Inorg. Chem. 2006, 45, 2979-2988

Inorganic:Chemistry

* Article

Analogue Reaction Systems of Selenate Reductase

Jun-Jieh Wang, Christian Tessier, and R. H. Holm*

Department of Chemistry and Chemical Biology, bHand University,
Cambridge, Massachusetts 02138

Received December 20, 2005

Analogue reaction systems of selenate reductase, which reduces substrate in the overall enzymatic reaction Se04>~
+ 2H* + 26~ — Se0s?~ + H;0, have heen developed using bis(dithiolene) complexes of Mo" and WV, On the
basis of the results of EXAFS analysis of the oxidized and reduced enzyme, the minimal reaction MoVOH +
Se0,2~ — Mo"'O(OH) + Se0O3?" is probable. The square pyramidal complexes [M(OMe)(S.C.Mey);]*~ (M = Mo,
W) were prepared as structural analogues of the reduced enzyme site. The systems, [ML(S,C,Me,);]*/Se04%~ (L
= OMe, OPh, SCgH,-2,4,6-Pr’;) in acetonitrile, cleanly reduce selenate to selenite in second-order reactions whose
negative entropies of activation implicate associative transition states. Rate constants at 298 K are in the 1072—
1074 M1 571 range with AS* = —12 to —34 eu. When rate constants are compared with previous data for the
reduction of (CH,),SO, PhsAsO, and nitrate by oxygen atom transfer, reactivity trends dependent on the metal,
axial ligand L, and substrate are identified. As in all other cases of substrate reduction by oxo transfer, the kinetic
metal effect k" > kM holds. A proposal from primary sequence alignments suggesting that a conserved Asp
residue is a likely ligand in the type Il enzymes in the DMSO reductase family has been pursued by synthesis of
the [Mo"(0,CR)(S,C.Me,),]~ (R = Ph, Buf) complexes. The species display symmetrical n?-carboxylate binding
and distorted trigonal prismatic stereochemistry. They serve as possible structural analogues of the reduced sites
of nitrate, selenate, and perchlorate reductases under the proposed aspartate coordination. Carboxylate hinding
has been crystallographically demonstrated for one nitrate reductase, but not for the other two enzymes.

Introduction = W; L = RO, RS, RCG,).8 1! Functional reaction

Research in this laboratory on biomimetic molybdenum SYStéms caﬁ)zable of reducing biologi&oxide and\-oxide
and tungsten chemisthhas resulted in the synthesis and SuPstrate®'?and nitraté® have been demonstrated using
characterization of active site structural analogues and theth®S€ molecules as stoichiometric reactants. These systems
development of analogue reaction systems of members ofPfoceed by primary oxygen atom (oxo) transfer reactions

the sulfite oxidase and DMSO reductase (DMSOR) enzyme and Qi_splay second-order kinetics that implicate associative
families2 Square-pyramidal [ML(S,C;Me,);]* and dis-  transition states.

torted octahedral [MOL(S,C:Me,)]'~ complexes (M= With results from the foregoing reaction systems in hand,
Mo; L = RO, RS")35 are accurate representations of the We have turned our attention to other biological substrates
reduced and oxidized native enzyme sites, respectively, oft0 learn which of them can be transformed to the biological

the DMSOR family? They also apply to at least one tungsten Product by primary oxo transfer reactions. Among the

selenate reductade!®We have recently reported oxo transfer

*To whom correspondence should be addressed. E-mail: holm@ regctions of the type M + AsVO — MV'O + As'" with M
chemistry.harvard.edu.
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Figure 1. Depiction of the selenate reductase reaction based ofiMie&’ (OH)(Spd)} and{MoY'O(OH)(Spd)} active site structures postulated from
X-ray absorption spectroscopy, and that of analoguous reaction systems based on complexes of the genePAQR¥EIAMe,),]1~ (M = Mo, W; Q

=0, S). Also included are likely formulations of the associative transition stdfés,chemical shifts, and the structure of the pyranopterindithiolene ligand
dianion ($pd; R absent or contains a nucleotide, usually guanine).

= Mo and W’ Selenate reductase (SéR}¥ a periplasmic  Experimental Section
molybdoenzyme that catalyzes the reaction in Figure 1. ) _ _ _
Selenate reduction to selenite has been associated with the Prepar]?t'on gf Cgmpounds'g_” reactions and r;:a”'p“"?t'ons_h
respiratory electron-transfer chains of certain bacteria, in- We'® Performed under a pure dinitrogen atmosphere using either
. . . an inert atmosphere box or standard Schlenk techniques.
cluding T. selenatis whose SeR is the most thoroughly o . o
characterized. The enzyme has been crystalfizdmit its I\rllllethanotlhwas d'ztlll_'f'?: from fmarg];lnesy;p, dac_etonltn:e, ethf "
full structure is not currently available. EXAFS analysis has ichioromethane, an Were freshly puriiied using an innovaiive

. . A Technology solvent purification system and stored over 4-A
qu tp the postulated active S|te. structu'res in FigutéThe molecular sieves. The compounds,8eQ, NaSeQ, PbASO, and
oxidized form reveals-4 Mo—S interactions at 2.33 A, one

- A A (CH),SO (distilled over molecular sieves) were commercial
Mo=0O bond at 1.68 A, and one MO bond at 1.81 A. samples (Aldrich). The compounds {H)(RCO,) (R = Bu, Ph)

The reduced form shows4 Mo—S interactions at 2.32 A were prepared by equimolar reaction of REaNd 25% ENOH

and one or two Me-O bonds at 2.22 A. With recognition  in methanol and obtained as colorless crystalline solids after
of the qualifications applied to these site formulatiéheie recrystallization from acetonitrile/ether. The 4Bt salts of
have proceeded with them as guides for the correct structuregM(OPh)(SC,Mey),]t~ (M = Mo, W) and [M(SGH»-2,4,6-

of the two oxidation states and, thereafter, as reactant andPrz)(S,C:Me,),]*~ (M = Mo,* W21) were prepared as described.
product in potential oxo transfer reactions. Under the Hille In the following preparations, all volume reduction and evaporation
classificatior? the probable presence of two pyranopterin- steps were performed in vacuo.

dithiolene ligands places SeR, like arsenite oxidase with (EtsN),[SeQy]. Reactions were performed in subdued light. To
similar site structure$. in the DMSOR family. Within this & solution of 3.74 g (20.0 mmol) of N&eQ, in 30 mL of water
family, the sites of these two enzymes differ from other was added a solution of 6.90 g (40.6 mmol) of AgN® 40 mL
members by apparently not involving protein ligands. We of water. The reaction mixture was stirred for 1 h, and the white
demonstrate in this investigation that selenate is reducible solid was collected, washed with water, methanol, and ether to yield

to selenite by molybdenum- and tungsten-mediated oxo 8-60 9 (92%) of AgSeQ. A mixture of 2.50 g (7.00 mmol) of
transfer reactions. Ag,SeQ and 2.09 g (10.0 mmol) of EXIBr was treated with 150

mL of methanol. The reaction mixture was stirred for 24 h and

(15) Schidler, I.; Rech, S.; Krafft, T.; Macy, J. Ml. Biol. Chem 1997 filtered, and the filtrate taken to dryness.

