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Abstract: During the past four years, a substantial amount of structural information has been accumulated on
the molybdoenzyme dimethyl sulfoxide (DMSO) reductase from purple bactérimenzyme contains a mono-
nuclear Mo coordinated by two molybdopterin guanine dinucleotides as its single cofactor. Crystallographic
studies on the enzyme froRhodobacter sphaeroidemdRhodobacter capsulatusvealed substantial differ-

ences in the Mo coordination environment in the oxidized Mo(VI) state, despite a close structural similarity
in the overall fold of the protein. The crystal structure of DMSO reductase Rosphaeroidegentified a

Mo environment with a mono-oxo ligation and an asymmetric coordination by the two molybdopterins, with
three short and one very long M& bond. In contrast, two independent crystallographic studies of the enzyme
from R. capsulatusevealed two additional Mo coordination environments: a pentacoordinated dioxo metal
ligation sphere in which one molybdopterin is completely dissociated from the Mo and a heptacoordinated
environment with symmetrical metal coordination by both molybdopterins and two oxo ligands. In all three
structures the side chain of a serine was a ligand to the Mo. Adding to the controversy, EXAFS studies on the
R. sphaeroidesnzyme suggested a hexacoordinated active site geometry, whereas the same technique indicated
seven ligands for thR. capsulatu@nzyme. The 1.3 A resolution crystal structure of oxidized DMSOR from

R. sphaeroidegpresented here reveals plasticity at the active site. The Mo is discretely disordered and exists
in a hexacoordinated and a pentacoordinated ligation sphere. The hexacoordinated model reconciles the existing
differences in active site coordination Bf sphaeroide®MSO reductase as studied by crystallographic and
EXAFS techniques. In addition, the pentacoordinated structure closely resembles one of the reported
capsulatuscrystal structures. In retrospect, the active site geometry in the previously reported 2.2 A crystal
structure ofR. sphaeroideBMSO reductase appears to represent an average of the two conformations described
here. Thus, structural flexibility at the active site appears to give rise to the observed differences in the Mo

coordination environment.

Introduction

The molybdenum cofactor (Moch is utilized in all phy-
logenetic kingdoms of life, and enzymes containing this cofactor
are involved in a variety of important transformations in the
global carbon, nitrogen, and sulfur metaboli3mEnzymes
containing a Mo/W-pyranopterin cofactor are currently classified
into four distinct familie and the structure of at least one

member of each of these families has been characterized by

X-ray crystallography8 The currently available crystal struc-

tures indicate that the Moco consists of one or two molecules
of a tricyclic pyranopterin usually referred to as molybdopterin
in which the metal is ligated to the sulfur atoms of one or two
dithiolene groups. One of these four families is the DMSO
reductase family and members of this family so far have been
identified exclusively from eubacteria, and include dimethyl
sulfoxide reductase, trimethylamim¢oxide reductase, biotin
sulfoxide reductase, dissimilatory nitrate reductase, and formate
dehydrogenase. DMSO reductase from eitRdrodobacter
sphaeroider Rhodobacter capsulatus an unusual molyb-

* To whom correspondence should be addressed at State University of doenzyme in that it contains no cofactor other than Moco and
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consequently the enzyme has been studied by spectroscopic
techniques which rely on the absorption properties of the
cofactor?12

The crystal structure of oxidized Mo(VI) DMSO reductase
from R. sphaeroidefas been determined at 2.2 A resolution.
Subsequently, the orthologous enzyme frencapsulatusvas
independently characterized in its oxidized form by crystal-
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lographic techniques at 1.88%and 1.82 A resolutiof? Despite reaction consists of two one-electron reduction steps coupled
a close overall structural similarity among the proteins in the to the transfer of two protons to generatgdHrom the substrate-
three crystal structures, there are surprisingly large differencesderived oxo group. On the basis of the available structural data,
in the coordination of the Mo. The structure of the. the metal coordination geometry has been suggested to cycle
sphaeroidesenzymé indicated a Mo environment with three  between either des-oxo and mono-oxo or mono-oxo and di-
short and one long MeS bond, a single oxo group, and the oxo states. Therefore, the question of whether the active site of
side chain oxygen of Ser 147. The coordination by the two the oxidized enzymes has a mono-oxo or di-oxo geometry is
dithiolene groups was found to be asymmetric. One pterin (P- directly relevant for the catalytic mechanism of the enzyme.
pterin) coordinates the metal with both sulfurs at 2.4 A distance.  The structural discrepancies described above and their
The sulfurs of the second pterin (Q-pterin) are 2.4 and 3.1 A ambiguous mechanistic implications have prompted us to
from the Mo. The first structure of thR. capsulatugnzymé? reexamine the active site geometry Rf sphaeroide®MSO
contained a pentacoordinated Mo ligated by the two sulfurs of reductase through a high-resolution crystallographic analysis.
only the P-pterin, two oxo groups, and the side chain of Ser Here, we describe the 1.3 A resolution crystal structur®of
147. The second structdfecontains a heptacoordinated metal sphareoidesDMSO reductase, which has been refined to a
bonded to the four dithiolene sulfurs in a symmetrical fashion, crystallographicR-factor of 0.121 Ryee = 0.145). The Mo is

