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1. Introduction and Scope 

The facultativc anaerobe, Escherichia coli, is capa- 
ble of inducing specialized respiratory chains when 
oxygen becomes limiting during growth. When grown 
anaerobically, with respiratory oxidants such as fu- 
marate, nitratc or dimcthylsulfoxide (DMSO), respira- 
tory, chains comprising a primary dehydrogenase (e.g., 
glycerol-3-phosphate dehydrogenase), an intermediate 
electron carrier, such as mcnaquinone or ubiquinone. 
and a specific terminal reductase, such as fumaratc 
rcductasc, nitrate reduclase or dimethylsulfoxide re- 
ductasc, are synthesized [1-3]. The choice of the termi- 
nal electron acceptor is governed by the availability of 
these acceptors in the growth medium, as well as their 
redox potentials. In a given growth medium, the com- 
pound with the highest redox potential is preferred 
(Table 1. [l]). The simplicity of the anaerobic respira- 
toD' chains, together with the ease of genetic manipula- 
tions in E. coli, have contributed significantly to the 
understanding of the mechanisms of energy transduc- 
tion. 

] ' A B L E  I 

Midpoint potential,~ and free cne~o' changes ~f' alternatit e re.wiratory 
e]cctrorl a¢('eptor.~ 

Era. 7 and AG(~ v a l u e s  f l o r a  [11. 

A c c e p t o r  Era, 7 AG~ ( N A D H  as d o n o r )  

( m V )  (kJ  mol  I) 

N i t r a t e  + 4 2 0  - i 4 ~  

D M S O  +- 160 - 92  

T M A O  + 13O - 89  

F u m a r a l e  + 30  - 67  

The ability to reduce DMSO to dimethylsulfide 
(DMS), a major intermediate in the global sulfur cycle, 
is widespread in both prokaryotes and eukaryotes [4,5]. 
DMSO reductase (DmsABC) of E. coli is a complex 
membrane-bound, [Fe-S] molybdoenzyme [6-8], which 
catalyzes reduction of DMSO to DMS and also re- 
duces a wide variety of S- and N-oxide compounds. 
Several other molybdoenzymes in E. coli also catalyze 
reduction of S- a n d / o r  N-oxides and confusion has 
surrounded the roles of these enzymes in energy trans- 
duchon. Of these, DMSO reductase is well charac- 
terized at the biochemical, biophysical and molecular 
levels, and is proving to be an excellent model system 
for investigating the structure and mechanism of elec- 
tron-transfer chain complexes. In this review we clarify 
the roles of S- and N-oxide reductases and summarize 
the current state of knowledge. 

!!. Eco3~y 

Early studies on the global sulfur cycle suggested 
that half of the sulfur exists as reduced sulfide and that 
most of the reduced sulfide in the atmosphere is in the 
form of H2S [9]. However, it is now believed that DMS 
is the major source of reduced sulfur and that it 
accounts for 50% of the total biogenic input of sulfur 
into the environment. It is emitted by oceans and plays 
a re!c in global climate control [10-12]. Much of the 
DMS is consumed by microorganisms in sea water and 
this helps to control the levels of DMS in the oceans 
[10]. DMSO arises naturally from photo-oxidation of 
DMS in the atmosphere or from phytoplankton degra- 
dation in marine environments [13]. DMSO is of low 
volatility and highly hygroscopic. It is therefore scav- 
enged from the atmosphere by rain and returned to 
earth [12]. 



In addition to the natural sources of DMSO, a 
number of man-made processes contribute to its build- 
up in the environment. It is present as a waste produc! 
of paper mills, used as a solvent, used as a vehicle for 
the administration of drugs, and production of [3MS 
occurs during the course of degradation of sulfur-coo- 
taining pesticides. Delineation of the mechanism of 
DMSO reduction may contribute to our understanding 
of the overall global sulfur balance [5,9-12]. 

I11. Bacterial DMSO reduction 

DMSO reductase activity appears to be widespread 
in microorganisms. Most DMSO reductases have a 
broad substrate specificity, reduce both DMSO and 
trimethylamine N-oxide (TMAO) and contain molyb- 
denum at their active centers [6,14-17]. Sambasivarao 
and Weiner (unpublished results) have scrcened the 
ECOR [18] collection of 72 different E. coli isolates by 
Southern blot hybridization using the E. coli DMSO 
reductase operon (dmsABC) as probe [19]. All strains 
examined were positive, indicating that DMSO reduc- 
tase is ubiquitous in E. coil. This agrees with the 
earlier findings of Zinder and Brock [5] who examined 
the DMSO reductase activity in crude extracts of a 
number of Enterobacteriaceae using NADH as an elec- 
tron donor. They found that all E. coli strains exam- 
ined catalyze NADH-dependent DMSO reduction in 
crude extracts, although it is not certain if this activity 
is due to the DmsABC enzyme. Similarly, most strains 
of Klebsiella and Pseudomonas are able to reduce 
DMSO. However, only 1 of 40 Sahnonella strains has 
the activity, although TMAO reductase is widespread 
in Salmonella [4]. Schultz and Weaver [20] examined 
the DMSO reducing activity of 96 strains of non- 
sulfur-reducing purple bacteria and found that the 
majority are able to reduce DMSO. Oren and Truper 
[14] have found that members of the halophilic archae- 
bacteria, such as Halobacter halobium, are also capable 
of DMSO and TMAO reduction. Of these, DMSO and 
TMAO reductases from E. coli, S. typhimurium, 
Rhodobacter (Rhodopseudomonas) capsulatus and R. 
sphaeroides have been purified and characterized 
[4,8,16,17,21-24]. 

IV. Relation to other S- and N-oxide reductases 

Comparison of the DMSO and TMAO reductases 
from diverse bacterial groups indicates several interest- 
ing features (Table II): (i) E. coli has three distinct 
reductase activities: DMSO, TMAO, and adenosine 
N-oxide (ANO) reductase; (ii) T M A O / D M S O  reduc- 
tase activity from other bacteria (with the exception of 
Idbrio parahaemolyticus [36]) resides in a single 
polypeptide chain that is periplasmically localized; (rid 

all the rt.ductascs require molybdenum: ~i:' [vc-S] ¢cn- 
t t :s are absent in all T M A O / D M S O  reductascs cxar> 
ined thus far except the DMSO rcductasc of E. c, di: 
and (v) participation of b- and/or  a c-type c',- 
tochrome(s) is evident in the eicctron transport path- 
way for the soluble, periplasmically localized TMAO 
rcductases from all sources. 

Much confuskm surrounds Ihe interplay of DMSO, 
TMAO and ANO reductases in E. coli. This is due to 
the overlapping substrate specificities of these enzymes 
{'Table II) and to the multiple forms of TMAO reduc- 
tases reported in the literature [21,28]. E. coil has been 
reported to contain a constitutive TMAO reductase 
and three inducible forms of the enzyme [4]. TMAO 
reductase is very similar to DMSO reductase in cat- 
alytic activity and this overlap has added to confusion 
in the literature. Inducible TMAO reductase fails to 
utilize S-oxides and can sustain growth on TMAO or 
other N-oxides [31]. The enzymes differ in localization: 
TMAO reducta~e is a soluble enzyme in the periplasm. 
DMSO reductase is membrane-bound (Table II). 
TMAO reductase also lacks [Fe-S] clusters. DMSO will 
induce expression of TMAO reductase but not DMSO 
reductase [37,38]. DMSO reductase is a heterotrimer 
(native M, 155000) expressed constitutively under 
anaerobic growth conditions [4,26]. 

DMSO reductase sustains growth on DMSO. me- 
thionine sulfoxide (MetSO) or other S- and N-oxides 
[31]. This enzyme accounts for the constitutive TMAO 
reductase activity and for growth on TMAO in a torA 
mutant [28]. Sambasivarao and Weiner [39] have pro- 
posed that 'DMSO reductase" replace the term "con- 
stitutive TMAO reductase'. The major inducible 
TMAO reductase is a homodimer of 110 kDa subunks 
[22]. Although other polypeptide molecular weights 
have becn reported [21], earlier values arc probably in 
error, due to proteolysis. Recent studies with an anti- 
body generated against the major inducible enz3'mc 
have shown that all three inducibtc forms are multi- 
mers of the same 110 kDa subunit and these multiple 
forms may arise from lysis, purification or gro,ath dif- 
ferences [21,22,31]. 