272, 23765-23768. ] ) The solid was washed with water, methanol, and ether to give
(16) Watts, C. A.; Ridley, H.; Dridge, E. J.; Leaver, J. T.; Reilly, A. J.;

Richardson, D. J.; Btler, C. Siochem. Soc. Tran@005 33, 173 the product as 1.76 g (87%) of a white solid, which upon

175. recrystallization from acetonitrile/hexane was obtained as colorless
(17) Wang, J.-J.; Kryatova, O.; Rybak-Akimova, E. V.; Holm, Rlkbrg. rectangular crystals§’Se NMR (MeCN): 6 1038.

Chem.2004 43, 8092-8101. . . .
(18) Abbreviations are given in the chart. (Et4N)[HSeG;]. The previous preparation was followed using
(19) Maher, M. J.; Macy, J. MActa Crystallogr.2002 D58, 706—-708. NaSeQ instead of NaSeQ,. The product was isolated as colorless

(20) Maher, M. J.; Santini, J.; Pickering, I. J.; Prince, R. C.; Macy, J. M. plocklike crystals (85%) after recrystallization from acetonitrile/
George, G. NInorg. Chem.2004 43, 402-404. . e .
(21) Conrads, T.; Hemann, C.; George, G. N.; Pickering, I. J.; Prince, R. Nexane and was identified as the hydrogenselenite salt by an X-ray

C.; Hille, R.J. Am. Chem. So@002 124, 11276-11277. structure determinatio’Se NMR (MeCN): 6 1360.
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Selenate Reductase

(Et4N)[W(OMe)(S2CoMey),]. Method A. To a frozen solution Chart 1

of 120 mg (0.25 mmol) of [W(CQJS,C:Me,)2]?223in 2 mL of [M™(OMe)(S,C,Me,),]" M=Mo 1,W 2
THF in a dry ice-acetone_bath was added a sus_p_ension of 13.5 mg [MY(OPh)(S,C,Me,),]" M=Mo 3%, W 4°
(0.25 mmol) of NaOMe in 0.25 mL of acetonitrile. The frozen W 4 . B . .
mixture was allowed to warm te20 °C, resulting in a color change [MY(SC4H,-2,4,6-Pr)(S,C;Me,),] M=Mo 5, W 6
from reddish-violet to bluish-violet. The reaction solution was  [Mo"(O,CR)(S,C,Me,),]" R=Bu'7,Ph8
treated with a solution of 42 mg (0.25 mmol) of,BCl in 1 mL [WY'OL(S,C,Me,),]" L =0Me 9, OPh 10°

of acetonitrile at—20 °C and stirred for 5 min. The dark violet

. ; . L= SC¢H,-2,4,6-Pr, 11"
solid obtained after solvent removal was washed with ether &3 o ’

mL, —20 °C) and dissolved in 1.5 mL of acetonitrile, and the [Mo,0(S,C;Me,),]"" 12
solution was filtered. The filtrate was allowed to stand-&0 °C [WY'O(0,CPh)(S,C,Me,),]"" 13"
for 2 d, during which a mixture of large brown blocklike crystals [WVO(S,C,Me,), 143

and a much smaller amount of viqlet needle-shaped crystals_formed. DMSO, DMSO reductase: Nar, membrane-bound nitrate reductase: R¥,
The brown crystals were mechanically separated, washed with ethercH,-2,4,6-Pk;; S;pd, pyranopterindithiolenet?) cofactor ligand; SeR,
(3 x 5 mL, —20°C), and dissolved in 1 mL of acetonitrile. Ether  selenate reductase; XAS, x-ray absorption spectroscopy.
(20 mL) was layered on the solution, which was allowed to stand
for 2 d. The product was obtained as 73 mg (50%) of large brown immediately, was stirred for 30 min, and was filtered. The filtrate
crystals.’H NMR (CDsCN, anion): 6 2.57 (s, 4), 3.47 (s, 1).  was layered with 25 mL of ether. The solid that separated was
Absorption spectrum (acetonitrile)imax (em) 287 (11300), 312 washed with ether (% 3 mL) and dried to produce 77 mg (68%)
(9800), 385 (sh, 1600), 426 (900), 551 (800) nm. Anal. Calcd for of a red-brown microcrystalline productH NMR (CDsCN,
Ci7HssNOSW: C, 35.11; H, 6.07; N, 2.41; S, 22.01. Found: C, anion): 6 0.84 (s, 4), 2.65 (s, 3). IR (KBr)wcoo 1438 cntt.
34.98; H, 5.96; N, 2.34; S, 22.16. Absorption spectrum (acetonitrile)imax (ew) 270 (4800), 328
Method B. All steps were carried out at20 °C. A solid mixture (1850), 379 (sh, 1700), 409 (2300), 491 (1850), 734 (200) nm. Anal.
of 120 mg (0.25 mmol) of [W(CQIS,C:Me,),], 13.5 mg (0.25 Calcd for GiH4INMoO,S,: C, 44.75; H, 7.34; N, 2.49; S, 22.71.
mmol) of NaOMe, and 42 mg (0.25 mmol) of SICl was dissolved ~ Found: C, 44.85; H, 7.28; N, 2.43; S, 22.68.
in a minimal volume (ca. 2 mL) of acetonitrile/THF (1:1 v/v). The (EtsN)[Mo(O 2,CPh)(S,C:Mey);]. To a mixture of 77.7 mg (0.20
bluish-violet solution that formed within 1 min was stirred for 20 mmol) of [Mo(CO)(S,C;Mey);] and 50.2 mg (0.20 mmol) of
min. Ether (40 mL) was layered on the solution. The product was (EuN)(O.CPh) was added 4 mL of THF and 1 mL of acetonitrile.
obtained upon standing for 2 d, followed by the separation of The orange-red solution that formed immediately was stirred for 1
crystals as in method A, as 78 mg (54%) of brown crystals. Spectral h, resulting in a precipitate, which was collected and washed with
properties are the same as those of the product obtained by Methodether/THF (2:1 viv, 3x 3 mL) and ether (3« 3 mL) to give the