two oxo groups, and Ser 147. A comparison of the three discretely disordered and is present in either a hexacoordinated
crystallographic models indicated that it is mostly the position mono-oxo form, which is the catalytically relevant species, or
of the metal, which varies among the three models. InRhe  a pentacoordinated di-oxo environment.

sphaeroidesenzyme the Mo is in an intermediate position,

whereas it is maximally displaced (1.3 A) between the Rvo Experimental Methods

capsulatusstructures. In addition, EXAFS studies of both

enzymes have described six Mo ligands (four sulfurs, one oxo Protein F_’urification_a_nd Crystalli_zation. DMSO reductase from
group, and one oxygen/nitrogen) for tfe sphaeroidesn- R. s;t)r}?er?dewas dptw'flegmas dﬁscnb_zdée'\;gno%liﬂg setarch for n_eyt\_/
zymel5:16 put seven ligands (four sulfurs, two oxo, and one CSrYStalization conciions or. sphaeroide reductase was initi-

. 7 . ated, starting with the known conditionsnd a systematic variation of
qugen/nltrogen) for th&. capsulatugnzymel. The interpreta- different additives. A new crystal form was obtained from a solution
tion of theR. capsulatu£XAFS data is however controverstl.  containing the enzyme at a concentration of 10 mg/mL in 10 mM Tris
Taken together, these studies describe coordination numbers,H 7.5 and with 1.65 M (NB,SOs, 0.1 M Hepes pH 7.0, and 10 mM
ranging from 5 to 7 ligands, mono-oxo as well as di-0Xo CdC}, as precipitant. Crystals were grown by hanging drop vapor dif-
coordination environments, and both symmetric and asymmetric fusion and typically grew within 2 weeks to a size of 0.850.35 x
ligation by the four dithiolene sulfur atoms. 0.3 mn®. The new crystals belong to the orthorhombic space group

DMSO reductase catalyzes the conversion of DMSO to P212:2 witha=102.2 A,b = 141.7 A, andc = 59.8 A and contain
dimethyl sulfide (DMS). In addition, S- antl-oxides such as or31e molecule in the asymmetric unit. The Matthew’s coefficient is 2.54
methionine sulfoxide, biotin sulfoxide, and trimethylamiNe- ~ A¥Da, which corresponds to a solvent content of 52%. At beamline
oxide are also substrates of the enzyme. ActivitiesRof >’\<|2?C Ofl tEebNatltonal tﬁynchrotrct)nl L'él?ft Sotu)r<ce (NStLSt’)) ?tt B';?fkhf‘geg
sphaeroide®MSO reductase for DMSO, TMAO, methionine afiona. -aboralory these crystals difiract A-rays fo befler fhan .

. . . ] resolution.
sulfoxide, clorate, biotin sulfoxide, and adeniNeoxide are 3.6, Data Collection and Structure Solution. For data collection,

18.0, 4.3, 55 4.8, ar!d 7.1 ur.1its/nm0|. of Mo, resp'eC'fi\:'lé"Y1 crystals were transferred into an artificial mother liquor containing 35%
the catalytic mechanism, which consists of an oxidative and a glucose (w/v) by stepwise increase in 5% increments and flash frozen
reductive half-reaction, the Mo cycles among thé/, +V, in liquid nitrogen. Diffraction data were collected at 95 K on beamline

and +VI oxidation states. The oxidative half cycle of the X26C atthe NSLS. A high-resolution dataset was collected on an ADSC
reaction is initiated by substrate binding to the reduced enzyme.Quantum IV CCD detector at a wavelength of 1.1 A. The crystal-to-
In the catalytic step, the substrate oxygen is transferred as arpletecto_r distance was 90 mm and a total of 400 images_, were collected,
oxo ligand to the Mo with a concomitant two-electron oxidation &ach with 0.25 oscillation range and 60 s exposure time. The data
of the metal. Direct oxygen atom transfer was demonstrated bywere indexed, integrated, and scaled with the HKL suite of progfams.