Mutants defective in DMSO and /o r  TMAO reduc- 
tase have been generated. Sambasivarao and Weiner 
[31,37] constructed a series of chromosomal deletions 
of dmsABC by combining in vitro deletion mutagenesis 
of the cloned operon with homologous recombination. 
This was carried out in both the wild type and in a 
torA mutant. Mutants deleted for any portion of the 
dins operon were unable to support anaerobic growth 
on DMSO but grew on TMAO. The dms / torA  mu- 
tants were unable to support growth on DMSO and 
TMAO. These studies confirmed that the constitutive 
TMAO reductase is DMSO rcductase. Recently. 
Daruwala and Meganathan [40] also constructed mu- 
tants in E. coli lacking DMSO reductase by transposop 
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TABLE 11 

Compartso,'~ o f  I )MSO ,' T M A O  r~_,lt,~ ta,;es" f rom t arious .+uurces 

Organism Rcductasc Characteristics 

Es+ hcrichi,+', ~ oli DMSO Constitutive, membrane bound, 

S- or N-oxide-supported Reference(s) 
anaerobic growth 

DMSO. TMAO, ANO, Me- 6,8,25-27 

Escherichi~ coh TMAO 

Esc&,richm coil ANO 

Sahnonella 0'- TMAO 
phimuriurn 

Proteus ~ ulgaris DMSO/ 
TMAO e 

Alteromonas sp. TMAO 

Rhodohacter capsu- DMSO/ 
lares TMAO ~ 

Rhodobacter DMSO/ 
sphaeroides TMAO ~ 

cytoplasmically localized, hct- thionine sulfoxide, pyridine 
crotrimcr Moco and [Fe-S] clus- N-oxide, 3-OH pyridine N- 
ters, no evidence for cytochrome- oxide, 4-picoline N-oxide 
mediated electron transfer a, gen- 
erates A.U-]I+ h 

Inducible, soluble, periplasmically TMAO, ANO, Pyridine N- 21,22,28-30 
localized, homod~mer. Moco, b- oxide, 3-OH pyridine N-oxide, 
and c-'+ype cytochromes mediate 4-picoline N-oxide 
electron transfer, ETC generates 
A~n+ 

Constitutive, localization (n.d.) c, ANO 21,31 
cytochromes (n.d.) Moco d, ETC 
generates Ag u + 

Inducible, soluble, periplasmically TMAO 22 
localized, homotetramer, cyto- 
chromes (n.d.), Moco, ETC gener- 
ates Agt~+ 

Inducible, soluble, periplasmically DMSO and TMAO 15,32 
localized, Moco, subunits (n.d.), 
cytochromes (rod.), ETC generates 
A/.~ u , 

Inducible. soluble, periplasmically TMAO 33 
localized, c-type cytochrome me- 
diates electron transfer, subunits 
(n.d.), cofactor(s) (n.d.), ETC gen- 
erates Agll+ 

Constitutive, soluble, periplasmi- DMSO and TMAO 17,34,24 
cally localized, single subunit, 
Moco. b- and c-type cy~ochromes 
mediate electron transfer, ETC 
generates A#H+ 

Constitutive, soluble, periplasmi- DMSO and TM,~O 16,35 
catty localized, single subunit, 
Moco, b- and c-type cytochromes 
mediate electron transfer, ETC 
~,enct ates ,~gn+ 

~' E. coil DMSO reductase obtains reducing equivalents from menaquinol, whereas the periplasmically localized reductases obtain reducing 
equivalents from cytochrome constituents of their respective electron transport chains. 

b E. coli DMSO reductase produces a ~P-H+ from the scalar distribution of the sites of MQH 2 oxidation and DMSO reduction across the 
cytoplasmic membrane. The tt + gradients produced by electron transfer chains terminating in the soluble, periplasmically localized enzymes 
indicated above, arise from cytochromes donating electrons either directly or indirectly to these terminal Jeductases. 

' n.d., not determined. 
d Based on the inhibitory role ot tungstate during anaerobic growth on ANO (D.S. and J.H.W., unpublished observations). 

In these cases one enzyme is responsible tbr both DMSO and TMAO reduction. 

i n se r t i on  a n d  s h o w e d  t ha t  t h e s e  m u t a n t s  r e t a i n  t h c  

i nduc ib l e  T M A O  r e d u c t a s e  a -dv i ty .  
Sagai  a n d  l s h i m o t o  [2t]  a n d  Y a m a m o t o  e t  al. [41] 

have  d e s c r i b e d  a n o t h e r  N - o x i d e  r e d u c t a s e  w h i c h  u s e s  

A N O .  T h i s  e n z y m e  a p p e a r s  to be  d i s t inc t  f r o m  t h e  

i nduc ib l e  T M A O  r e d u c t a s e  a n d  D M S O  r e d u c t a s e .  A 

s t ra in  l ack ing  b o t h  D M S O  r e d u c t a s e  a n d  T M A O  re-  

d u c t a s e  is still ab le  to  g r o w  o n  A N O  a n d  h a s  A N O  

r e d u c t a s e  act ivi ty,  i n d i c a t i n g  t h a t  A N O  r e d u c t a s e  is a 

d i s t i nc t  act ivi ty  [31]. It  is e x p r e s s e d  c o n s t i t u t i v e l y  u n d e r  

a n a e r o b i c  g r o w t h  c o n d i t i o n s ,  b u t  t h e  p r e c i s e  loca l iza -  

t ion  o f  th i s  e n z y m e  h a s  ye t  to  be  d e t e r m i n e d .  A N O  

r e d u c t a s e  fai ls  to u t i l ize  o t h e r  S- a n o  N - o x i d e s  as  

t e r m i n a l  e l e c t r o n  a c c e p t o r s  d u r i n g  g r o w t h ,  e v e n  t h o u g h  



the pu :qed enzyme was shown to reduce ~:',eral N- 
oxides t,~i]. The reasons for this selective in vivo sub- 
strate specificity are not clear. 

V. Bioenergetics of growth on DMSO 

Early studies [4,5] suggested that DMSO could not 
be used as a terminal electron acceptor to sustain 
anaerobic growth in E. coll. Later investigations by 
Bilous and Weiner [6,25] showed that E. coil is able to 
grow on DMSO as sole terminal Aectron acceptor and 
that growth on DMSO leads to the formation of a 
proton electrochemical potential (AlZn+). 

Table I summarizes the redox potentials and energy 
yields of growth on DMSO and a number of alternate 
terminal electron acceptors. It can be seen that DMSO, 
although poorer (in terms of AGe's) than nitrate, is 
better than fumarate or TMAO, which have been 
examined extensively as electron acceptors [1,4,42]. 
However, the order of AGo is not reflected in the 
doubling times of E. coil strain HB101, grown on 
glycerol-containing media. The doubling time is 7.5 h 
on glycerol-DMSO media but only 2.5 h on g!ycerol- 
fumarate media [6]. 

V-A. Electron donors 

E. coli is capable of growing anaerobically on glyc- 
erol-DMSO medium [6]. The glycerol must be 
phosphorylated to glycerol 3-phosphate (G3P) prior to 
oxidation by the anaerobic G3P dehydrogenase en- 
coded by the glpACB operon [1]. The glycerol can be 
replaced by H~, formate and substrates whicia generate 
NADH, but apparently not by D- or e-lactate [6,25]. 

V-B. Quinones 

Under anaerobic conditions the level of menaquinol 
(MQH2) in the inner membrane increases and the 
'o, ~' ,,r ,,h;q,,;,,m ~T ic~tz ~ falls [1]. Most anaerobic 
terminal reductases, with the exception of nitrate re- 
ductase, accept reduci,,g equivalents solely from 
MQH 2. Using, men and ubi mutants, it was shown that 
anaerobic growth on TMAO requi~es MQH 2 and that 
UQH 2 cannot substitute [43,44]. Similar conclusions 
were reached on the role cf M~H2 in DMSO reduc- 
tion (J.H.W., unpublished results). 

V-C. Cytochromes 

The role of cytochromes in E. coil anaerobic elec- 
tron transport terminating in nitrate and TMAO re- 
ductases has been established, Nitrate reductase 
(NarGHJI)  contains a cytochrome b subunit (Nard  
which is required for electron-transfer from the quinone 
pool to the [Fe-S] centers of the enzyme [45]. 

Ceils grown on TMAO or DMSO express elcvated 
levels of a cytochrome b, as well as a nove! cytochromc 
c-556, in the periplasm in wild-type strains. These 
cytochromes have been implicated in the transfer of 
reducing equivalents to the rzeriplasmically localized 
TMAO reductase [34,38,46]. Growth of a double mu- 
tant, defective in DMSO and TMAO reductases on 
either substrate, led to induction of b- and c-type 
cytochromes (D.S. and J.H.W., unpublished results). 
However, the appearance of these cytochromes may be 
the result of indirect induction by these substrates, as 
there is no evidence for the participation of cy- 
tochromes in the DMSO reductase pathway. Other 
anaerobic electron transport pathways (e.g,  ANO re- 
ductase) may require cytochromes for function in E. 
coli and this needs further attention. 

The periplasmic DMSO ;eductase of R. capsulatus 
has been examined in some detail. This enzyme is a 
single subunit of 46 kDa, serves as an energy consmv- 
ing terminal reductase and uses both DMSO and 
TMAO as substrates. The enzyme is distinct from the 
nitrate reductase of this organism [17], although both 
are molybdoenzymes. This enzyme appears to receive 
reducing equivalents from a b- a n d / o r  a c-type cy- 
tochrome in the periplasm. A cytochrome c-556 of 13 
kDa with an Em7 of + 105 rag, has been implicated in 
transferring electrons from the membrane-bound 
quinone pool to the periplasmic reductase [46]. A simi- 
lar perinlasmic monomeric (86 kDa), molybdenum-con- 
taining DMSO reductase from R. sphaeroides has been 
reported [16,35]. 