A. product as 80 mg (69%) of an orange-red soltd.NMR (CDs-
(EtsN)[Mo(OMe)(S,C,Me,);]. This compound was prepared by ~ CN, anion): 6 2.69 (s, 12), 7.34 (t, 2), 7.51 (t, 1), 7.69 (d, 2). IR
procedures analogous to those forkBfW(OMe)(SC.Mey),] with (KBI): vcoo 1442 cnTl. Absorption spectrum (acetonitrilefmax

[Mo(CO)(S,CMey);]*?22and was isolated as orange-brown block-  (€m) 272 (6200), 331 (27000), 370 (2800), 416 (3350), 497 (2700)
like crystals (40%)!H NMR (CDsCN, anion): 6 2.50 (s, 4), 3.42  "M. Anal. Calcd. for GsHsMoNO,S,: C, 47.33; H, 6.40; N, 2.40;
(s, 1). Absorption spectrum (acetonitrilefmay (em) 325 (9700), S, 21.93. Found: C, 47.19; H, 6.40; N, 2.40; S, 21.91.

388 (sh, 4300), 458 (sh, 1800), 550 (sh, 960), 728 (400) nm. This  In the following sections, complexds-14 are designated as in
compound was identified by an X-ray structure determination. Chart 1.

(EtsN)[WO(OMe)(S,CoMey)2]. The procedure is similar to that X-ray Structure Determinations. The structures of the eight
for compounds of the type (FM)[WO(OR)(SC:Mey)2].8° To a compounds in Table 1 were determined. Suitable crystals were
frozen orange-brown solution of 116 mg (0.20 mmol) of,Bt obtained by layering several volume equivalents of ether on
[W(OMe)(S,C:Mey);] in 2.5 mL of acetonitrile in a dry ice-acetone ~ acetonitrile solutions which were maintained at 273 K for at least
bath was injected a solution of 18.0 mg (0.24 mmol) of;M® in 12 h. Crystals were coated in paratone-N oil and mounted on either

0.2 mL of acetonitrile. The frozen mixture was warmed to room & Bruker SMART 1K or APEX CCD-based diffractometer equipped
temperature over 20 min, resulting in a color change to greenish- with an LT-2 low-temperature apparatus operating at 213 K. Data
brown. The solution was layered with 40 mL of cold ether and were collected withv scans of 0.3frame for 30 s (60 s fo7 and
maintained at-20 °C over 2 d. The solid obtained by decantation 8), so that 97+1647 frames were collected for a hemisphere of
of the pale greenish-brown supernatant was washed with cold etherdata. The first 50 frames were recollected at the end of the data
(—20°C, 3 x 5 mL) and dried to yield the product as 92.0 mg collection to monitor for decay; no significant decay was detected
(77%) of a brown-black crystalline solitH NMR (CDsCN, for any compound. Cell parameters were retrieved using SMART
anion): 6 2.17 (s, 4), 4.08 (s, 1). IR (KBr)rwo 891 cnr?. Absorp- software and refined using SAINT software on all reflections. Data
tion spectrum (acetonitrile)dmax (em) 330 (6500), 477 (4500), 625  integration was performed with SAINT, which corrects for Lorentz
(3000) nm. Anal. Calcd for GHasNO,S,W: C, 34.17; H, 5.91; N, polarization and decay. Absorption corrections were applied using
2.35; S, 21.42. Found: C, 34.30; H, 6.03; N, 2.40; S, 21.58. SADABS. Space groups were assigned unambiguously by analysis
(Et,N)[Mo(O ,CBUY)(S,C:Me,),]. To a violet solution of 77.7 of symmetry and systematic absences determined by XPREP. The
mg (0.20 mmol) of [Mo(COXS,C:Mey);] in 2 mL of THF was compounq (EN)[1] occgrrqd as a twinned crystal, as determined
added a solution of 46.2 mg (0.20 mmol) of (E}(O,CB) in 2 by the TwinRotMax routine in PLATON and confirmed by ROTAX

mL of acetonitrile. The reaction mixture became orange-red Software. A 2-fold axis along the1 0 1 reciprocal lattice direction
was observed. The data were detwinned by incorporation of TWIN

- - instruction in SHELXTL with the matrix 06-1,0—-10,—-100
22) Fomitchev, D. V.; Lim, B. S.; Holm, R. H . Chem.2001, 40, i ’ L ;
22) 62&'6(:52\/ m om norg. Chem.2001 The compound (BN)[7] was at first unsuccessfully refined using
(23) Goddard, C. A.; Holm, R. Hnorg. Chem.1999 38, 5389-5398. a unit cell 4< smaller @ = 9.449 A b= 16.399 A,c=17.678 A;
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Table 1. Crystallographic Data

(EuN)[12] [EtaN]2[SeQy]

(ELN)[1] (EuN)[2] (ELN)[7] (EtN)[8] (EtN)[9] -‘MeCN -‘MeCN [EtN][HSeGy]

formula G7HssMo Cy7H3sN CoiHsMo CozHs7Mo Cy7H3sN CogHs7MO2 C1gH43N304Se GH>1NOsSe
NOS osw NOS4 NOS4 OS4W N2OSg