- . . Due to the detector geometry the diffraction data are less complete in
treating R. sphaeroidesDMSO reductase with'®O-labeled the highest resolution shells (Table 1). The atomic coordinates of

DMSO under single turnover conditions and subsequent transferpsor from R. sphaeroideSPDB 1CXS) without the solvent

of the labeled oxygen to 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]- molecules and the disordered residue Trp 388 were used to solve the
decane, a water-soluble tertiary phospHihResonance Raman  new crystal form by molecular replacement with the program AMGRE.
spectroscopy confirmed these findings and showed that the oxoThe rotation and translation functions were calculated with all data
group could be labeled either by reoxidation of the dithionite between 15.0 and 4.5 A resolution and resulted in a unique solution
reduced Mo(IV) sample after exchange intg"¥D buffer or by with an R-factor of 0.361 and a correlation coefficient of 0.662.
reoxidation with DMS80 in H,10.12 After oxo transfer, the Subsequent rigid body refinement improved Batactor and correlation
product DMS is released. The reductive half-cycle of the coeff_lmerllt tod0.344 iam_d 0.719, respectively. The refined values for the
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Table 1. Data Collection and Refinement Statistics

Date Collection Statistics
50:01.30 (1.35-1.30)
0.051 (0.211)
89.8 (60.2)
3.6

resolution range (A)

\sym
completeness (%)
redundancy

WsiglD 19.9(2.2)

Refinement Statistics

resolution range (A) 10:61.30 (1.36-1.30)

R-factor (%) 12.1(16.1)
free R-factor (%) 14.5 (18.7)
no. of reflcns 186301
no. of atoms (protein/cofactor/solvent)  6050/163/1096
data-to-parameter ratio 2.83
dev from stereochemical ideality in
bond lengths (A) 0.010
bond angle distances (A) 0.030
planar 1,4 distances (A) 0.040
chiral volumes (&) 0.113

torsion angles (planar, 3.8/13.6/31.2
staggered, orthonormal) (deg)

B-factors (mc bond, mc angle,
sc bond, sc angle) @

Ramachandran statistics (%)

1.203/1.712/1.697/2.434
89.1/10.3/0.5/0.2 (Glu 163)

aNumbers in parentheses are for the highest resolution shell, mc is
main chain and sc is side chain. Ramachandran statistics were analyzed
with the program PROCHECK and percentages correspond to the
most favored, additional allowed, generously allowed, and disallowed
regions of the Ramachandran diagram.

(Rree = 0.263). At this point, disorder at the active site became evident.
Subsequently, the active site was modeled in two alternate conforma-
tions including parts of both MGD’s, the Mo, the side chains of Ser
147 and Tyr 114, and the oxo ligand that exists in both Mo coordination
environments. Additional disordered side chains, not in the vicinity of
the active site, were added subsequently. Model building using the  The structure of DMSO reductase has been refined at 1.3 A
program G° was carried out between refinement cycles. Automated regglution to anR-factor of 0.121 Riee = 0.145) including

Figure 1. Superposition of the 1.3 (solid black) and 2.2 A (dotted
gray) resolution crystal structures Bf sphaeroide®MSO reductase.
All figures were prepared with MOLSCRIPY¥and RASTER3D*

addition of solvent molecules with the program ARBnd subsequent
refinement using the program REFMAC yielded R4fiactor of 0.171
(Rree = 0.192). The final phase of refinement using the program
REFMAC incorporated refinement of individual anisotropi¢actors.

To validate the legitimacy of refining individual anisotrofBefactors,
four different refinement protocols were carried out using the program
SHELX 27 The refinement protocols differed in the number of atoms
for which anisotropic temperature factors were refined.

Results

refinement of individual anisotropic temperature factors for all
atoms in the model. The current model is comprised of residues
4 to 380, 384 to 385, and 393 to 780, two MGD'’s, 1 Mo, 1039
water, 3 glucose, 1 sulfate, and 1 Hepes molecule. As in the
earlier model, the polypeptide loop comprising residues 380 to
394 is very mobile. Three residues, which were present at the
N-terminus in the earlier structure, did not show electron density
in the new maps and were excluded from the model. A
superposition with the earlier 2.2 A structureRfsphaeroides

The overall structure of the enzyme has been described inDMSO reductase yields a root-mean-square (rms) deviation of

detail elsewhereand will be summarized only briefly. The
enzyme is a mixedx + /S protein and the polypeptide fold