V-D. Model )br the generalion of  ttre proton electrochem- 
ical potential 

A model for proton electrochemical potential 
(a~tH+) generation by electron-transfer from G3P to 
DMSO is presented in Fig. 1. This mechanism relies on 
the scalar distribution of redox reactions across the 
cytoplasmic membrane to generate the observed Ap.H.. 
The site of MQ reduction by G3P dehydrogenase is 
formally on the cytoplasmic side, whereas the site of 
MQH2 oxidation is formally on the periplasmic side. 

V-E. Stoichiometry 

(i) Respiratory chain terminating in DMSO reductase 
(DMSO respiration) 

Bilous and Weiner have measured the H + / 2 e  - 
ratio in whole cells using glycerol as the exogenous 
electron donor and DMSO as the terminal electron 
acceptor [25]. A H+/2e  - ratio of 2.9 was obtained. 
This could indicate the possibility of two proton 
translocation sites. This value compares with an 
H + / 2 e -  value of 3.3 for nitrate. Proton transtocation 
is not inhibited by 5 mM cyanide or 0.37 mM azide, 
concentrations which inhibit the nitrate and oxygen 



responses [I.42]. t t O Q N O ,  ap, inhibilor of quinonc 
reduction, inb.ibiis the i-c~ponsc at 5,{~ /xM. As ex- 
pected, this rcspirator$ chain also generates proton 
gradients couplcd It) ihc reduction of its substraIc 
analogs such as MorSe ,  "1 MAt) .  and A N O  [25] .  HOW- 
ever, the H ' / 2 c  ratio determined for T M A O  or 
AN()  is in the range of 1,2--1.8, considerably lower 
than fhat obhfincd with I )MSO (1).S. and J.H.W.. 
unpublished rcsuh~,). 5c~.cr;il facl,,}rs could influcncc 
the lllCaSUlelnCnls of It "/2c ratio. These include the 
relative inlpcrmcability of substrates [26,36], energy 
( H '  Fdcpcndcni  uptake of substratcs [47A8], the na- 
ture of the electron donor [40], age of the cell cultures. 
alkalinizafion duc to product l\)rmation, strain varia- 
lions a n d / o r  grc)wth conditions [29]. 

(it) R~tvfi;aloO" chat, h'r,:imlH,.q, in TAIAO reductase 
( 71X1.,tO reg#ration) 

Takagi ct al. [29] ha\c reported a stoichionlclry ,of 
2-3  It r / ' I ' M : \ ( )  using cndogellOtlS y, tlbslratc's as oleo- 
t e e n  dollOl-.',+ l )cplct ion of endogenous subsirates causes 
a rapid decrease ill t l  " /2c ralio. As it is no\~ evident 
Ihat wild-lypc 1"2. col/ strains also express [)MS() rc- 
dtlctasc [25,31], the twcrlapping substratc specificity of 
these rcductascs hinders direct interpretation e l  the.so 
data. Bilous and Wciner  [25] disti,~guishcd I )MSO- and 
TMA() -dcpcndcn i  respiration in wild-type cells, based 
on the susccptibilit.x of these respiratoi~/ chains to tl'ic 
inhibitor t tOQN() .  While DMSO rcductasc is totally 
inhibited, respirator) chains Icrnl inal ing in hill-ate and 
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Fig. 2. The  chron3osonic of l:. coil ~i th  the relevant  genes  marked .  
hi~(, biolin sulfoxidc reductasc:  chbi. B. D and (; steps in molyb- 
dop l e rm  cofzlcloi biosynthesis: dm.s>lBU. D M S O  reductase:  fithF. 
h/I-llllllC dch}dlogena:.,e; ~)ILL positive gone aclivator;  fi'dABCI), fu- 
l l la la lc  Ieducltise; nar(i l f t l ,  nilratc redtichisc; #larXl.. regulator ,  of  

nit iaic lcplc~sion tq I ' )MS() icductase:  t ( ,A .  T M A O  rcductasc .  

TMAO rcduciases tire insensitive to HOQNO. Similar 
conctusiom wcrc reached in studies using a strain with 
:l chron3osonlal deletion of the dms genes (D.S. and 
J.tt.W., unpublished results). 

VI. Molecular genetics of the dms operon 

1 7-A. ~tlappittk, of  the dins operon 

?P 

t( "B 

iHAP + 2H + 

MSO • 2H + 

~,4B(" 

)MS, H ,O 

Fig. t. Model  t.~i 111~' ~ectol ia l  gcncra tkm ~t  a p io l on  clectrochcmi- 
cal polt:nl i t l !  i t , l ing anaerobic rt:spiralit) l l .  ]'tit.' pc i ip la~nl ic  and cyh~- 
pl;i',inic ;ts!k'cts )1 tilL' 1:. (~J[I inner nlL'mbl~lllL' ;tic ~,ho~-Ml ~itll the 
prlinar} dch}drogcnase  (G3P dchydrogcnasc ,  open kqilarcy,) tllld 11 
tc lminal  ldduclasc (DMS()  reducta~e, operl circlen). Th¢~,c i r imel ic  
Cil/}inc,, ctinlplisc lV, o nl¢lllbrane cxliinsic subtlnii,, and ~ITI integral 
nlcmbrane pobpcp t i dc  (shaded areal. The tissociatcd cofaClOlS dec 
SI10\~,I1 ~ i l h i n  lhe depic led ~.Ubilllils. Stlbt i l l i ts arc i1ol d lawI i  It) scale, 
The l ip id-soluble cm i i c r .  M( ) ,  is sllo~;n It'* inedia ic  ¢ lec l ion  I r i i n  ft 'r 
horn  (13P duhy,,lrogcf~cl<~c It, I ) M S ( )  redtlclCi~>c {if, 'acl l  a~ to IrclnMcr 
protons gellCralL'd b}, the deh}dro~!ellaSL' f rom the c~,lopl;lnln I{~ Ihc 

pelipldMllic COrllpit fllllC Ili. 

The structural genes for D M S O  reductase (dms- 
AB( ' )  have been subcloncd from the Clarke and Car- 
ben plasmid colon,/ bank into a variety of  plasmid 
vectors as a 6.5 kb insert [7,19]. This clone over-ex- 
presses both DMSO and T M A O  rcductase activities 
about 15-flHd and expresses the lhree Dms poly- 
pepi idcs .  D m s A B C .  in in vitro t r a n s c r i p t i o n /  
translation studies. The restriction cndonvclease  map 
of this region has been compared to a total restriction 
nmp of E. col( and the dms opcron has been unam- 
biguously placed on a 21(1 kb Notl  fragmen| .  This 
locates dms,4BC at 2(1' near #psA and ompF (Fig. 2). 
This map location differs from the location of terM, 
which is at 28'. 

1,7-B. Other genes requiJvd for DMSO reductase 
Several genes have been identified which are essen- 

tial for growth on DMSO and/or  DMSO reductase 
activity, chlA, B, E, and G (Fig. 2), which are involved 
in molybdopterin biosynthesis, are all required and this 
was the first indication that DMSO reductase contains 
a molybdenum cofactor (Moco) [6]. Expression also 
requires the fnr gone, a positive regulator of several 
anaerobic activities [5(I-52] and is repressed by nitrate 



via the narX/narL  genes [53-55]. Tire enzyme is ex- 
pressed in a torA mutant and is not affected by mum- 
tions in narGHJl. Growth on DMSO is also prevented 
by mutations in MQ biosynthesis but not by mutations 
in UQ, heine or siroheme biosynthesis. 

VI-C Organization of the operon 

The DNA sequence of the 6.5 kb fragment encoding 
DMSO reductase has been determined by Bilous et al. 
[19]. A structural operon consisting of three open read- 
ing frames, encodes polypeptides with M~ values of 
87350, 23070 and 30789 (Fig. 3). Preceding the pre- 
dicted ATG start of dmsA is a GGCGG Shine-Del- 
garno sequence. The ribosome binding site of dmsB 
overlaps the dmsA stop codon and similarly the signal 
for dmsC overlaps dmsB. A transcriptional start site 
has been determined by Eiglmeier et al. [50], 218 
nucleotides upstream from the initiating ATG. This is 
an unusually long 5' untranslated region and the rea- 
son for this is unclear. The transcriptional start is 
preceded by a typical - 1 0  region, but a consensus 
- 35 region is not present. This is typical of genes that 
are under positive regulation [52]. Eiglmeier et al. 
predicted an Fnr binding site (Fnr box) about 40 base 
pairs upstream of the transcriptional start and a narL 
binding site very near the - 10 region (Fig. 3). Seven 
base pairs following dmsC is a classical p-independent 
transcriptional terminator, comprising a symmetrical 
G-C rich region preceding a stretch of T residues [19]. 

