the -tsible scattering. Unfortunately, meaningful comparison of our data
absorption spectrum. Turbidities, which apparently changed with specific activities in the literature is not easy, because
during the course of the reaction, complicated the experiment.of the different conditions that were used, or in some cases
Despite this, a kinetic analysis was performed, as illustrated, because of the conditions that were not specified. Also, and
that minimized interference from this cause. The changesthis may be particularly significant, methods of determining
occurring at 660 and 540 nm are consistent in indicating a the enzyme concentration varied greatly. Our specific activi-
first-order reaction with rate constants of 0.200.01 and  ties are comparable to those of McEwan et 8B){( if a
0.25+ 0.02 Y, respectively, as deduced from the theoretical reasonable temperature coefficient is assumed, but are rather
curves in Figure 8. The spectral change in this slow reaction lower than those of McEwan et ak4). We were unable to
phase, unlike that occurring in the initial phase, was not compare our data with those of Bastian et 2b)(since they
reversed when the sample was gel filtered. Thus, the do notappear to specify the temperature of their assay (see
spectrum of the enzyme at the conclusion (22 h reaction time) also refs35 and 46).
of the experiment of Figure 8 changed little on gel filtration, ~ The form of the progress curves in MBDMSO assays,
yielding curve d in Figure 4. The enzyme form so produced with the rate accelerating progressively as the viologen
will be referred to as “DMSOR modified by DMS”, radical is oxidized, which we attribute to inhibition of the
abbreviated DMSOR,¢ While this material was fully active ~ enzyme by excess viologen radical, has not been reported
in the MV*:DMSO assay (Table 1), it was almost completely by earlier workers. The precise mechanism of such inhibition

0.010

A 540nm (relative)

A ggonm (relative)
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is not certain. Most simply, it could perhaps involve some Scheme 1: Catalytic Cycles of DMSOR, for the Forward
form of over-reduction of the enzyme molecule by reaction (DMSO Reduction) and Backward (DMS Oxidation)

with a further viologen radical. This could involve loss of Reaction3

an oxygen ligand from the metal. Alternatively, reduction (a) (b) (c) (d) (e)
of_the pterin to the tetrahydro sta_lte could be invoI\_/ed, though s ﬂs: Kﬁ; s _ ko °M5°ﬁo> E
this could only occur after opening of the pyran ring. In any Eve — Evoreo o B g e eero Mo

2 Ka DMSO

case, such a picture is complicated by the requirement of ki OMSO ows ks
the enzyme, during turnover, for two electrons from the W
reaction of two successive radicals. Dimerization of the

radicals at high concentrations is well-establishéd ¢8) pespore ks

and may play a partin the observed inhibition. Overall, and experiments carried out at pH 5.5 (Table 2) and additional experiments

including data at_ hig_h_ _MM( Concent_rations* it_seems that carried out at pH 8.0 as well as data for DMSO binding to the resting-
more than one inhibition mechanism contributes to the state enzyme and from measurements of the catalytic center activity

observed phenomena. The low values derived from these datgTable 1). Species ¢ and d are Michaelis complexes, and species a is
(Table 1) of the apparent Michaelis constalt, for both a dead-end complex. Reactions with dyes in the assays, controlled by

P _ . ks and k_s, both involve two successive one-electron reactions. The
dyes and of the inhibition constari;, particularly for BV catalytic stepks andk_s, involves transfer of an oxygen atom and a

and especially at low pH values, are no_te_W()rthY- two-electron Mo(VI-Mo(lV) interconversion. Note that though the
Our data on the effect of pH on the activity of the enzyme transferred oxygen atom2{) is depicted as an oxo ligand of

supersede earlier worR%) which appeared to indicate that molybdenum, this point may not be fully established. For rate constants
it had very little activity in the BV:\DMSO assay at pH 5.5.  ©f the individual steps, see the text.

This discrepancy may be due to the Bastian et al. having )
failed to take account of the inhibition phenomenon described @ndk-3) must be greater than the observed rates at the highest

in this work. Full activity of the enzyme at low pH values substrate concentrations that were used (Figure 5a,c); i.e.,

adds to the relevance of the crystal structures determinedks > ~220 s, andk 3 > ~70 s, res.pectivc.aly. The values
under such conditionsL(). for ky andk_4 are calculated from a linear fit (Figure 5c). If

The low activity of the enzyme below pH 7 in the reverse at higher DMSO concentrations the rate of the catalytic step
assay with DMS as the reducing substrate is presumablywere being approached, the observed rates would saturate.