0.37 A for 764 @ atoms, indicating no major structural changes
(Figure 1). In the high-resolution structure, 34 residues are

consists of four domains grouped around the cofactor, which modeled with alternate conformations including the active site
consists of two molybdopterin guanine dinucleotides (MGD). residues Ser 147 and Tyr 114. The validity of refining individual
The four domains form a slightly elongated molecule with anisotropic temperature factors is demonstrated by alternative
overall main chain dimensions of 2555 x 65 A3. The spatial refinement protocols in which (a) no atoms, (b) only the heavy
arrangement of domains | to Il creates a funnel-shaped atoms (Cd, Mo, S, P), and (c) all atoms excluding the solvent
depression on one side of the molecule. The active site is locatedmolecules were refined anisotropically. The corresponding
at the bottom of the funnel. DMSO reductase contains two MGD crystallographic and freB-factors are the following: (alR =
molecules, named P- and Q-pterin, which coordinate the Mo 0.157 Rqee = 0.186), (b)R = 0.156 Ryee = 0.185), and (cR

with an approximate 2-fold axis of symmetry passing through = 0.133 Ryee = 0.172). The lowest crystallographic and free
the Mo. As first observed in the tungsten-containing aldehyde R-factors R = 0.121 andRyee = 0.145) were achieved with
ferredoxin reductase frofRyrococcus furiosys each molyb- the refinement scheme including anisotropic temperature factor
dopterin is present as a tricyclic pyranopterin. We use the atomrefinement of all atoms. Anisotropic refinement of all atoms
numbering scheme for the tricyclic pyranopterin described in leads to a data-to-parameter ratio of 2.83. If only isotropic
the initial structuré. temperature factors were to be refined, data to better than 1.8
A resolution would be needed to obtain a similar data-to-
parameter ratio. It should be pointed out that in the refinement
of the R. capsulatudDMSO reductase structures which were
refined at 1.82 and 1.88 A resolution, refinement of isotropic
temperature factors results in slightly lower data-to-parameter
ratios of 2.56 and 2.26, respectively.

(25) Jones, T. A,; Zou, J. Y.; Cowan, S. W.; Kjeldgaard, Ncta
Crystallogr. 1991, A47, 110-119.

(26) Perrakis, A.; Morris, R.; Lamzin, V. $Nat. Struct. Biol.1999 6,
458-463.

(27) Sheldrick, G. M.; Schneider, T. RSHELXL: High-resolution
refinementCarter, C. W., Sweet, R. M., Eds.; Academic Press: San Diego,
1997; Vol. 277, pp 319343.
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Table 2. Metal-Ligand Distances in the Hexa- and
Pentacoordinated Forms Bf. SphaeroidePMSO Reductase

hexacoordinated pentacoordinated
geometry distorted trigonal prismatic square pyramidal
Mo—S1 P (A) 2.45 2.50
Mo—S2 P (A) 2.38 2.45
Mo—S1 Q (A) 2.45 not a ligand
Mo—S2 Q (A) 2.42 not a ligand
Mo—Ser 147 @ (A) 1.84 1.92
Mo—Oxo1 (A) 1.76 1.75
Mo—0x02 (A) not a ligand 1.71