fw 493.64 581.55 563.73 583.72 597.55 852.02 44451 ~258.22
space group P2:/n P2i/c Pca; P2i/n P2i1/n P2i/c P2i/n P1
4 8 4 16 4 4 4 4 2
a(d) 22.978(8) 10.118(2) 37.741(11)  8.919(2) 8.979(3) 18.158(2) 13.182(7) 7.926(6)
b (A) 9.645(3) 11.058(2) 16.381(5) 23.807(4) 16.925(5) 11.582(2) 14.176(7) 8.909(7)
c(A) 22.968(8) 21.161(4) 17.663(5) 12.949(3) 15.476(5) 18.029(2) 13.370(7) 9.146(7)
o (deg) 80.64(1)
B (deg) 109.56(1) 97.029(3) 105.303(4)  91.944(5) 104.997(2)  114.35(2) 65.15(1)
y (deg) 77.19(2)
V (A3 4797(3) 2349.8(8) 10920(6) 2652.0(10)  2350.5(13)  3662.4(8) 2276(2) 569.7(8)
doatca (g/c®)  1.367 1.644 1.372 1.462 1.689 1.545 1.297 1.505
u® (mm-1) 0.900 5.277 0.803 0.830 5.281 1.164 1.675 3.276
0 range (deg) 0.9425.00 1.94-25.00 1.08-25.00 1.7+26.00 1.78-27.86 1.16-26.00 1.83-27.88 2.35-28.05
GOF ) 1.052 1.050 1.209 1.095 1.255 1.032 1.052 1.060
R1P % 6.86 4.04 7.34 3.96 3.60 2.96 3.33 3.76
WR2F % 14.50 10.09 14.25 9.21 8.39 6.89 8.34 9.45

a Mo Ko radiation.? R1 = Y ||Fo| — |F¢||/3|Fol. SWR2 = {S[W(F2 — FA)?)/ S [W(Fo2)?]} 2

Pna2; or Pnm3g that was found by the matrix routine in SMART.  Mercury 400 and 300 spectrometers. Chemical shifts®é 'H}
Very large thermal parameters, as well as strong residual electronspectra are referenced to pe. Infrared spectra were determined
density, were observed. Upon careful examination of the collected with a Nicolet Nexus 470 FT-IR instrument. Absorption spectra
frames, weak reflections not accounted for in the unit cell were obtained with a Varian Cary 50 Bio spectrophotometer.
determination were observed and included in the cell index routine
in SMART to generate the unit cell parameters in Table 1. Missing Results and Discussion
symmetry in all crystals was checked with PLATON; none was
found. Structures were solved by direct methods and refined against Reaction SystemsFrom the reduced des-oxo SeR site
all data by full-matrix least-squares techniques Fnusing the structure in Figure 1, a desirable molybdenum reactant in
SHELXL-97 package. All non-hydrogen atoms were refined substrate reduction by oxo transfer is a bis(dithiolen€YMo
anisotropically. Hydrogen atoms were placed at idealized positions (OH) complex. Hydrolysis of the complexes [M(OPh)-
on carbon atoms. Crystal parameters and agreement factors ar¢s,C,Me,),]*~ (M = Mo, W) in aqueous acetonitrile media
reported in Table % _ yields [MO(SC:Me,);]2~.5° While a hydroxo species is a

Kinetics Measurements.All reactions were performed under oy intermediate in these reactions, né"MOH dithiolene
strictly anaerobic conditions in acetonitrile (Burdick & Jackson) 0 h1aves have been isolated or otherwise identified in these
which was stored ove4 A molecular sieves prior to use. Oxo .

or other systems. In the absence of hydroxo species, we have

transfer reactions were monitored with a Varian Cary 3 spectro- ~ - . .
photometer equipped with a cell compartment thermostatedtb utilized the methoxide complexdsand2 whose preparation

°C and a multicell changer. Thermal equilibrium was reached by 1S outlined in Figure 2. Here methoxide is the closest
placing a 1 mmquartz cell containing 0.240.32 mL of the solution ~ available simulator of hydroxide provided that SeR is an
of the complex in the cell compartment at least 5 min prior to the oxotransferase. Note that the enzyme is a reductase, not a
start of a reaction. Reactions were initiated upon injection of the hydroxylase which utilizes bound hydroxide as a nucleophile
substrate solution containing oxo donor XO by means of a gastightin oxidase reaction®. We have also utilized phenolate
syringe through the rubber septum cap of the cell followed by rapid complexes3 and4 as additional reactants with axial anionic
§h§king of the r.eaction mixture. Reaction systems contained theoxygen ligands and for comparison with previous kinetics
initial concentratlons][—_G]o =13r-214mM, [Se@ o =1l results. Thiolate complexdsand®6 are structural analogues
29.4 mM, [(CH),SOb = 1.59-3.27 M, and [PBASO)o = 3.8~ of the reduced sites of nitrate reductase with axial cysteinate

11.3 mM. Sharp isosbesti int b d f h tion. .
m arp ISOSHESHE poin's Were Observed for each reac Iorlllgatlon% and relate the present work to our recent study of

system, indicating the lack of detectable intermediates. For each = o3 .
substrate, reactions were conducted at five temperatures in the 278 nitrate reductiort’ Although SeR is not known to be a

333 K range. At each temperature, at least five independent runstungstoenzyme, we have includedeactants to provide
with different initial concentrations of XO were performed under additional examples of the kinetic metal effect and to
pseudo-first-order conditions. Plotslgfsversus [XO} were linear otherwise follow our past practice of elaborating in parallel
and vyielded overall second-order rate constamts, at each the chemistry of analogous molybdenum and tungsten
temperature. Final values df, were averages from multiple  systems. The stable Y\O complex9 when detected in an
independent runs. Activation parameters were determined from gxo transfer reaction demonstrates the fate of the oxygen
Eyring plots ofk, versus ksT/h)[exp(ASTR — AHY/RT)]. Standard  atom transferred from substrate. This compound has been

deviations were estimated using linear least-squares error analysqsdated and structurally characterized. Corresponding com-
with uniform weighting of the data points.

Other Physical Measurements All measurements were made (25) Hille, R Arch. Biochem. Biophy2005 433 107-116
under anaerobic conditions. NMR spectra were recorded on Varian (26) Dias, J. M.; Than, M. E.; Humm, A.; Huber, R.; Bourenkov, G. P.;

Bartunik, H. D.; Bursakov, S.; Calvete, J.; Caldeira, J.; Carneiro, C.;
(24) See paragraph at the end of this article for Supporting Information. Moura, J. J. G.; Moura, |.; Rohea M. J. Structure1999 7, 65—79.
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SYNTHESIS OF Mo, w!,

and WY' COMPLEXES
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Figure 2. Scheme for the synthesis of the complexes [M(OMgJtSle,),] 1,

plexes of the type [MoO(OR)(8:Mey),]*~, while sometimes

[Mo(O2R)(S:C2Mez)2] ', and [WO(OMe)(SC:Mez)z] .

detectable in solution, are unstable because of autoreduction

to [MoVO(SCMey) ) t~.5

Selenate was utilized as anhydrous,kB[SeQy], which
is freely soluble in acetonitrile. This compound was prepared
in high yield by simple metathesis reactions. The,Nie
salt has been obtained by an ion-exchange procééwaen
Na;SeQ was used in the metathesis reactions, the only
product isolated was the hydrogenselenite compountllfEt
[HSeQy], a probable consequence of the greater basicity of
selenite versus selenateK{p= 6.58 for HSe@", 2.05 for
HSeQ").