related to the redox potentials of the dyes that were used. N€ré are indications in the data that this is happening,
The potential of the DMSDMSO couple is 160 mV at pH ~ Suggesting that the catalytic step4) is close to the
7.0 (45). For DCPIP, the corresponding value is 57 my Maximum observed rate of 65 At pH 8.0, ks was
higher than this, at 217 m\4@), consistent with the reaction Mmeasured directly as 61°s Thus, for the reoxidation, the
proceeding in this direction. Thus, the requirement for PES formation of the proteir DMSO complex is rate-limiting
with a reported potential of 55 mv4) is difficult to at pH 5.5, while at pH 8.0, a catalytic steks @ndk-3) is

understand in terms of redox potentials, though its ability to imiting. Conversely, there is a dramatic increase in the
act as a one-electron oxidant may be crucial. The BMS overall rate of the reduction reaction on raising the pH from

DMSO potential is expected to increase by 59 mV per unit 5.5 to 8.0. Presumably, th|_s is due to an increade.iffhus,

fall in pH, while there is a rather larger rate of increase for 't @PPears that, on changing from pH 8.0 to 5.5, there has
the DCPIP potential. The corresponding data for PES are P€en a decrease in the rate of the interaction of DMSOR
apparently not available, though if this potential was less with l?Oth DMS and DMSO, while the rate of the catalytic
pH-dependent, this could explain the rapid decrease in theSteP iS largely unaltered, or faster.

activity of the enzyme at pH values below the optimum value It is noteworthy that the reactions of the catalytic step,
at pH 8.3. and k_3, both occur at rates considerably faster than the

Rates of Indiidual Steps of the Catalytic Cycles of €nzyme turnover in either the forward or the backward assay
DMSOR, for the Forward (DMSO Reduction) and Backward (Table 1). Thus, the one-electron reactions with the artificial
(DMS Oxidation) ReactionsScheme 1 summarizes the dyes ks andk-sin Scheme 1) used in the steady-state assays
conclusions from Stopped-ﬂow and other experiments_ Rate must be rate-limiting. This flndlng necessitates reinterpreta-
constants in Scheme 1 may be deduced as follawg; is tion of the conclusions of Bennett et aB2). These workers
17 mM which is derived from the data for DMSO binding unsuccessfully used EPR to seek a Mo(V) species during
to the resting enzyme and corresponds to the dissociationsteady-state enzyme turnover of DMSO and MVhis
constant for this dead-end complex. While at pH 8.0 the rate Negative result was interpreted as indicating that reaction with
of DMSOR reduction by DMS is too rapid for detailed study, DMSO was rate-limiting. The alternative, that the second
at pH 5.5 accurate rates can be measured, and under th&eaction step with MV (part of ks in Scheme 1) is faster
conditions that were used, formation of a proteDMS than the first, now seems more likely. It is interesting that
Comp|ex is rate_”miting_ From the Sing]e_wave|ength Stopped_ for the two-electron reactions, the rate of DMS oxidation
flow studies, the rate constants at pH 5.5 for the associationby DMSOR is faster than that of DMSO reduction. This is
and dissociation of DMS with the oxidized enzyme (Table true at both pH 5.5 and 8.0. The enzyme thus appears to be
2, kon andk_o for DMS) correspond in Scheme 1 tckaof kinetically more effective as a DMS-oxidizing enzyme than
1.9 x 1 M1 stand ak , of 26 s'. The corresponding  as @ DMSO reductase. Whether this finding is significant in
rate constants for the association and dissociation of DMSO relation to the evolution of DMS-oxidizing!@) and DMSO-
with the reduced enzyme (TableR, andk_.« for DMSO) reducing enzymes is uncertain.
similarly correspond to &, 0f 4.3 x 1® Mt st and ak, Our investigations are important in establishing for the
of 47 s'1. At this pH value, the rates of the catalytic sté&p (  first time the catalytic competence of the DMS-reduced

2This scheme summarizes the conclusions from stopped-flow
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enzyme species, the characteristic thisible spectrum of
which was first reported by McAlpine et all§). The kinetic

Biochemistry, Vol. 38, No. 26, 1998509

that DMSOR,,¢ Might be inactive toward the in vivo
reductant, which undoubtedly has a higher redox potential

data suggest that the binding and subsequent reaction of DMShan M\*. This point is uncertain, since the normal enzyme

with the oxidized, and of DMSO with the reduced, enzyme

is regenerated by treatment of DMS@R with MV* and

species are fully reversible and that these reactions occurDMSO, as in the assdy.
by simple two-electron concerted processes. Yet not all the Existence of the new form is relevant to the structure of

oxidized form is recovered in the reoxidation experiments.