tions via the cadmium there are no other direct contacts between
the two molecules. This clearly indicates that the dimerization
is due to packing interactions and is not of functional signifi-
cance. The cadmium is separated by 38.7 A from the Mo and
is not in close proximity to the active site of DMSO reductase.
Active Site Disorder. The initial model used for refinement
did not contain any oxo ligands, but did contain the metal and
the two MGD’s. Initial electron density maps revealed disorder
at the active site, and two alternate positions of the Mo were
immediately apparent. The metal refined to the position of the
major conformer and a very large difference density peak was
observed at a distance of 1.6 A from the Mo. An atom placed
at this position was within a distance of roughly 2.5 A from all
four dithiolene sulfurs of the two pterins. This fact and the height
; of the peak in the difference density suggested that this peak
Figure 2. Novel structural features of DMSO reductase. (a) Environ- could represent an additional location of the Mo (Figure 3).
ment of the sulfinic acid at position 219. (b) Cd-binding site at the After inclusion of the Mo at the second site, additional less
monomer-monomer interface. One monomer is shown in black, the electron-rich ligands were included in the model. One oxygen
other in gray. Cadmiurmligand distances are given in A. is a ligand in both coordination environments, but is displaced
by 0.78 A between its two positions. Initially, this atom was
The side chain of Cys 219 R. sphaeroideBMSO reductase not refined with alternate conformations. However, additional
is covalently modified and is present as a sulfinic acid (Figure difference density on either side of the average oxygen position
2a). This residue is located in a rather hydrophobic environmentindicated disorder. An additional oxygen atom, which is only
and is surrounded by two phenylalanines, three alanines, twopresent in one of the two conformations, was included in the
threonines, a valine, an aspartic acid, and three buried watervicinity of Tyr 114. To make room for this ligand, the side chain
molecules. The oxygens of the sulfinic acid are within hydrogen of Tyr 114 has to shift and consequently this residue, in addition
bonding distance to the three water molecules and to the amideto Ser 147, is also disordered. The Mo in the two metal
nitrogen of Ala 228. The sulfur of the modified cysteine is 21.7 coordination sites is either pentacoordinated or hexacoordinated.
A away from the Mo, precluding a functional role for this The detailed environments will be described below and are
modified residue in the catalytic cycle of DMSO reductase. summarized in Table 2. The occupancies for the two alternate
Furthermore, this residue is not conservedRn capsulatus conformations were adjusted to 0.6 and 0.4 for the penta- and
DMSO reductase where it is replaced by a valine. The presencehexacoordinated Mo conformations, respectively, based on the
of this modification could not be interpreted unambiguously in thermal factors of corresponding atoms.
the earlier model, although some difference density around the Hexacoordinated Environment.In this conformation the Mo
sulfur of Cys 219 was observed. is ligated by four ligands which originate from the sulfurs of
Cadmium-Binding Site. In the newP2,2;2 crystals, two the two dithiolene groups with an average ligand-to-metal
DMSO reductase molecules dimerize along a crystallographic distance of 2.43 A (the individual values range from 2.38 to
2-fold axis of symmetry. This interaction is mediated by a Cd 2.45 A). In addition, an oxo ligand at a distance of 1.76 A and
ion located on the 2-fold axis, which explains the requirement the side chain oxygen of Ser 147 at 1.84 A complete the
for CdCh in the crystallization solution. The cadmium interacts coordination sphere. The coordination of the Mo can be
with the side chains of residues Asp 87 and Asp 91 from two described as a distorted trigonal prism, where each trigonal face
adjacent DMSO reductase molecules (Figure 2b). The coordina-is formed by two sulfurs from opposite dithiolenes and one
tion geometry of the metal can be described as a distorted octa-oxygen atom (Figure 4a). The sulfur-to-sulfur distances are 3.14
hedron with Asp 87 01 (2.70 A distance), Asp 9141 (2.73 and 3.09 A within the same dithiolene group and 3.55 and 3.32
A distance), and @2 (2.61 A distance) as ligands. In addition, A between adjacent sulfur atoms from opposite dithiolene
0062 of Asp 87 is 3.03 A from the metal. Cadmium is commonly groups. The oxo ligand is not trans to any of the dithiolene
observed to have six ligands with octahedral coordination sulfurs, and therefore no weakening of the #® bonds as a
geometry, but can also occur with only five or four ligands. consequence of the well-documented trans-effect is expected.
Due to the fact that the equatorial ligands originate from the The Mo environment described above is related to the active
same side chain (Asp 91), the bond angles in the equatorialsite in the heptacoordinateRl. capsulatustructuré* with the
plane deviate significantly from 90The interface between the  significant exception of the additional oxo ligand which is
two symmetry-related molecules is extremely small and only present only in theR. capsulatusnodel (Figure 4b). The Mo
buries approximately 65 A With the exception of the interac-  and the two coordinating MGD’s can be superimposed with
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Figure 3. Active site structure of DMSO reductase. (a) Electron density maps around the Mo. A SIGMAA weightBde2éctron density map

is displayed at two contour levels (bleel o, red= 16.60) and is superimposed with the refined model. Different atom types are color coded with

Mo in green, S in yellow, P in purple, O in red, N in blue, and C in gray. The density feature in the upper left corner indicates the hydroxyl group
of Tyr 114 as present in the hexacoordinated structure. (b) Stereorepresentation of the two coordination environments including Tyr 114 and the
bound Hepes molecule. The hexacoordinated Mo environment is shown in color, the pentacoordinated environment in black.

root-mean-square deviations of 0.19 A. Interestingly, the position superimposed with a root-mean-square deviation of 0.21 A. The

of the additional oxo ligand in th&. capsulatusstructure is
almost identical to the position of the Mo in the pentacoordinated
model described below.