Examination of the organization of the polypeptidcs 
encoded by the dins opcron indicates that thc architec- 
ture of thc operon closely parallels that seen for the 
operons encoding fumaratc reductase [2.7,56], both 
nitrate reductases [.45.57], and lk)rmatc dchydrogcnasc 
N [58] of E. coli. In all cases, the 5' proximal genc 
(dm~t, ./?dA, narG, narZ, (dnG) encodes a large cat- 
alytic subunit wh;ch contains an electron-collecting co- 
factor, Moco or FAD, able to undergo a one- or 
two-electron oxidation-reduction (Section X). The next 
gene (dmsB, fidB, hatH, narY, fdnH ) encodes an elec- 
tron-transfer subunit and this subunit has groups of 
Cy,-, ,oiduc.,, v, hich ligate [Fe-S] clusters (see Section 
XI). The distal gene(s)(&nsC, ,I?dCD, narL narl/: f ihd)  
encode the membrane anchor portion. These subunits 
zig-zag across the membrane several times and not only 
anchor the soluble catalytic subunits to the membrane 
but also bind quinone and stabilize the catalytic sub- 
units (see Section XII). The architecture is not com- 
pletely homologous. In fumarate reductasc the anchor 
fllnction is contained in two closely associated subunits. 
Nitrate reductase and lkmnatc dehydrogenase contain 
a cytochrome b (NarL Fdnl ) which is not found in the 
other enzymes, and nar encodes a fourth subunit (narJ) 
which is necessau for the formation of the active 
enzyme [59.60]. 

V I I .  R e g u l a t o r y  m e c h a n i s m s  

It has been known for some time that E. coli selects 
the most efficient energy generating system for a par- 

EcoRI HlndlU Hlndlll Sacl Sail 

F gl m / 
narL 

/ Transorlptlon 1 
dmsA 

~f start -~n8 

fnr 

P 

;TCTCCCTTTGATA CCGA ACA ATA ATTACTCCTCA CTTACACGTA A ATACTA CTTTCGA 6TGA A A 
-218 i 

fnr 1-to1 

narL 
Fig. 3. Organization of the dm.s opcron. The k~co]Rl and Sa/I fragment of the recombinanl ]~asmi ; pDMS222 carD'ing the ~trucmral genes 

& I,~ABC is depicted [19.50]. The organization of the promoter region and the sequence~, rcquir, 3 Dr Fnr and NarL binding arc ~hov, n. 



ticular environment [54]. Fermentation is the most 
wasteful form of energy metabolism, as energy is only 
derived from substrate-level phosphorylation reactions. 
When an exogenous electron acceptor such as O 2, 
nitrate, DMSO or fumarate is available the cell will 
switch to respiration in which the reducing equivalents 
in NADH or exogenous electron donors are conserved 
by coupling the electron-transfer reactions to the for- 
mation of the A~.+ [1]. E. coil will use the most 
positive acceptor available. Thus O 2 / H 2 0  (Era,7 = 
+0.82 V)will  be used in preference to n i t ra te /n i t r i t e  

(Era.  7 = - t -0 .420  W), D M S O / D M S  (Era. 7 = +0.16 V) or 
fumarate/succinate  (Era. 7 = + 0.031 V ) ,  and nitrate will 
be used in preference to fumarate or DMSO. There 
does not seem to be any selection between DMSO, 
TMAO and fumarate, although TMAO reductase is 
induced by TMAO in the medium [25,41]. DMSO 
reductase is expressed constitutively under anaerobic 
conditions [6-8]. 

VII-A. Fnr 
DMSO reductase is induced about 65-fold by anaer- 

obiosis via a positive gene activator protein (Fnr) and 
Eiglmeier et al. have shown that this is due to an 
increase in dins mRNA transcription [50]. This protein 
is a global regulator, which induces the expression of 
several anaerobic enzymes, including nitrate reductase, 
fumarate reductase, cytochrome bd [52,61], but not 
TMAO reductase [62]. It also represses the expression 
of selected aerobic enzymes, such as cytochrome bo 
[63,64]. Fnr is a constitutively expressed protein of 30 
kDa and is composed of two domains. A carboxy 
proximal domain very similar to the cAMP catabolite 
gone activator protein (CRP) protein, which mediates 
cAMP-dependent catabolite repression. This portion 
has the helix-turn-helix motif characteristic of DNA 
binding proteins [65-67]. The amino proximal domain 
is specific to Fnr and contains a group of Cys residues 
which may coordinate an Fe 2÷ ion. It has been sug- 
gested that the anaerobic switch is mediated via an 
Fe3*-Fe 2+ interconversion [61,65,68-71]. By examina- 
tion of a number of Fnr-dependent proteins Eiglmeier 
et al. [50] have identified an inverted repeat consensus 
sequence, "lq 'GAT-ATCAA, which is the most likely 
Fnr binding site (Fig. 3). The presence of an inverted 
repeat indicates that Fnr probably binds a; a dimer 
t72]. 

VII-B. NarL / NarX 
As mentioned above, E. coli selects the most effi- 

cient energy generating system for a particular environ- 
ment. Thus nitrate, with a higher redox potential, will 
repress DMSO reductase. This level of regulation is 
mediated by a two-component regulatory system en- 

coded by the narX and narL genes [54,55]. luchi and 
Lin [54] originally reported that, under anaerobic con- 
ditions, narL induced nitrate reductase and repressed 
fumarate and TMAO reductases. These observations 
were extended to the dins operon by Cotter and Gun- 
salus [73], using dms-lacZ fusions, narX and narL are 
two adjacent genes mapping at 27' on the E. coli 
chromosome. They encode polypeptides of 66 and 23 
kDa, respectively [74]. narX/narL are similar to mem- 
bers of two-component regulatory families such as 
ompR/em,Z [75] or cheA/cheY [76]. NarX is the 
'sensor '  and detects the availability or  change in the 
environmental signals; nitrate and molybdate [74,77]. 
NarL is the 'receiver' ,  and on a phosphorylation signal 
from NarX, activates or represses the transcription of 
sensitive genes by binding to a specific DNA sequence. 
Recently, Egan and Stewart [55] have examined the 
narL/narX operon in more detail. They found that 
the operon has a complex promoter structure and that 
narX may not be essential for nitrate regulation. 
Kalman and Gunsalus [74] have isolated mutants 
termed narX*, which repress the dms operon, even in 
the absence of nitrate. They have also isolated muta- 
tions in narX which no longer respond to molybdate. 
Taken together, the results of Egan and Stewart [55] 
and Kalman and Gunsalus [74] suggest that two redun- 
dant sensors exist, both of which transduce a signal to 
narL. Egan and Stewart have proposed the existence of 
an additional sensor gene, narQ [55]. 

The NarL binding sequence or box has not been 
identified for the dins oi3eron but current evidence 
suggests that the sequence is 5'  to the transcription 
initiation site at nucleotide - 2 1 8  (Fig. 3) and just 
downstream of the Fnr box. It partially overlaps the 

- 10 portion of the Shine-Delgarno RNA polymerase 
binding site [78]. 

VII-C. TorR 
Yamamoto et al. [79] have described a gene, which 

they call torR, mapping close to fdhA at 80' on the E. 
coli chromosome (Fig 2). This gcne appears to be 
necessary for dmsABC expression, as well as for ex- 
pression of the inducible TMAO reductase, nitrate 
reductase and the two formate dehydrogenases. The 
authors have suggested that the torR gene product 
provides an additional level of positive regulation of 
dmsABC. Although the level of molybdenum cofactor 
is normal in a torR mutant, it is unclear if this muta- 
tion resides in an enzyme, which catalyzes a modifica- 
tion of the cofactor, or its specific insertion into the 
polypeptides of the affected enzymes. Pascal et al. [80] 
have described a regulatory gone mapping at 22' which 
they also call torR. This gene affects only the expres- 
sion of the inducible TMAO reductase and must be 
distinguished from the gene described by Yamamoto et 
al. [791. 



VII-D. ArcAB 
AreA and ArcB are members of a two-component 

regulatory system which represses aerobic genes under 
anaerobic conditions [52,54]. There is no evidence that 
this global regulator modulates DMSO reductase ex- 
pression. 

VIII. Enzymology of DMSO reductase 

DMSO reductase was originally purified from the 
crude envelope fraction of cells over-expressing the 
activity by a combination of chromato-focusing and 
DEAE cellulose chromatography [8]. The enzyme is a 
heterotrimer of the DmsABC subunits and catalyzes 
DMSO-dependent  oxidation of reduced benzyl violo- 
gen (BVred). It has a very broad substrate specificity 
and is able to reduce many S- or N-oxide compounds, 
as well as chlorate. Maximal activity is observed with 
TMAO but the enzyme has the lowest K m for DMSO: 
180 p.M vs. 700 /~M [8]. Subsequent examination of 
this preparation by electron paramagnetic resonance 
spectroscopy (E~'R) indicated that at least one of the 
[Fe-S] clusters is destroyed during the purification by 
the acidic pH used in the chromato-focusing step [27]. 
In addition, this enzyme was unable to catalyze 
DMSO-dependent  oxidation of DMNH 2, a quinone 
analogue. A new purification was devised [27], using a 
combination of DEAE cellulose and gel exclusion 
chromatography. This preparation, which is about 90% 
homogeneous, is also a heterotrimer of DmsABC, has 
an identical EPR spectrum to the membrane-bound 
reductase, and catalyzes the oxidation of DMNH 2 [27]. 