Structural Features. While crystals containing complexes
1 and 2 with the same cation would be expected to be
isomorphous, as is the case with, for example, th&Et
salts of8 and [W(G,CPh)(SC:Me;),] 1,10 different packing

patterns are found. This behavior has been observed previ-

ously with the EIN* salts of3®> and4.2 The structure o2,

provided in Figure 3, reveals these essential features: square

pyramidal geometry with the metal atom displaced 0.75 A
above the $mean plane toward the axial methoxide ligand,
a trans SW-—S angle of 142.6(7)and a dihedral angle of
129.6 between the chelate ring planes. For isostructural
Mo"v complex1 (not shown), the mean MeS distance of
2.33(1) A agrees very well with the 2.32 A value from the
EXAFS analysis of the reduced enzyme. The mean-Kdo
distance of 1.862(3) A differs largely from the value of 2.22
A from the EXAFS investigation, where the identification

Figure 3. Structures of tungsten complexes showing 50% probability
ellipsoids and atom labeling schemes. Selected (mean) bond distances (A)
and angles (deg) for [W(OMe){S:Mey),]1~ (upper): W-0 = 1.824(5),

of oxygen ligands is described as tentative because of thew—Ss=2.33(1), S-C=1.778(5), G-C = 1.323(5), St W—S2= 81.91-

correlation with intense MeS scattering® The values for

1 are averaged over two crystallographically independent
anions; this complex is practically isometric wit¥* For 2,

the W—0O bond length is 1.824(5) A. Recent geometry-
optimized DFT calculations of [M(OMe)&E;H>),]*~ place

the M—OMe bond length at 1.887 A (Mo) and 1.874 A
(W).28 Consequently, an authentic-MDH distance in the
enzyme site is expected to lie in the £B9 A range and is
found without exception for M—OR bonds in these and
other bis(dithiolene) complexes by crystallograph§®and

(27) Malchus, M.; Jansen, MZ. Naturforsch.1998 53b, 704-710.
(28) McNamara, J. P.; Hillier, I. H.; Bhachu, T. S.; Garner, C.0&lton
Trans.2005 3572-3579.

(6), S3-W—S4 = 82.51(7), -W—S = 107.9(3)-109.4(2),0 = 0.746-
(1), 6 = 129.6(1). For [WO(OMe)(&:Mez)7]~ (lower): W—-0O1 =
1.724(4), W-02 = 1.926(4), W-S1,2,3= 2.40(1), W-S4 = 2.523(2),
01-W-02 = 93.8(2), SEW-S2 = 79.53(5), S3-W—S4 = 78.17(5),
S2-W—S4=89.61(5), SEW—S3= 157.05(5),0 = 91.3(1). All but the
last two S-W—S angles are chelate ring bite angles.

XAS.2%% The long M-O interaction in the enzyme is

presumably the basis for the des-oxo designation.
Structures of the substrate selenate ion and of the hydro-

genselenite ion are shown in Figure 4. These structures were

(29) Musgrave, K. B.; Donahue, J. P.; Lorber, C.; Holm, R. H.; Hedman,
B.; Hodgson, K. OJ. Am. Chem. S0d.999 121, 10297-10307.

(30) Musgrave, K. B.; Lim, B. S.; Sung, K.-M.; Holm, R. H.; Hedman,
B.; Hodgson, K. Olnorg. Chem.200Q 39, 5238-5247.
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Figure 4. Structures of (EfN),[SeQ] and (EzN)[HSeGQj]. In the latter,

the hydrogen bonding pattern to a symmetry equivalent molecule A is
shown. Selected (mean) bond distances and angles: fou[B5e8e-0 =
1.641(3), O-SeO= 109.5(2); for [HS@]~ Se-01=1.678(2), Se02=
1.639(2), Se 03 = 1.758(2), 01:-:O3A = 2.691(3), Ot Se-02 =
107.1(1), Ot Se-03 = 101.3(1), O2-Se-03 = 99.9(1).

used to identify the compounds and demonstrate the absence
of water or other protic solvates in the crystals. The
tetrahedral structure of Sg®© in the monoclinic EAN* salt
acetonitrile monosolvate displays angles and distances
indistinguishable from those of cubic (M¢),[SeQ)]?” and
Li,SeQ-H,0.3! The close 03-01 contact (2.691(3) A) in
the EtN* salt of HSe@™ indicates the presence of hydrogen
bonding. A hydrogen atom was placed on atom O3 with Se
03 = 1.758(2) A, and its position was constrained in the
03---01 direction, resulting in an O1:AH3 bond distance

of 1.88 A. Prior structures of hydrogenselenite compounds
with organic counterions reveal hydrogen bonding between
the anion and cation and a pattern of-&&distances similar

to that found heré?-35 None of these structures contain
mutually hydrogen-bonded hydrogenselenite anions.

The product complex derived froi by oxo transfer is
WV'O complex9, whose structure is found in Figure 3. Its
principal features are a cis disposition of the oxo and
methoxide ligands, a dihedral angi, of 91.3 between
chelate rings, a pronounced trans effect of the oxo ligan
causing the WS4 bond to be 0.110.13 A longer than
the other three WS distances, and a trans ligand angle
S1-W-S3, of 157.2. This angle describes a structure
intermediate between the octahedral ()8and trigonal
prismatic (138) limits.3® The structure of9 is closely

Figure 5. Structures of [Mo(@CPh)(SC:Mey)z]t~ and [MaO(SC:Mey)s]
showing 50% probability ellipsoids and atom labeling schemes.

comparable to those df®® and 11,** which are also oxo
transfer products.