Pentacoordinated Environment.In the second conforma-
tion, the Mo is pentacoordinated: Only two sulfur ligands, both
from the P-pterin, remain at distances of 2.50 A'§%thd 2.45
A (S2). The sulfurs of the Q-pterin are at distances of 3.62 A
(ST) and 4.53 A (S3, respectively, too far away for direct
interactions with the Mo. Two oxo groups at distances of 1.75
(oxol) and 1.71 A (0x02) as well as the side chain of Ser 147,
which remains ligated to the Mo (1.92 A distance), complete

major difference between the pentacoordind®edphaeroides
andR. capsulatustructures is the separation of the two sulfurs
in the Q-pterin, which is shortened by 0.7 A in tRecapsulatus
structure. At a sulfur-to-sulfur distance of 2.5 A, a partial
disulfide bond appears to have formed in tRe capsulatus
structure. In addition, this pentacoordinated Mo environment
is also rather similar to the inactive de-sulfo form of the aldehyde
oxidoreductase fronDesulfaibrio gigas® An earlier 1.35 A
crystal structure oR. sphaeroide®DMSO reductase, briefly
described in Rees et &P revealed a Mo coordination that is
nearly identical to the pentacoordinated structure described here.

the coordination sphere. Oxol is the common oxo group also The crystals used in this study belonged to the orightal12;
observed in the hexacoordinated form, whereas oxo2 is notcrystal form? but were soaked in mother liquor containing 35%

present in the hexacoordinated form. The coordination geometryglycerol as cryo-protectant to allow data collection at cryogenic
can be described as square pyramidal with the Mo at the centertemperatures. Although the model could be refined to compa-
of the pyramid and the additional oxo ligand (0x02) at the tip rably low R-factors as the structure described here, additional
of the pyramid (Figure 5a). This ligand is trans to the dithiolene density features around the metal and one of the dithiolene
group of the Q-pterin and the observed increase in the-Blo  sulfurs make a satisfactory interpretation of this form problem-
bond lengths is in agreement with the trans effect of this ligand. atic. As mentioned earli¢?, one possible scenario is the
The atoms forming the base of the pyramid are separated fromoxidation of one of the dithiolene sulfurs to a sulfenic acid, but
each other by 3.20 (Sand S2), 3.26 (S1and O), 2.58 (O/ even this modification cannot fully explain the electron density
and oxol), and 2.87 A (oxol and'®IThe Mo is displaced by  at the active site and thus this assignment has to be viewed
0.66 A from a least-squares plane fitted through, S Oy, with caution.

and oxol. The oxotMo—ox02 bond angle is 10428which

is close to the average value of EQbserved in dioxomolyb-
denum containing model compoun®sThe pentacoordinated
Mo environment is very similar to the coordination environment
described by Schneider et &lfor the R. capsulatusnzyme
(Figure 5b). The Mo and the two coordinating MGD'’s can be

Discussion

The major difference between the two coordination environ-
ments observed in this structure is a displacement of the Mo
by 1.6 A. A similar movement is also apparent from a
superposition of the twR. capsulatustructures, which reveals

(28) Stiefel, E. I. INComprehensie Coordination Chemistrywilkinson,
G., Ed.; Pergamon Press: Oxford, U.K., 1987; pp 137520.

(29) Rees, D. C.; Hu, Y.; Kisker, C.; Schindelin, H.Chem. Soc., Dalton
Trans.1997 21, 3909-3914.
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a

Figure 4. Hexacoordinated Mo environment. (a) Representation of
the hexacoordinated Mo-environment. The P- and Q-pterins are shown
without their attached guanosine monophosphate moieties. Different . ) )
atom types are shown in different shades of gray. (b) Stereorepresenigure 5. Pentacoordinated Mo environment. (a) Representation of

tation of a superposition of the hexacoordinated Mo environmeRtin  the pentacoordinated Mo environment. The P- and Q-pterins are shown

sphaeroideDMSO reductase (light gray) with the heptacoordinated without their attached gua_nosine monophosphate moieties. Different
Mo environment inR. capsulatu®MSO reductase (black). Only the atom types are shown in different shades of gray. (b) Stereorepresen-

dithiolene groups, Ser 147, and the oxo-ligands are shown. The alternatd@tion of a superposition of the pentacoordinated Mo environment in
position of the Mo inR. sphaeroide®MSO reductase is indicated as - SPhaeroideBMSO reductase (light gray) with the pentacoordinated

a gray sphere and this atom superimposes with the additional oxo- MO environment inR. capsulatudMSO reductase (black). Only the
ligand in theR. capsulatustructure. dithiolene groups, Ser 147, and the oxo-ligands are shown.

a 1.3 A shift in the Mo position. In the high-resolution structure, 3.15 A. It seems as if the bound Hepes molecule induces the
additional structural rearrangements are observed in both pterinsstructural change in the Mo-coordination environment to
besides the displacement of the Mo. Whereas these changegliminate this unfavorable interaction.