DMS-reduced enzyme as determined by EXARB3)( by

This incompleteness of the reoxidation reaction is discussedcrystallography 13), and from Raman spectrosco88). The

below.
Extent of the Reduction of DMSOR by DMS and of Its

guestion must arise in each case as to whether the form that
was studied was wholly the initially formed species or

Reoxidation by DMSO and the Incompleteness of the Latterwhether some conversion to DMSQR had occurred, a

Process.Precise quantitation of the extent of reduction of
DMSOR by DMS and of its subsequent reoxidation by
DMSO is made difficult by the volatility of DMS. No doubt
further work would be facilitated by the use of closed systems
in conjunction with a reliable assay for DMS [e.g., 6C
MS (50)]. Nevertheless, our data indicate that reduction is a

possibility that would at best complicate interpretation of
the data. In the crystallographic work of McAlpine et al.
(13), the crystals, sealed in a capillary, appeared to retain at
the end of the data collection (S. Bailey, unpublished work)
the characteristic pink color of the initially formed species,
suggesting that little conversion had occurred. On the other

simple one-step process. Thus, the experiment whose resultdiand, in relation to the resonance Raman data, the rather

are depicted in Figure 5b at pH 5.5 is consistent with
reduction being governed by a simple redox-controlled
equilibrium between the DMSDMSO couple and that for
the two-electron reductientwo-electron reoxidation of the

noisy UV—visible spectrum of Garton et aBY) of the DMS-
reduced enzyme is obviously different from that of Figure 4
(curve b), but it is not immediately clear whether this is due
to turbidity, to loss of DMS, or to partial conversion to

enzyme. The data indicate that the potential for the enzyme DMSORoq

is lower by about 40 mV than that of substrate. Limited data
from additional experiments (not shown) at pH 8.0 sug-
gested a similar or slightly lower value for the potential
difference.

In contrast to this simple situation, reoxidation by DMSO

Until crystallographic and EXAFS data are available, we
can only speculate about the structure of DMS{Q¥RTo do
this we use, as our starting point, the seven-coordinate
structure® of the oxidized {1, 14) and DMS-reduced
enzyme forms13; notwithstanding the possible reservations

of enzyme reduced by DMS is always incomplete even when apout the latter noted above). We also note the conditions
a very large excess of DMSO is used. Furthermore, the extentunder which the new species is formed and reverts to the
of the reoxidation is somewhat variable. The incompletenessnormal enzyme. A further increase in the coordination

has been observed for different batches of enzyme and bothyumber of molybdenum in the normal resting enzyme by

with manual mixing and in stopped-flow experiments. In the
latter, the exposure to DMS before DMSO addition was
limited to 100 ms, restricting the possibility of complica-
tions arising from any slower side reactions with DMS (such
as, e.g., the formation of a hypothetical precursor of
DMSORn9. For samples reduced briefly with DMS by
manual mixing, and then partially reoxidized with DMSO,
full reoxidation could, however, be achieved if the protein
was subsequently gel filtered into buffer. Thus, there must

be at least two reduced enzyme species, one that can b

reoxidized by DMSO and the other not, while both can be
fully reoxidized by molecular oxygen. However, despite

addition of oxygen to the metal is presumably unlikely. Thus,

4Two papers [George et al51) and Hilton et al. $2)] on closely

related work appeared shortly after this paper was submitted for
publication. The second of these describes studies of recombmant
sphaeroide®MSOR expressed iE. coliand the former investigations
by EXAFS of the structures of different forms of the recombinant
enzyme. Hilton et al.§2) isolated the recombinant enzyme in a form
that was different from the wild-type enzyme but that could, by a simple
treatment, be converted into one that closely resembled it. The UV

é{isible spectrum of the “as prepared recombinant enzyme” of these

workers gmax = 650 and 470 nm) shows clear similarities to that of
our DMSORyod (Amax = 660 and 466 nm). Furthermore, the process
described by us as “regeneration” of the resting-state enzyme from

considerable effort, we were unable to distinguish spectro- DMSORnq involving treatment of MVtreduced enzyme with DMSO,

scopically between the DMSO reoxidizable and the non-

seems essentially identical to the “redox cycling” process employed
by them in converting their recombinant enzyme to a form closely

reoxidizable enzyme forms. Thus, the difference between rgsembling the wild-type enzyme. However, it is clear both from the
them must be a subtle one, and further work perhaps utilizing method of preparation and from a comparison of the spectra (noting

other spectroscopic methods will be required to elucidate
its nature. It could be due an impurity in or produced from
the DMS or to an inhibitor in the DMSOR preparations, or

to the presence of some modified but catalytically competent

form or forms of the resting enzyme.
Nature and Significance of the New DMSOR Form

particularly the much deeper minimum at around 540 nm in the
spectrum of our material in Figure 4 and the complete absence in it of
the very prominent feature at 380 nm) that the “as prepared recombinant
enzyme” of these workers is undoubtely a mixture of species.