In the course of preparing methoxide completemnd?2,
bluish-violet reaction mixtures were always observed, and a
small amount of violet byproduct was encountered when
isolating the desired brown product compounds. Because of
its persistent appearance, the purple crystals obtained in the
d preparation ofl were crystallographically examined. This

material was shown to be (J&t)[12], containing a mixed-

valence binuclear complex whose structure is included in
" Figure 5. Itis formally (but not uniquely) an addition product
of [Mo(S,C:Mey)3]t~, a known compourfdwhich we have
often encountered as an impurity in the synthesis of other
molybdenum dithiolenes, and the neutral fragment [MoO-
(S.C:Mey)]. The origin of the oxo ligand has not been

(31) Johnston, M. G.; Harrison, W. T. AActa Crystallogr.2003 E59,

i25—i27. . established. Metric features are available elsewffere.
(32) Ritchie, L. K. Harrison, W. T. Aicta Crystallogr2003 £59 01296- Reduction of Selenate by Oxo TransferThe reaction
(33) Nemec, I.; Chudoba, V.; Havlicek, D.; CisafovaMicka, z.J. Solid ~ Systems utilizing NV complexesl—6 are depicted in Figure
. gta't\;: tCheénZOOl 1EGL 61273_18.E - des. L Belsley. M- @ai 1. The overall process is reaction 1, resulting in the formation
e Matos Gomes, E.; Nogueria, £.; Fernandes, 1.; belsley, M.; ®alXa Vil . I
J. A.; Matos Beja, A; Ramos Silva, M.; MamGil. J.. Martn-Gil, of MY10 products and selenite. Of the former, only"@
F.; Mano, J. FActa Crystallogr.2001, B57, 828-832.
(35) Namec, I.; Cisaroval.; Micka, Z. J. Solid State Chenl998 140, (36) Beswick, C. L.; Schulman, J. M.; Stiefel, E.Rrog. Inorg. Chem.
71-82. 2004 52, 55-110.

2984 Inorganic Chemistry, Vol. 45, No. 7, 2006



Selenate Reductase
[WY(SCgH,-2,4,6-Pr,)(S,C,Me,),]"” + SeO,>

Se0,%

Se0 %

51268 51038

Figure 7. 7’Se NMR spectrum for the system [W(§G-2,4,6-Pis)(S:Co-
Mey)2]t-/SeQ?2- starting with 1 equiv o6 and 4 equiv of Segd~ after 1
h in acetonitrile solution at ambient temperature.

Table 2. Kinetics Parameters for Oxygen Atom Transfer Reactions in
Selected Systems [M(QR)(SC:Mey),]1 /X0 in Acetonitrile at 298 K

kz

M QR X0 (M ~1s)i  AH* (kcal/mol) AS (eu)
Mo? OPh Se@  7.2(4)x 1074 12(1) —34(3)
Mo® SGHaPr; SeQ?  3.2(2)x 1073 14.8(6) —20(2)
WS  OMe Se@  1.4(2)x 1073 12.2(4) -30(1)
Wdg  OPh Se@  3.3(3)x 103  12.8(6)  —28(2)
We  SGHPigd Seq2 3.6 x 102 15.8(7) —12(2)
Wa  SGH.Pfs NOs 1.7(1) x 107 12.6(9) —-20(3)
Mobf OPh (CH)SO 1.5(2)x 104 10.1(4)  —39(1)
Mo? SGHzPr; (CHpsSO  1.4(1)x 10°3 16.8(6) -16(2)
wh  OMe (CH)4SO 8.5(1)x 105 12.0(2) -37(2)
weth OPh (CH)/SO  9.0(3)x 1074 11.6(4) —-33(1)
Wi OMe PRASO  2.0(1) 7.1(3)  —33(1)
Wwei  OPh PRASO  3.1(1) 9.3(3)  —26(1)
W2 SGHPiz (CHp),SO  3.5(1)x 1072 14.6(9) —16(3)

aRef 13.P Ref 5.¢Ref 9.4 sz/kzMo =46.° kzwlkzMo =11.f kzwlkzMo
= 6.0.9 kOPlfkOMe = 2.4 hkOPYk,OMe = 11,1 k,OPYk,OMe = 16,1 Ex-
perimentally determined values.

on 1 whose spectra did not show clean isosbestic points; the
kinetics of this system were not pursued. For the systems in
Figure 6, the final spectra are identical to the spectra of
authentic complexe® and 11. The formation of these
Figure 6. Spectrophotometric monitoring of reactions: (upper) the system produ.cts Car,] also be established by the chargcterlstlc methyl
[W(OMe)(SCoMes)s*/SeQ?- with [2]o = 1.48 mM, [SeGP o = 14.3 chemical shifts of WO complexesd 2.1-2.3 in acetoni-
?ZA 51?1)(2530;/? )rt?lco/rsdegfve% E[)eimn; ilcévi/er) Ntlht[essxgzte]m [Vg*gﬁg trile). The formation of selenite is readily demonstrated by
,4,6-Pl3 2Mes)o]/SeQe wit o= 151 mM, [Se@ ], = 14. 77 ; ;
mM, and spectra recorded every 3 min. Reactions were conducted in Se NMR spectra. For example, ,In the reaction based on
acetonitrile solutions at 298 K. Arrows indicate changes in absorbance with tungsten comple6, the spectrum in Figure 7 reveals the
time; band maxima and isosbestic points are indicated. signal of substrate Se® ato 1038 and product Sep at
_ _ _ _ 0 1268. The product is not HS@Q which occurs ad 1360.
complexes9—11 are stable to isolation. Reaction 1 is an The values for selenate and selenite are very close to reported
example of the generalized oxo transfer paradigm 2. The values in aqueous solutiéh.
corresponding MJO complexes are formed in reaction 1 Rate constants and activation parameters for five reactions
but, as noted above, are not stable. Reactions were monitore(éeq l) and for other oxo transfer reactions previou3|y
spectrophotometrically, and data were analyzed as in previousjetermined and included for comparison purposes are
work >®+34lllustrative spectra are shown for the systems contained in Table 2. All reactions were found to follow the
based on complexez and6 in Figure 6. These and other  second-order rate law (eq 3) with rate constdatin the
reaction systems develop tight isosbestic points and proceed|g-2—10-4 M~! s! range. As for all other oxo transfer
v - - reactions mediated by bis(dithiolenéMomplexes, activa-
[MTL(S,.CMey),l™ + S\e”q L , tion entropies are large and negative, indicative of an
[MTOL(SCMey),]” +Seq” (1) associative transition state such as that represented in Figure
MY 4+ X0 — MY + X 5 1. If this state has the features of that determined from
@ the experimental results for the reduction of (S0
-d[M")/dt = k[M"][XO] (3) by WV complexes, it is occurs early in the reaction

cleanly to completion. The exception is the reaction based (37) Duddeck, HAnnu. Rep. NMR Spectros2004 52, 105-166.
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coordinate and is mainly W-OSeQ? bond-making in
charactef?38
Complex Structure and Rates.The data of Table 2 reveal

Wang et al.