BVred, methyl viologen (MVr~ J) and DMNH 2 are 
efficient electron donors and exhibit a stoichiometry of 
2BVrCa/DMSO, 2MVrca/DMSO and l D M N H z /  
DMSO. Activity is stimulated 3-fold by 300 # M  ferrous 
iron. Exogenous ammonium molybdate has no effect. 
Optimal activity is obtained at pH 6.8 with Mops 
( 3 - [ N - m o r p h o l i n o ] p r o p a n e s u l f o n i c  acid)  buffer ,  
whereas potassium phosphate buffer inhibits activity 
[6,8,27] and this accounts for the lower specific activity 
of earlier enzyme preparations. 

Some comparison can be made with the enzymatic 
properties o f D M S O / T M A O  reductases from other 
organisms. While the E. coli DMSO reductase does 
not accept electrons from FADH 2, FMNH 2, or NADH, 
the enzyme from Vibrio parahaemolyticus can use these 
donors [21,23,34,36]. The activity of DMSO reductase 
from marine organisms can be detected after polyacryl- 
amide gel electrophoresis under denaturing condifiotls 
[17]; however, the E. coil enzyme is very susceptible to 
SDS denaturation and all activity is lost at 0.001% 
SDS. The TMAO reductase activities of S. ty- 
phimurium and E. coli withstand incubation at 65°C, 
but DMSO reductase loses 90% of its activity when 
incubated at 65°C for 5 rain. 

IX. TopolGgieal organization of DMSO reductase 

Everted vesicles isolated from bacteria over-ex- 
pressing DMSO reductase are studded by dumb-bell 
type structures randomly arranged over the membrane, 
as judged by negative stain electron microscopy (Fig. 
4). The structures are not seen in the wild-type [81] or 
in strains deleted for the DmsC polypeptide, and were 
shown to be the DmsAB subunits by immunogold 
electron microscopy with anti-DmsA or anti-DmsB an- 
tibodies [26]. These studies suggest that DmsA and B 
form a side-by-side dimer on the cytoplasmic surface, 
which is held to the membrane by the integral DmsC 
subunit (Fig. 5). The cytoplasmic surface location has 
been confirmed by a combination of thin-section im- 
munogoid electron microscopy, antibody labelling, pro- 
teolytic digestion, substrate accessibility, and lactoper- 
oxidase catalyzed iodination [26]. Recently, EPR stud- 
ies using the paramagnetic broadening reagent, dyspro- 
sium(Ill),  have confirmed the cytoplasmic location of 
the molybdenum center and [Fe-S] clusters (W.J. ln- 
gledew and J.H.W., unpublished results). 

X. DmsA 

dmsA is the promoter proximal gene in the dins 
operon and encodes a polypeptidc with M r 87350. 
DmsA is most likely the catalytic subunit based on 
architectural similarity to other terminal reductases 
[191. 

Fig, 4. Negative stain electron micrograph of everted inner mem- 
brane vesicles showing dumb-bell shaped extrinsic subunits (DmsAB) 
of DMSO reductase. Anaerobic growth of E. coil strain |lEt01 
harboring the enlire dins operon on a recombinant plasmid resulted 
in the amplification of the reductase subunits. Purified membrane 
vesicles prepared by French pressure lysi~ followed by sucrose den- 
sity gradient centrifugation were negatively stained using 2% phos- 

photungstate [26]. 
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Fig. 5. Topological model for DMSO reductase in the inner mem- 
brane of E. coll. The catalytic subunits. DmsAB, are located on the 
cytoplasmic face of the inner membrane and contain Moco and 
[Fe-S] centers, respectively. The integral membrane subunit. DmsC. 
has seven or eight transmembranal helices (seven helices are shown 
here as cyliuders) and mediates electron transfer from MQH 2 to the 

catalytic dimer. 
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X-A. The molybdenum cofactor 

All living organisms requi re  m o l y b d e n u m  as a key 
componen t  of a variety of enzymes [82]. Several l ines of 
evidence indicate  tha t  D m s A  conta ins  Mo. Init ial  stud- 
ies by Bilous and  W e i n e r  [6] showed  tha t  E. coli is 
unable  to grow anaerobical ly  on  D M S O  in the  pres-  
ence  of 10 m M  tungsta te .  Cells grown on  fumara t e  in 
the  presence  of  tungs ta te  are unab le  to express  active 
D M S O  reductase ,  T M A O  reductase ,  or  n i t ra te  reduc-  
tase, whereas  fumara te  reductase  express ion is normal .  
The  need  for Mo was conf i rmed by examina t ion  of the 
chlA, B, E and G muta t ions  [80]. Mu ta t i ons  at  these  
four loci block e i the r  cellular up take  and  inser t ion  of  
Mo into enzymes (chlG) or the  biosynthesis  of  the  
molybdopter in  (chL4, chlB and  chlE) [83]. T he  chb4, 
chlB and chlE mutan t s  are unable  to grow on D M S O  
while the  chlG mutan t  grows slowly af ter  a 40 h lag [6]. 
The  molybdenum cofactor  of  D M S O  reduc tase  has 
been  fu r the r  charac te r i sed  bo th  optically and  by E P R  
(Sect ion XB). Optical  and  f luoresence  spect ra  (Fig. 6) 
indicate tha t  the  s t ruc ture  of the  cofactor  re leased  
from the  enzyme af ter  t r e a t m e n t  with  12 and  KI is 
similar to  tha t  of the  mo lybdenum cofactor  re leased  
from sulfite ox idase  [8,85]. T he  re leased cofactor  has 
absorp t ion  maxima at 283 and  357 nm, and  a f luores- 
ence  emission maximum at 443 nm when  excited at its 
excitat ion maximum of 357 nm. 
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Fig. 6. Ultraviolet absorption and fluorescence emission spectra of 
the molybdenum cofactor extracted from E..'oil DMSO reductase. 
The cofactor was released from the enzyme by boiling in the pres- 
ence of KI and I z [84]. (A) Ultraviolet absorption spectra of extracts 
in 50 mM sodium phosphate buffer, pH 6.8. (B) Fluorescence spec- 
trum of the extracted cofactor The excitation wavelength was 357 
nm, and the relative fluorescence was measured between 380 and 
600 nm in 50 mM sodium phosphate buffer (pH 6.8). Reproduced 

from Ref. 8. with permission. 

In all enzymes  except  the  n i t rogenases ,  M o  forms a 
complex with organic  p ter in ,  mo lybdop te r in  to  p roduce  
the  active molybdop te r in  cofactor,  Moco.  Moco is ex- 
t remely  uns tab le  in the  p re sence  of  oxygen and  this  has  
l imited s tudies  with  the  purif ied,  in tac t  cofactor  [86]. 
The  p robab le  s t ruc ture  of  Moco  has b e e n  d e t e r m i n e d  
f rom the  charac te r i za t ion  of  s table ,  inactive der ivat ives  
(Fig. 7a) [86]. The  s t ruc tu re  is composed  of  a p te r id ine  
derivat ive with a t e rmina l  p h o s p h a t e  group.  M o  is 
bound  via two th io la te  l igands.  Two oxo groups  (or  one  
oxo and  one  su lphido)  are l igated to the  Mo, leaving 
two coord ina t ion  sites avai lable  for  p ro te in  l igat ion 
[82]. Recen t  s tudies  on  the  Moco  of  several  bacter ia l  
enzymes  indicate  tha t  it may differ  f rom the  eukaryot ic  

(a) Mo lybdopte r in  - M o C o  

0 

N m H 2- HN C C ~CHOHC ~OPO 3 

N 
2 H % /  

- - ~ -  
0 4 "  0 

(b) M o l y b d e n u m  G u a n i n e  D lnuc leot ide  - M G D  

0 

0 ~.,J,~. IJ... 
H 

CH-O-P~O-P-O-CH I 

' o' NH-~ "N HN % 

~.no-- 
0 '~k'O OH OH 

Fig. 7. Proposed structure of the molybdopterin cofactor, Moco [86], 
(a) and the molybdopterin guanine dinucleotide cofactor, MGD 

[87-91]. (b). 
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cofactor by the addition of guanosine, cytosine, adeno- 
sine or hypoxanthine monophosphate in a pyrophos- 
phate linkage to the terminal phosphate of Moco (Fig. 
7b) [87-91]. Recent observations of Johnson et al. [90] 
indicate that the chlB gene is required for synthesis of 
the molybdopterin guanine dinucleotide (MGD). Fur- 
ther, the DMSO reductase of Rhodobacter sphaeroides 
has been shown to contain MGD [87]. It is most likely 
that the E. coli DMSO reductase also contains a 
molybdopterin dinucleotide form of the cofactor based 
on the necessity of chlB for anaerobic growth on 
DMSO. 