affect the entire tricyclic Q-pterin, the pyrophosphate linkage,  In hindsight, the 2.2 A crystal structure &. sphaeroides
and the ribose of the guanosine, they do not extend beyond theDMSO reductase can be interpreted as a superposition of the
pyrophosphate linkage in the P-pterin. The side chain of Ser two independent conformations described above, which could
147 adjusts to the different positions of the Mo through & 26 not be resolved at the lower resolution of the earlier study. To
rotation around the &Cg bond. In addition, the side chain of test this hypothesis we truncated the diffraction data at 2.2 A
Tyr 114 adopts a different conformation to make room for the resolution and calculated electron density maps with the
additional oxo ligand present only in the pentacoordinated corresponding subset of reflections. The resulting maps did not
structure. The structure also reveals a Hepes buffer moleculeresolve the individual positions of the Mo and instead indicated
bound at the active site, which is pointing with its hydroxyethyl an average position, which closely corresponds to the position
side chain toward the Mo. The pyrazine ring is stacked between of the metal in the initial structure. Even truncating at a higher
the aromatic side chains of Tyr 145 and Trp 195 and the ethane resolution, comparable to the capsulatustructures, does not
sulfonic acid moiety is pointing toward the solvent. On the basis resolve two independent positions of the Mo, but instead, reveals
of its temperature factors, the Hepes molecule appears to havean extended density feature covering the individual locations
partial occupancy and is present only in the pentacoordinatedof the metal. The superposition of our hexacoordinated model
state. The distance between the carbon to which the terminalwith the heptacoordinateR. capsulatusmodel positions the
hydroxyl group is connected and the oxo ligand in the additional oxo ligand of th&®. capsulatusnodel on top of the
hexacoordinated structure would be only 2.96 A, which is Mo position in the pentacoordinated structure. This observation
slightly smaller than the sum of the van der Waals radii. In the raises the possibility that the additional oxo ligand in the
pentacoordinated structure, these two atoms are separated bjeptacoordinatedR. capsulatusstructure in fact represents a
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minor alternate conformation of the metal. The discrete disorder dithiolate ligand, while the other has matedelocalized char-
would have not been detected due to the lower resolution of acter. Based on this assignment one would predict for the dithio-
this study, which could be further compounded if this conforma- lene group of one of the pterins a short carbearbon distance
tion is only populated at a small percentage. This explanation consistent with a double bond and, at the same time, a carbon
would also eliminate the criticism put forward by George et sulfur bond length consistent with a single bond. In contrast,
al.1¢ regarding the unusual interactions in which the additional the dithiolene group of the other pterin should have an increased
oxygen in the heptacoordinated structure Rf capsulatus carbon-carbon distance indicating a diminished double bond
DMSO reductase is involved. Further support for this hypothesis character and a decrease in the carbsuifur bond lengths. At
is provided by a comparison of the Mo displacements of 1.6 the current resolution of our crystallographic model, we do
and 1.3 A in theR. sphaeroideandR. capsulatustructures, observe small geometric differences in the two dithiolenes in
respectively. The 0.3 A difference between these two values isthe hexacoordinated form, which are consistent with this
mostly due to a shift of the Mo in the heptacoordinatd distinction. In the P-pterin, the €S bonds are 1.73 (Clo
capsulatusstructure toward the additional oxo ligand when S1) and 1.78 A (C2to S2) with a CI—C2 bond length of
compared to the hexacoordinated model. If disorder were presentl.36 A. In the Q-pterin, the €S bonds are slightly longer, 1.77
in the structure described by McAlpine et al., the average (C1' to St) and 1.81 A (C2to S2). At the same time the C%
position of the metal would be shifted in the direction observed. C2 bond is slightly shorter (1.34 A). These observations would
A comparison of the new results with the published EXAFS assign the P-pterin as the one having marelelocalized
datd>16 resolves some of the existing controversy regarding character and the Q-pterin as having an ene-dithiolate electronic
the Mo coordination irR. sphaeroide®MSO reductase. The  state in agreement with the assignment deduced by Resonance
hexacoordinated Mo environment is in very good agreement Raman spectroscopy.

with the pUb”ShEd EXAFS data on the oxidized form of the As stated earlier, the presence of Hepes appears to have
enzyme. Even the metaligand distances are reproduced quite induced the change in Mo coordination leading to the penta-
accurately. The average M@ distances are 2.425 A in the coordinated form described here, which is supported by the
crystal structure compared to 2.435 A in the EXAFS model. following observation. If Hepes is replaced by cacodylic acid,
The value for the oxo ligand is slightly larger (1.76 A compared byt no additional changes are made to either the mother liquor
to 1.68 A), whereas the distance to the oxygen of the Ser sideqr the cryosolutions, the pentacoordinated state completely
chain is slightly smaller with 1.84 A compared to the distance disappears (H.-K.L., C.T., K.V.R., and H.S., unpublished data).
of 1.92 A to the additional oxygen described in the EXAFS The pentacoordinated form has been independently observed
analysis. For comparison, crystallogragfi@nd EXAFS* in one of theR. capsulatustructure®® and the 1.35 A structure
analyses of a mono-oxo-containing model compound mimicking of R, sphaeroideBMSO reductasé? Furthermore, the original