58% of AG*. The occurrence of M&lO (61 kcal/mol) and
(CH,)4SO (86 kcal/mol) and the ends of series 6 may be
related to the indicated bond dissociation energies, but the

that the nature of the axial ligand and the identity of the position of PRASO (103 kcal/mol) resists explanation on
metal measurably influence reaction rates when other factorsthis basis. The consistent position, S0z (CH,)sSO, is
are constant. In regard to the indicated axial ligands, the ratedifficult to analyze because of the charge difference and the
order 4 for tungsten complexes and 5 for molybdenum unknown bond-dissociation energy of selenate. We have
complexes holds for selenate reduction and also applies topreviously demonstrated the reduction op$$0 by complex
the reduction of (CH4SO! Further,k,Sk,° = 28 for the 3 in acetonitrile®> Given the usual periodic trend in bond
reduction of nitrate to nitrite bys and [W(OGH,-2,4,6- energies, exemplified by R—S/Se bond energy datai*
Pr3)(S:CoMey), ]t ~.22 The effect is attributed to a more the orderD(S—0) > D(Se-0) is expected. However, we
can find no experimental data on-S® bond energies in
(4) organic or inorganic compounds.
(5) Carboxylate Binding. Members of the DMSOR enzyme
family assigned under the Hille schefrteave been further

accessible metal site, despite the larger axial ligand sub-classified into types I, Il, and Ill on the basis of protein
stituent R*, which is made possible by theV8 bond length ~ sequence alignments of metal-binding regith3ype II
of 611 being 0.46-0.50 A longer than the WO bonds of2 includes, among others[. selenatisSeR, a perchlorate
and4.8 The rate constant ratids®™k,°e = 1.6 (PhAsO) reductase, and membrane-bound respiratory nitrate re-
and 2.4 (Se@") for tungsten complexes with the indicated ductase, which in its entirety contains three subunits and
substrates are consistent with the cyclohex#@nealue i designated NarGHI. The defining feature of type Il is a
measure of steric size, which indicates that methoxyl (6.55 highly conserved Asp residue which is postulated to function
0.75 kcal/mol) is comparable with phenoxyl (0.65 kcal/ as a ligand at the molybdenum site. Binding of the Asp
mol)3° The largest departure of this ratio from unity thus carboxylate group in two molybdenum site structures in the
far observed is with (CH4SO as substrate, for whidh°PY catalytic subunit NarG has been confirmed by crystal-
kzOMe = 11. B|nd|ng through oxygen (or Su|fur) iS more Iography. The structure oE. coli NarGH*“? contains the
difficult on a steric basis than for the other two substrates. 0xidized site{ Mo¥'O(O,C-Asp)(Spd)} with bond distances
Last, the ratiokW/k,o = 4.6-11 are a further demonstra- Of Mo—S = 2.45 A (mean) and MeO = 1.8 A and’-
tion of the kinetic metal effecby which tungsten com-  Syncarboxylate coordination. The structure &. coli
plexes at constant ligation and substrate react faster tharNarGHI* determined before the NarGH result, is reported
molybdenum complexes in substrate reduction by oxo to contain a{Mo(O;C-Asp)(Spd)} site with distorted
transfer?:13.17 trigonal prismatic geometry, MeS ~ 2.4 A, and unsym-

Substrate Reactivity Trends Sufficient data are now  Metricaly*carboxylate binding reflected by MeO ~ 1.9
available to allow recognition of certain trends in oxo transfer and 2.4 A. The unit is presumed to contain ¥dbut the
reactivity of substrate measured By in acetonitrile with apparent absence of an oxo ligand renders this oxidation state
constant metal reactant. Rate order 6 applies wholly or in Suspect: M& or Mo" is more appropriate. Both types of
part to 2—6, with qualification necessary only because not Ccarboxylate binding are precedentéd; however, nitrate
all substrates have been tested with each complex. The lesgeductase is the first example of carboxylate coordination
extensive rate order 7 established with tungsten complex to molybdenum in proteins. Although the sequence align-
affords placement of nitrate before selenate and probablyMent comparison raises the possibility of an Asp ligand in
after PhAsO, but this has not been experimentally estab- SeR, none was found in the structureTofselenatisSeR,
lished. As previous considerations of reaction rates in deduced from XAS? Further, the enzyme is specific for
reductive oxo transfer reved?;” identifying a substrate selenate; nitrate reductase activity was not detetedd
reactivity trend is much easier than explaining it. The nitrate reductases are described as ineffective in selenate
reductiont®

Sequence alignment considerations do not appear to apply
in the case off. selenatisSeR, but this is the only SeR on

6 (SR*) > 4 (OPh)> 2 (OMe)
5(SR*) > 3 (OPh)

R,;NO > Ph,AsO > SeQ?™ > (CH,),SO (6)

NO,” > SeQ?” ~ (CH,),SO @

(39) Anslyn, E. V.; Dougherty, D. AModern Physical Organic Chemistry
. . . . . University Science Books: Sausalito, CA, 2004; p 104.
problem lies in the inherent differences in substrate stereo-(40) Holm, R. H.; Donahue, J. Polyhedron1993 12, 571—5809.
chemistry, basicities, and other properties and the fact that(41) Capps, K. B.; Wixmerten, B.; Bauer, A.; Hoff, C. Inorg. Chem.
the f ies of activati tain substantial enthalpic 4z) Janaekie M. Riahe
€ Iree energies ol activation contain substantial entnalpiC 42y jormakka, M.; Richardson, D.; Byrne, B.; Iwata,Sbtucture2004
and entropic contributions which are difficult to evaluate 12, 95-104.
; ; (43) Bertero, M. G.; Rothery, R. A.; Palak, M.; Hou, C.; Lim, D.; Blasco,
separately. For all but two systems in Tabl¢1AS*| IS 29— F.; Weiner, J. H.; Strynadka, N. C. NMature Struct. Biol2003 10,
681-687.
(44) Carrell, C. J.; Carrell, H. L.; Erlebacher, J.; Glusker, J.Am. Chem.
So0c.1988 110, 8651-8656.
(45) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96,
2239-2314.