The nit-I mutation of Neurospora crassa %'nthesizes 
an inactive apo-nitrate reductase lacking Moco. Moco 
derived from a wide variety of sources is able to 
reconstitute nitrate reductase activity, providing a 
bioassay for Moco [92]. The cofactor released by denat- 
uration of DMSO reductase can reconstitute nitrate 
reductase activity [8]. 

The reduction of DMSO to DMS requires the si- 
multaneous availability of two electrons and these are 
provided by Mo(1V) in DmsA. Molybdenum can exist 
as the oxidized Mo(VI), the partially reduced Mo(V) 
(which is EPR detectable, subsection X-B) and the 
fully reduced Mo(1V). The intermediate state allows 
Mo to receive individual electrons from the one elec- 
tron donor [Fe-S] centers in DmsB and this function] is 
analogous to the semiquinone states of FAD in other 
reductases, such as fumarate reductase [2]. 

X-B. EPR characterization of  the molybdenum cofactor 

EPR studies of DMSO reductase provide additional 
support for DmsA being the site of Moco binding [27]. 
Preparations enriched in DmsA have strong molybde- 
num signals but severely reduced [Fe-S] signals, indi- 
cating that DmsA contains the Mo and that the [Fe-S] 
clusters are located elsewhere in the protein. 

Mo (V) has a characteristic EPR spectrum (Fig. 8); 
thus, EPR is of great use in studies of molybdoen- 
zymes. This information, coupled with EXAFS (ex- 
tended X-ray absorption fine structure spectroscopy), 
comprises most of what is known about the environ- 
ment of Mo in these enzymes [82]. The g-values and 
midpoint potentials determined for E. coli DMSO 

1.987 
1.976 !/ 

1 ~,~ t.960 

i 'i 
J ~ 
j~ L 
i 

¢ ,: 

_ _ L  I _1. L__ 
3350 3400 3450 3500 

Field intensity ( G a u s s )  

Fig. 8. Mo(Vt EPR spectrum of membranes containing over-ex- 
pressed DMSO reductase poised at an Eh o1 -84 mV The spec- 
trum was recorded at I~1 K using a microwave power of 20 mW at 

9.45 GHz. 

reductase are compared with two other prokaryotic 
molybdoenzymes, E. coli nitrate reductase and R. 
sphaeroides DMSO leductase in Table III. Both of the 
E. coli enzymes have other prosthetic groups ([Fe-S] 
clusters and a heine in nitrate reductase) which intern 
fere with most spectroscopic studies of the molybde- 
num center [82]. 

Nitrate reductase gives two distinct Mo spectra (high 
and low pH forms) depending on pH, with an apparent 
pK~ of 8.2 [93]. This interconversion has been ascribed 
to a coupled proton in the low pH form which is absent 
in the high pH form. However, the pK,  was subse- 
quently shown to be affected by the presence of various 
anions [96] and it was found that both forms demon- 
strate proton coupling indicating that the change be- 
tween these two forms is more complex than originally 
thought. The Mo spectrum of E. coli DMSO reductase 

TABLE I11 

EPR parameters and oxidation-reduction potentials of the molydopterin cofactor 

EPR parameters Potential (mV) 

gt g~ g~ IV/V V/V1 

References 

E. coli nitrate reductase 
low pH a 1.999 1.986 1.963 + 180 + 220 
high pH 1.987 1.981 1.961 

E. coil DMSO reductase 1.987 t .976 1.960 - 75 - 90 
R. sphaeroides DMSO reductase 1.989 1.977 1.962 + 141 + 200 

a Interconversion of the low pH ad high pH species has a p K  a of 8.2. 

93, 94 

27 
95 
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resembtes the high pH form of nitrate rcductase sug- 
gesting that the ligand gcomctric~ of these enzymes are 
similar [27]. DMSO rcducfa~e~ from £. cob and R. 
sl?haeroide.~ display orfly emc Mo ~pcctrum twer a pH 
range c~f 5 to 9 [27.95]. Outside thi~ range, the enzymes 
denature and h~c their eofactors. Whereas the E. coli 
DMSO reduclasc show.,, no proton coupting, the DMSO 
reduetase from R. sphaerotWes shows coupling to a 
single proton, as in nitrate reductasc, between pH 5 
and 9. The affect of anions on E. coil DMSO reduc- 
tase has not been studied, but the R. ~phaeroides 
enzyme shows no change in its EPR spectrum due to 
anions. These factors suggest that there are significant 
differences in the environment of the Mo between the 
DMSO reductases from E. coli and R. sphaeroides. 

Redox titrations of these enzymes have been carried 
out to determine the mid-point potentials, Era. 7, of the 
Mo IV/V and V/VI  couples [27,93-95]. These values 
are listed in Table Ill. The nitrate reductase Era. 7 
values are high at + 180 mV and +220 mV, respec- 
tively. This was not unexpected as the Era. 7 of the 
nitrate/nitr i te  couple is +421 mV [94]. The E. coli 
DMSO reductasc Mo center has lower mid-point po- 
tentials of - 75 mV and - 90 mV [27], appropriate for 
the DMSO/DMS Era. 7 of + 160 inV. Thus, although 
the DMSO and nitrate reductases from E. coli may 
have similar Mo binding geometries, other factors, 
particularly the electrostatic environment, must influ- 
ence the Era. 7 values of the Mo centre. The R. 
sphaeroides enzyme has much higher Era. 7 values of 
+ 141 mV and +200 mV [95]. This enzyme, while 
catalyzing the same reaction as the E. coli enzyme, is 
very different. It is composed of only one subunit, has 
no [Fe-S] centers or other prosthetic groups and is 

I~rG 1247AA 

 Ali <i I tll i C D !: 

DmsA 785AA 
Fig. 9. Regions of similarily between lhe sequences of the catalytic 
subunits of nitrate reductase (NarG) and DMSO reductase (DmsAk 
There are six regions of sequence homology in both sequences, 
allhough the intervening ~quences are much larger in NarG 

119,45o821, 

located in the periplasm of a photosynthetic bacteria. 
The mechanism by which it provides energy for cell 
growth is, therefore, different from the mechanism 
used by the E coli DMSO reductase, which is bound 
to the cytoplasmic side of the inner membrane. 

X-C. Sequence analysis o f  DmsA 

DmsA has been shown to have sequence similarity 
with several Moco-containing prokaryotic enzymes. 
These include biotin sulfoxide reductase, BisC [97]; 
nitrate reductases, NarG and NarZ [45,57]; formate 
dehydrogenase, FdnG [58] of E. coli; the formate de- 
hydrogenase of Methanobacterium formicicum [98] and 
the formate dehydrogenase of Wollinella succinogenes 
[99]. These enzymes each have regions of similarity 
which are easily detected in multiple sequence align- 
ments [19,45,82]. Although NarG and NarZ are consid- 

(a) 
26DEKV!WSAC.P¢~CGSRCPLF~4H%~DGEIKYV~_ETDNTGDDNYDGLHQVPACLRGRSMRRRVYN . . . . .  pDRLKYPFLKR 

l~Z 43HD K i VRSTIIGVNCTGSCSWK ] YVKNGLV,!~E i QQTDYPETRPDLPNHEPRC~PRGASY 5W y Lys ..... ANItLE YPL I R 

NarG 43HDK i VBSTHG-~4CTGSCSWK ] YVKNGLVTWETQQTDYPRTRPDLP~HEpRGCPRGASY SWY LY5 . . . . .  AN~K YI~b~ 

FdhF 1 - -MI~KVVTVCP YCASGCKI NLWDNGK I VKA ........ E/~'~G KTNQGTLCLKG - yYGWDF I NDTQI LTPRLK ~'I~M! R 

FdI~A~dM I _ D ] KyVPT i Cp yCGVGCGMNLVVKD EK'v%IGV ....... EPWKRHPVNEG~LCPKG-NFCY E I I H .... REDI~LTTPLI K 

FdhAW 52 - - ~ K KVKT I CTYCSVGCG I I AEVVDG%~ArRQ ....... EVAQDHP I SQQGHCCKGADM I DKARS ..... E~RYPI EK 

FdnG ¢2_90~KE]~NTCTYCZVGCZ,~MYSLGDGAKNA~EA]YH!EGD?DHPVSRGALCPKGAGLLDYVNSE ..... [,,qRLR YPE ~R 

BisC I ................................................. M[NSLQSAVRDQV}iS ...... NTRVRFP~JR 

(b) 

CONSENSUS I 
(S) - (C) (2 : 3) C---C (vat) C- (R} G (vat) R (Hydro) (R) -P-- (R) 
T H 26:34 K 11:15 K 

Fig. 10. (a) Sequence alignment of the putative molybdopterin-binding domain in NarZ [102], NarG [45], FdhF [58], FdhA from Methanobac- 
terium formicicum [9b], FdhA from Wollinella succinogenes [99], FdnG [58] and BisC [97]. (b) Consensus sequence for the putative molybdopterin 

binding domain. 
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erabfy larger than DmsA, there are six blocks of similar 
sequence distributed throughout the polypeptides (Fig. 
9). 