51n a paper that appeared shortly after this paper was submitted for
publication (see also footnote 4), George et%l) (lismissed proposals
that DMSOR is seven-coordinate on the basis of various technical
criticisms of the EXAFS studies of Baugh et aB4. It is true that

Generated on Extended Treatment with DMS in the PresenceEXAFS is a technique that is in general not well suited to the
of Air. The nature of the change brought about in the enzyme determination of coordination numbers for metals in metalloproteins,

by prolonged treatment with DMS under aerobic but not
anaerobic conditions and yielding DMSQRis of consider-
able interest. It involves a pronounced modification of the
UV —visible spectrum and the loss of all activity in the
reverse assay. Though activity in the forward assay is

particularly for high coordination numbers. However, George ebd). (
went on also to dismiss the crystallographic data of McAlpine et al.
(11, 13) for seven-coordination in the enzyme. The published electron
density maps of these workers would be difficult to interpret in terms
of anything other than a seven-coordinate molybdenum in DMSOR, a
finding that has now been confirmed independently in the closely related
enzyme trimethylaminé-oxide reductase fronrshewanella massilia

apparently not affected, this does not exclude the possibility (14).
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in principle, reaction with oxygen following reduction by REFERENCES

DMS might involve an increase in the oxidation state of the
metal, oxidation of the reduced pterin cofactor, oxidation of
dissociated thiolate ligands, or some combination of these.
Perhaps it is most reasonable to assume that the metal is 3.

present in DMSOR,gas Mo(VI) and that a pair of dithiolene

sulfurs have dissociated from the metal and become con-
verted to a disulfidé.In this state, the enzyme would be

locked, with only one pterin coordinated to the metal, though
the changes are presumably ones that could be reversed by 6.

appropriate reduction, as with MVSuch a structure is

analogous to earlier crystallographically determined struc-

tures 8, 9), not confirmed in later work1(1, 14), that may

thus represent degraded enzyme forms. EPR data for the
enzyme B2) that gave the first evidence of multiple DMSOR
forms are also relevant. A reduced DMSOR species is known

to give the (desulfo xanthine oxidase-like) Laysplit EPR

signal. The extreme similarity of the EPR parameters of these 10.
species from the two enzymes, in conjunction with the

crystallographically derived structur@)(of the desulfo form

of enzymes of the xanthine oxidase family, provides clear
evidence 82, 33) that in the species giving rise to this signal
from DMSOR, only two MTP sulfur atoms are coordinated.
Though this adds further plausibility to the proposed structure
for DMSORnq additional work is needed to establish the

relationship of the latter to the species giving the Lowsplit

signal” Evidence that thiolate oxidation can readily occur
in DMSOR species is provided by recent work by McEwan
and co-workersg3). According to this study, treatment of

DMSOR with dithionite under appropriate conditions yields
a thiyl radical species, detected by EPR and centered on one 16,
of the MPT thiolate sulfur atoms, no longer coordinated to 17.
Mo. Such a species, presumably arising from some type of
radical-mediated damage to reduced DMSOR, could obvi-
ously be a precursor for a further species having both sulfurs
of one MPT dissociated and formed into a disulfide, as in

our proposed structure of DMSQR.
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6 As already noted (see footnotes 4 and 5), the form of DMSOR
described as the “as prepared recombinant enzyme” and investigated

in a recent paper by George et abl) is clearly related to our

DMSOR0q but undoubtedly has a lower purity. In contrast to our

suggestions about the possible structure of DMa@QRGeorge et al.

(51) have concluded from EXAFS investigations that in their material,
molybdenum is coordinated by two oxo ligands at 1.72 A and four
sulfurs at 2.48 A. However, how such a structure might arise from
reaction of molecular oxygen with any likely structure that might be
postulated for DMS-reduced native enzyme is difficult to understand.

We conclude that further structural work with DMS@QR s urgently
needed to resolve matters.

" The reason for the variability in the work of Bennett et 82)(in
the extent of conversion by N&,0, of DMSOR samples to the Log-

Type 1 EPR signal-giving species has not been established. However,
the possibility that oxygen-mediated damage to a reduced enzyme form
may be involved in the conversion, as presumably is the case in the
formation of DMSORy.q is suggested by early experiments (N. A.
Turner, A. G. McEwan, and R. C. Bray, unpublished work). In these,
it was found that this signal developed only after a number of successive
small additions of Ng5,0, to the enzyme under semianaerobic

conditions.
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