(38) Note that DFT calculations on the systems{@Me)(SCzH)2]*/
Me,SO (M= Mo, W) predict a later transition state with appreciable
M---O bond making and ‘O bond weakening and a geometry
approaching that of WO complex9 or 10.28
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Table 3. Bond Distances (A) and Angles (deg) of trophotometry andH NMR for periods up to 20 h at room
[Mo(O-CR)(SC2Mez)z]'~ Complexes temperature. Under these conditions, oxo transfer reactions
R=Ph R=Bu!f of complexes such abs—6 with N-oxides,S-oxides, nitrate,
Mo—01 2.189(2) 2.19(1) and selenate readily proceed. Perchlorate was included to
Mo—OaZ 2.205(2) 2.17(1) search for perchlorate reductase actidft§’ Observations
v s iggé% iggg; are briefly summarized as follows¥/CIO,™, no appreciable
c—cb 1.34(1) 1.32(2) reaction;8/ClO,~, reaction butl3 could not be identified,;

14/SeQy?, unidentified reaction, trace of YO product (in

S1-Mo—S2 81.19(3) 82.4(2) . . -
S3-Mo—S4 81.60(3) 81.4(2) aqueous solution v_\nth NSeQ a green-blue precipitate
S1-Mo—S4 84.41(3) 83.0(1) formed);14/CIO,~, nil reaction. The W complex14? was
gi—mo—gg 12‘;-;?)(2) 18358-;(22) examined because it represents an unprotonated version of
VI 140:92233 140:48 the active site of reduced SeR (Figure 1), which could be
O1-Mo—02 60.64(9) 60.2(4) reactive in selenate reduction. Carboxylate complexes can
01-C9-02 119.4(3) 119(2) sustain oxo transfer reactions, as shown by the synthesis of
01-Mo-S1 132.51(7) 130.1(3) (Et;N)[13] (41%) from8 and PRAsO ' However, when the
81:m8:§§ gg:gsg; gg:gg; systemB8/PhsAsO was examined at the dilute concentrations
O1-Mo—S4 127.01(7) 129.9(3) appropriate for kinetics determination, spectral complexity
02-Mo—S1 90.87(6) 89.3(3) indicated more than one reaction.

83:%:25 igg:igg; ggég; Summary. The following are the principal results and
02-Mo—S4 87.68(6) 89.2(3) conclusions of this investigation.

MoS1S2/MoO102 119.3(1) 116.8(3) (1) The square pyramidal complexes 'TNODMe)-
M0S3S4/MoO102 115.6(1) 117.9(3) (S:C:Mey)]t (M = Mo, W) have been prepared as

5 0.816(1) 0.807(3) analogues of . the reduced site ih selenatlsselenate

0 125.0(1) 125.2(2) reductase, which, from Mo EXAFS analysis, contains two

aMean of four.” Mean of two.¢ Dihedral angled Displacement Mo pyranopterlr}dlthlolene ligands and a}n axial hydroxide. The
atom from MoS mean plane¢ Dihedral angle of Mo$ planes. Data Mo—OMe distance of 1.862 A provides a measure of the
for one of four independent anions, all of which are dimensionally very expected Me-OH bond length in the enzyme, whose
similar. reported value may be artifactually long.

(2) Bis(dithiolene) complexes, [ML(S,C:Mey) ]t (M =
which there is any active site structural information. To Mo, W; L =RGO", R*S", cleanly reduce selenate to selenate
establish possible structural analogues of the reduced sited Second-order oxygen atom transfer reactions that pro-
of selenate, nitrate, and perchlorate reductases with carboxy-c€€d through associative transitions states such as that
late ligands and to investigate any accompanying reactivity Illustrated in Figure 1. We are unaware of any previous
in substrate reduction, we have prepared thé&/ Marboxylate nonenzymatic reactions resulting in reduction of selenate by
complexes? and 8 in ca. 70% vyield by the procedure in OXO transfer.

Figure 2. The two complexes are isostructural; metric features (3) Second-order rate constants for the reactions (1) cover
of both are collected in Table 3, and the structureBa$ the range of 3.6< 1072to 7.2x 10* M~ s™%, are dependent
provided in Figure 5. The complexes are six-coordinate with upon axial ligand (series 4 and 5), and manifest the kinetic
trans ligand angles of 137:141.9, indicating a close  metal effect in substrate reductidg{ > k). Comparison
approach to idealized trigonal prismatic geometry. The With previous results leads to recognition of substrate
molybdenum atoms are displaced 0-8182 A toward the reactivity trends (series 6 and 7) which, however, are not
carboxylates, which bind as symmetricgl-ligands with ~ €asily explained in their entirety.
Mo—O distances of 2.172.21 A. Chelate rings are canted (4) The [MdY(O,CR)(SC:Mey),]* complexes are readily
at a dihedral angle of 125mean Mo-S distances are 2.32 prepared, have approximate trigonal prismatic stereochem-
2.33 A. These complexes are isostructural with the corre-istry with symmetrical 7%>-carboxylate binding, and are
sponding species [WECR)(SC:Me,);]1~ 1911 The structures  unconstrained structural analogues of the reduced site in the
of 7 and8 are taken to represent unconstrained versions of Nar nitrate reductase and, perhaps, also of sites in selenate
the (apparently reduced) site of NarGHI. Further, complex and perchlorate reductases if sequence alignment arguments
13, for which W—S=2.41-2.45 A, W=0 = 1.72 A, W-O apply.
=2.07 A, and trans SW—S = 143.5,'* should fulfill the (5) The complexes in (2) are capable of reducing at least
same role for the oxidized NarG site. four types of biological substrates\{oxides, Soxides,

To investigate the effect of carboxylate and other axial nitrate, selenate) in oxo transfer reactions, all of which have
ligands on reactivity, additional systems were investigated the characteristics in (2). Analoguous reaction systems cannot
using WY complexes (£6 mM), because of the greater ease

of oxidation and stability of possible WO products, and  (46) SKengenASjV\K/-I.l]\/l-l;3 Rikkenl, %9%.;132966%6\/:6%;1 van Ginkel, C. G;
H : tams, A. J. . Bacteriol. .
selenate and perchlorate{30 equiv) as potential substrates (47) Okeke, B. C.; Frankenberger, W. T.. Bficrobiol. Res.2003 158

in acetonitrile. Systems were monitored by bvis spec- 337-344.
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