The site of Moco binding is presumably in one or a 
combination of these regions of homology. Examina- 
tion of the sequences has allowed us to identify a group 
of invariant residues in the amino proximal region (Fig. 
10) which is present in seven of the eight available 
sequences and partially observed in the eighth se- 
quence. The N-terminal part of this motif (Moco motif), 
containing three invariant Cys residues, is absent in 
BisC (Fig. 10). It should be noted that all the poly- 
peptides except BisC are part of multi-subunit com- 
plexes and communicate with [Fe-S] dusters in an 
electron-transfer subunit. BisC receives electrons from 
a poorly understood thioredoxin-like protein [97]. We 
suggest that the cluster of three Cys residues is re- 
quired for subunit-subunit interaction a n d / o r  
electron-transfer, whereas the C-terminal part of the 
Moco motif, present in all eight sequences, is required 
for Moco attachment. This part contains a number of 
basic residues which could iigate the negative p ~  
phate groups of the cofactor. 

X L  D m s B  

XI-A. DmsB is an [Fe-S/ protein 
DMSO reductase, fumarate reductase, nitrate re- 

duetase, formate dehydrogenase, and succinate dehy- 
drogenase share a common structural design iacorpo- 
rating catalytic, electron-transfer and membrane an- 
chor subunits [2,39,56]. In each case, the electron- 
transfer subunit has multiple Cys residues in sequence 
groups very similar to those that have been shown to 
ligate [Fe-S] clusters in the bacterial ferredoxins 
[100,101] (Fig. 11). The presence of [Fe-S] clusters in 
the electron-transfer subunits of fumarate reductase 
and succinate dehydrogenase have been verified using 
a combination of biophysical techniques and molecular 
genetics [106-108]. The sequence of DmsB contains 
four Cys groups which are similar to those found in 
proteins known to contain [4Fe-4S] clusters [19]. Fig. ~ 1 
shows a comparison of the four Cys groups of DmsB 
with the equivalent groups of NarH [45], NarY [98], 
FrdB [103], SdhB (the electron-transfer subunit of suc- 
cinate dehydrogenase) [99], FdnH and a potypeptide of 
unknown function, encoded by a gene at 53.Y on the 
E. colt chromosome [105]. 

The EPR properties of the purified and in situ 
DMSO reductase have recently been reported [27]. 
DmsB appears to contain four [4Fe-4S] clusters, and 
this results in the observation of a complex EPR spec- 
trum (Fig. 12) [27,109] in the fully reduced state which 
has features similar to spectra of other proteins con- 
taining multiple [4Fe-4S] clusters, such as Clostridium 
pasteurianum ferredoxin [110] and Micrococcus lacti- 

G~OUP i 

GP~OUP 

;, .v C : ' C :C "C¥ 

Fig. t I, ~Qucnc'~ alignmera fro- ~he ~m~i~e IFe.S~ clu~ter N~*d(ng 
~eqt~¢nces o{ Dm~B wilh re~at,:d tFe-S] pr(aem-, 158A5.!02- !05]. The 
,,equencc~ f r ~ . ~ n  F~dB+ .C',,dhB. Nz~rPl. and NarY c~rrre~po,nding to the 
vzquence of C~. group 111 | tom On~B iigate 13Fe-4S] ciu.~*eP.. The 
remaining ~equences ligate [4Fe ..~S] clusters. C~arge:d re~idu*:~ anrJ 
Pro residue~ fo~|o~.~ng the [ourth ('w of each gr~mp are undedi~ed. 

lyticus ferredoxin [111]. Because o~ the magnetic inter- 
actions between the reduced clusters, it is not possible 
to assign the features of the fully reduced spectrum to 
individual clusters of the enz~xne° However, the spec- 
trum can be loosely interpreted in terms of two pairs of 
interacting [4Fe-4S] clusters, with each pair having 
spectroscopic :similarities with the bacterial eight-iron 
ferredoxins. The EPR spectrum of fully reduced DMSO 
reductase is quite distinct from the spectra reported 
for nitrate reductase from E. coli [9334,112] and Bac//- 
lus halodenitnficans [ I ! 3]. 

XI-B. Redox properties of the [Fe~S] cluster~ 
Cammack and Weiner {27] analysed the EPR st~c- 

tra of DMSO reductase potentiometrically, and found 
that the [Fe-S] clusters of the enzyme titrated with four 
mid-voint potentials at pH 7 (Era. 0 of -50, -120, 
- 240 and - 330 mV. Spin quantitations indicated that 
the enzyme contains a total of four [4Fe-4S] clusters in 
addition to the single molybdopterin cofactor described 
above (subsection XB). 

DMSO reductase catalyzes the two-electron reduc- 
tion of a range of S- and N-oxide compounds, but the 
total number of electrons able to be carried at any time 
excluding MQH 2 and MQ' -  species is six: one in each 
of the [4Fe-4S] clusters and two in the molybdopterin. 
Since only two electrons are utilized per reaction cycle 
(i.e., the two electron reduction of DMSO), this sug- 
gests that not all of the [4Fe-4S] clusters may be active 
in the rcdox cycle of the enzyme. The enz'~rle catalyzes 
electron-transfer from MQH 2 with a Era. ~ of - 74  mV 
(MQHz/MQ, average for the two one-electron trans- 
fers) [42] to DMSO with an E,~.7 of +160 mV 
(DMSO/DMS). This suggests that the -330 mV and 
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--24{} mV clusters may not be dilec'!y involved in 
enzyme turnover. A similar situation exists tor E. coil 
fumarate reductase. FrdB contains three [Fe-S] clus- 
ters: FR1 ([2Fe-2S]; Era. 7, - 2 0  mV), FR2 ([4Fe-4S]; 
E,,,.v, - 3 3 0  mY) and FR3 ([3Fe-4S]; Era. 7 = -7{) mV; 
[2]). In this case electrons are transferred from MQH,. 
(Era. v, - 7 4  mV) to fumarate (fumarate/succinate;  
E,,.7, + 30 mV), and one of the clusters (FR2) appears 
to have a midpoint potential too low to be directly 
involved in the redox cycle of the enzyme. 

The role of the low potential clusters in both DMSO 
reductase and fumarate reductase remains elusive. If 
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Fig. 12. [Fe-S] EPR spectrum of membranes containing over-ex- 
pressed wild-type and mutant DMSO reductase (subsection Xid). 
Oxidised samples were oxidised with ferricyanide, reduced samples 
were reduced with dithionite. Spectra were recorded at 12 K using a 

microwave power of 2{1 mW at 9.45 GHz. 

DmsB and FrdB evolved from ferredoxin-like proteins 
[114], the presence of the low potential clusters may 
simply be an artifact. Alternatively, because [Fe-S] 
clusters are able to bring together regions of sequence 
into a defined conformation, it is possible that these 
clusters serve a structural role. 

XI-C. Comparison with other [Fe-S] proteins 

E. coli is capable of synthesizing two distinct respi- 
ratory nitrate reductases; these are the major NarGHJI  
and minor NarZYWV enzymes [45,102]. Both enzymes 
are very similar in terms of catalyt ic/electron-transfer  
subunit composition to E. coli DMSO reductase. In 
addition to the similarities shown with NarH, NarY, 
FrdB and SdhB the following similarities exist with the 
bacterial ferredoxins [45]: 

Groups i and HI: Similarity with the consensus [4Fe- 
4S] ferredoxin Cys group motif  CxxCxxCxxxCP 
[100,101]. although group 1 has a Lys in place of the 
Pro. 

Group i!: Similarity with Azotobacter vinelandii 
ferredoxin 1 ([4Fe-4S]) and Ps. ot:alis ferredoxin ([4Fe- 
4SI, [lO0l). 

Group IV." Similarity with Chromatium emosum 
ferredoxin ([4Fe-4S]; [100]). In this case the similarity ts 
not as strong as those found for groups I-I l l ,  as the 
spacing between the second and third Cys residues is 8 
in C. einosum ferredoxin and 11 in DmsB group IV. 

In the case of the bacterial eight-iron ferredoxins 
(which contain two [4Fe-4S] clusters) for which X-ray 
structures are known, it is found that 1;he first three 
Cys residues of each group ligate one [4Fe-4S] cluster, 
while the fourth C~'s provides the fourth ligand to the 
other [4Fe-4S] cluster in the protein [98,99]. Considera- 
tion of the spacing of the Cys groups of DmsB and the 
spacing found in the bacterial ferredoxins allows a 
model to be proposed for the interaction of the Cys 
residues of DmsB with the four [4Fe-4S] clusters ob- 
served by Cammack and Weiner [27] (Fig. 13). 