the active site of DMSO reductase revealed a metal-to-0x0 room temperature structure Bf sphaeroidePMSO reductase
distance of 1.72 A. It should be pointed out that the oxo1 ligand most likely contained a mixture of a hexacoordinated and a
is the least accurately determined atom in the Mo-coordination pentacoordinated Mo. The question arises as to what could have
sphere. This is due to the fact that the two alternate positions caysed the corresponding change in Mo coordination in these
of this atom are within 0.78 A and cannot be resolved. In qther structures. A comparison of the crystallization conditions
addition, this atom is not covalently bound to any other atom (eyeals the presence of 2-methyl-2,4-pentanediol (MPD) in the
and consequently there are no stereochemical restraints, whichyecipitants for theR. capsulatusrystal form of Schneider et
can be employed to restrain its position. Despite the fact that 513 314 the original crystal form oR. sphaeroide©MSO

the crystal structure described here was determined at 1.3 A oqyctasé.in the case of th&. capsulatugnzyme, the MPD
resolution its accuracy is still not at the level of small molecule ., entration was 30%, whereas it was around 3% folRthe
crystal structures and presumably the macromolecular EXAFS sphaeroidesenzyme. Consistent with the concentrations of
analysis. Estimates of the average coordinate error indicate anvipD, either a completeR. capsulatustructure) or a partial

overall coordinate error of 0.04 A based on Cruickshank's ¢,nyersion R. sphaeroidestructure) into the pentacoordinated
formula or 0.02 A based on the maximum likelihood formalism form is observed. MPD therefore appears to induce the

as estimated by the refinement program. Slight discrepancies,yersion from the catalytically active hexacoordinated Mo
in bond lengths between the crystal structure of DMSO reductaseg,,ironment to the pentacoordinated environment. Furthermore,

and thel EXQOIT_S_ data are, thef?f”‘?v W'tz'n the_ exhperll:meqtal the 1.35 A crystal structure was derived from crystals containing
Srror?. n ‘? |t|c|)n,ds;arlgs tgrmln?;lorj[ € ectsdlnlt f O(l;”er 3% MPD, but these crystals were subsequently soaked in mother
ransformations lead to density artifacts around electron densey, o \yhich was supplemented with 35% glycerol as cryopro-

P ) "
Is_,cattgrer§, dWh_'C::t lcouc:dt influence tT_e e;gact [f)%smgn d'O]; Mo tectant. Given the close structural similarity between glycerol
Igands and might fead to an overestimation ot bond distances. 5,y \ypp it is probably not surprising that the addition of

Resonance Raman spectroscopic characterizatiorR.of  glycerol induced a similar change as the one observed in the
sphaeroide®MSO reductase has indicated that all four sulfurs presence of MPD. Consequently, addition of either MPD, or
are ligands to the Mo, but has suggested a difference in thegjycerol, or Hepes appears to induce the transition from the
electronic state of the two dithiolenes. One was described as a;ctjve hexacoordinated Mo environment to the pentacoordinated

- - - ——— form. At present, all substances that induce this transition are
Anﬁ?‘@hﬁ?nﬁagggg‘;épﬁ(‘f ci'ggggﬂ’zgéf - Nadiminti, U.; Holm, R.JH. required at rather high concentrations an_d the_ observed structural
(31) Musgrave, K. B.; Donahue, J. P.; Lorber, C.; Holm, R. H.; Hedman, change does not appear to be of physiological relevance.

B';(3H20)d§cszr(1)ir:1’d§|'ir?.|]—'| {B‘lrl‘i'sge’g'%oe‘iegsg% %éléolzgg; 12037%73'_781 The high-resolution crystal structureRf sphaeroideBMSO

(33) Kraulis, P. 3J. Appl. Crystallogr.1991, 24, 946-950. reductase resolves the existing controversy regarding the metal

(34) Merritt, E. A.; Bacon, D. JRaster3D: Photorealistic Molecular  coordination in this enzyme. The catalytically competent form
fgrS?-h'\if,.C%t?“pg'Q’S’gsszﬁeet’ R. M., Eds.; Academic Press: San Diego, of the oxidized enzyme features a mono-oxo active site with

(35) Laskowski, R. A.; McArthur, M. W.; Moss, D. S.; Thomton, J. M. close to symmetrical coordination by four dithiolene sulfurs and

J. Appl. Crystallogr.1993 26, 283-291. a sixth ligand originating from the side chain of Ser 147. This
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