NarH (502 residues) and NarY (514 residues) are 
both much larger subunits than DmsB (207 residues). 
Despite this, the ferredoxin-like sequence groups are 
almost identical to those found in DmsB (Fig. 11). 
There are larger gaps between the first and second Cys 
groups in NarH and NarY than in DmsB, and there 
are much longer C-terminal sequences beyond Cys 
group IV in the two nitrate reductases. The only major 
difference in Cys group composition is in Cys group 
III, where the residue equivalent to Cyst0 z of DmsB is 
replaced by a Trp residue in NarH and NarY. This 
results in NarH (and probably NarY) having a [3Fe-4S] 
cluster ligated primarily by this Cys group, rather than 
the [4Fe-4S] cluster found in DmsB. 

E. co6 nitrate reductase, NarGHJI,  has been char- 
acterized using EPR and magnetic circular dichroism 
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(MCD) spectroscopies [93,94,112]. Johnson et al. [112] 
showed by EPR and MCD that purified nitrate reduc- 
tase contains between three and four [4Fe-4S] clusters 
and one [3Fe-4S] cluster. Vincent [94] studied the 
potentiometric behaviour of the purified enzyme, and 
determined Era, 7 values of the molybdopterin Mo(1V/ 
V) and Mo(V/VI )  couples and the [Fe-S] clusters. The 
signals corresponding to the [4Fe-4S] clusters titrated 
with a single Era. 7 value of +80 mV, whereas the 
signal corresponding to the [3Fe-4S] cluster titrated 
with an Em. 7 value of +50 mV. The observation of 
only a single Era, 7 value associated with the [4Fe-4S] 
clusters is apparently inconsistent with the data of 
Johnson et al. [112]. The presence of multiple clusters 
with identical Era, 7 values, differences in enzyme 
preparations, or lack of available potentiometric data 
at potentials lower than - 1 0 0  mV, may explain the 
data reported by Vincent [94]. The enzyme from Bacil- 
lus halodenitrificans has also been characterized by 
EPR [113] and has been reported to contain both 
[4Fe-4S] and [3Fe-4S] clusters, similar to the NarGHJi  
enzyme from E. colt. 

)H-D. Oligonucleotide-directed mutagenesis of  the Cys 
groups 

Construction of oligonucleotide-directed mutants of 
the conserved Cys residues in E. colt fumarate redue- 
tase [107] and A. vinelandii ferredoxin I [115] have 
recently been reported. Werth et al. [107] mutated the 
four N-terminal Cys residues in FrdB, which have a 

sequence similar to the the Cys groups ligating the 
[2Fe-2S] clusters of the plant ferredoxins. In this case, 
each of the four Cys residues were mutagenized to Ser 
residues. The resultant mutants retained cluster FR1, 
but the cluster had altered redox and EPR properties, 
depending on which Cys residue was mutagenized, The 
properties of the FR2 [4Fe-4S] and the FR3 [3Fe-4S] 
clusters were unchanged. 

Martin et al. [115] have reported oligonucleotide- 
directed mutagenesis of one of the Cys residues provid- 
ing ligands to the [4Fe-4S] cluster of A. vinelandii 
ferredoxin I. Cys20 was changed to an Ala residue, and 
the mutant protein retains the [4Fe-4S] cluster by using 
a redundant Cys elsewhere in the sequence (Cys24) to 
replace Cys2,. This causes minor changes in the struc- 
ture of the protein, as well as minor changes in the 
EPR spectrum of the [3Fe-4S] cluster (the [4Fe-4S] 
cluster is not reducible by dithionite). 

We have recently constructed a series of mutants in 
the Cys residues of DmsB [109]. We have found that 
changing Cyst0 z to a Trp, Ser, Phe, or Tyr results in the 
replacement of the [4Fe-4S] cluster ligated primarily by 
Cys group III with a [3Fe-4S] cluster which is EPR 
detectable in its oxidized state (Fig. 12) [109]. This is 
the first report in the literature of a [4Fe-4S] to [3Fe-4S] 
conversign being induced by oligonucleotide-directed 
mutagenesis. 

The Cysl02 mutant enzymes also have altered EPR 
spectra in their reduced states [109]. The mutant en- 
zymes all assemble into the cytoplasmic membrane, but 
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they do not support growth on glyccrol-DMSO mini- 
mal media. These results indicate the importance of 
the [4Fc-4S] cluster to which Cyst02 of DmsB provides 
a ligand to the overall ftmction of DMSO reductase in 
electron-transfer from MQH~ to DMSO. However, all 
of the mutants have high BVr~j: DMSO oxidoreductase 
activities, indicating that the pathway of electrons from 
BVr~ o to DMSO is distinct from that of electrons from 
MQH 2 to DMSO. 

XII. DmsC 

DmsC is a polypeptide of M r 30789 with a high 
proportion of hydrophobic and nonpolar amino acids. 
Hydropathy analysis of the protein indicates that DmsC 
has eight stretches of hydrophobic residues each of 
2(1± 4 rcsidues [19]. These stretches are capable of 
forming transmembranal a-helical segments. Analysis 
by the Kyte-Doolittle and Rao-Argos algorithms and 
by the membrane preference scale devised by degli 
Esposti [116] supports the presence of eight hydropho- 
bic segments. 

XII-A. Anchor junction 

Sevcral lines of evidence support an anchor function 
for DmsC. Disruption of dmsC in the cloned dins 
operon by transposon Tn5 insertion mutagenesis re- 
suits in the accumulation of soluble DMSO reductase 
in the cytoplasm. This has been confirmed by con- 
structing chromosomal deletion mutants of DmsC, 
which accumulate soluble DMSO reductase. Also, 
based on immunogold electronmicroscopy, it seems 
likely that the DmsAB catalytic dimer is held to the 
membrane by DmsC [26]. 

We have constructed a number of alkaline phos- 
phatase, phoA, fusions to dmsC. Fusions which disrupt 
the dmsC gene produce an inactive anchor and soluble 
catalytically active DmsAB. We have obtained one 
fusion in which phoA is inserted in the termination 
codon. This creates a chimeric subunit with full length 
dmsC and phoA. The chimeric enzyme has membrane- 
bound DMSO reductase activity, which is able to sup- 
port growth on DMSO. More fusions must be analyzed 
before this technique can provide a model for the 
tlansmembranal topology of DmsC (G.S. and J.H.W., 
unpublished results). 

XII-B. DmsC is required for quinol oxidation and ther- 
mostability 

In addition to the obvious anchor role of DmsC, we 
have found two additional activities for this subunit. 
DmsC is required for MQH2 oxidase activity and sta- 
bility of the enzyme. Only trimeric holoenzyme is able 
to oxidize a soluble analogue of MQH 2, DMNH 2. 

Although the DmsAB dimer catalyzes BVrc d oxidation, 
it is inactive with DMNH 2 [39]. This property resem- 
bles the activity of fumarate reductase in which FrdAB 
has BVr~ d oxidase activity but lacks DMNH 2 oxidase 
activity [56,117,118]. In fumarate reductase we have 
identified Hiss2 of FrdC as a key residue in MQH 2 
oxidation. This His appears to reside very close to the 
membrane-cytoplasm interface in the sequence: 
7~Ala-Ala-Leu-Leu-His-Thr-Lys-Thr and a mutation 
was found in which Hiss2 was changed to Arg. This 
mutant was unable to grow on fumarate, retained 
normal BVr~ 0 oxidase activity but totally lacked 
DMNH 2 oxidase activity [117]. DMSO reductase has a 
very similar sequence: 6~Ala-Ser-Met-Leu-His-Leu-Gly- 
Ser in which Hiss5 would occupy a position close to the 
membrane /aqueous  interface. We have changed His65 
to Arg and have found that this mutant is unable to 
grow on DMSO but retains BVre a oxidase activity. This 
suggests that this region of DmsC is involved in MQH 2 
binding and oxidase activity (R.A.R. and J.H.W., un- 
published results.) 

DmsC has also been found to stabilize the DmsAB 
catalytic dimer to thermal inactivation at 30°C [39]. The 
anchor subunits of fumarate reductase, FrdCD, stabi- 
lize the thermolability and alkali sensitivity of the cat- 
alytic FrdAB dimer. 

XIII. Summary and perspectives 

Studies on the DMSO reductase of E. coli have pro- 
duced new insights into membrane protein structure, 
mechanisms of electron transfer, the redox properties 
of [Fe-S] clusters and molybdenum cofa'ctors and bac- 
terial bioenergetics. This complex enzyme can be read- 
ily expressed to high levels providing sufficient material 
for biochemical and biophysical studies and the genes 
encoding the subunits can be modified by site-directed 
mutagenesis. We expect that the combination of these 
features w ' lead in the near future to detailed under- 
standing of the ligation of Moco to the polypeptide. 
The presence of mt,!fiple [Fe-S] clusters offers oppor- 
tunities to study the organization, environment and 
factors which modulate the redox potential of these 
important electron transfer cofactors. We also expect 
that site-directed mutagenesis will help unravel the 
mechanism of MQH 2 binding and the flow of electrons 
and protons within the enzyme and across the mem- 
brane. We hold out the possibility of obtaining three- 
dimensional structural information on this enzyme by 
X-ray crystallography or electron diffraction of two-di- 
mensional arrays. 
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