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ABSTRACT. We have characterized by EPR the interaction of Bhe = —50 mV [4Fe-4S] cluster of
Escherichia coliDMSO reductase (DmsABC) with a menaquinol (M@Hinding site. Potentiometric
titrations indicate that in DmsABY2<, theEn, 7 = —50 mV [4Fe-4S] cluster is replaced by &g, 7 =

+260 mV [3Fe-4S] cluster. The Q-pool coupling assay in combination with the ppldlog HOQNO
(2-n-heptyl-4-hydroxyquinolineN-oxide) was used to examine the effect of the DB mutation on
physiological electron transfer through DmsABC. Forward electron transfer through the mutant (MQH
to DmsA) is blocked in the Q-pool coupling assay, but reverse electron transfer (DmsA to MQ) is not.
HOQNO elicits a significant change in the EPR line shape of the oxidized DIiSAB [3Fe-4S] cluster

but has no effect on the line shape of the reduced [4Fe-4S] clusters. We have identified a residue in
DmsC involved in MQH oxidation, Dms®55 and in a double mutant, DmsAB2CHER the DmsC
mutation blocks the HOQNO effect on the [3Fe-4S] EPR line shape, suggesting that thé®s@ation

either blocks HOQNO binding or blocks a conformational link between a HOQNO binding site and the
DmsB-1925[3Fe-4S] cluster. These results suggest that the MiGtling site of DmsC is conformationally

and functionally linked to th&, 7 = —50 mV [4Fe-4S] cluster of DmsB.

Escherichia coliwhen grown anaerobically with dimethyl DmsABC contains four [4Fe-4S] clusters (Cammack &
sufoxide (DMSO) as respiratory oxidant, develops a respira- Weiner, 1990) with midpoint potentialE7s) of —50,
tory chain terminated by a membrane-bound menaquinol: —120, —240, and—330 mV. Ligands to these four [4Fe-
DMSO oxidoreductase (DMSO reductase, DmsABC) (Wein- 4s] clusters are provided by 16 Cys residues in DmsB which
eretal, 1992). The operon encoding DmsABAn{sABQ are arranged in four groups<IV) with sequences similar
has been cloned (Bilous & Weiner, 1988) and sequenced;, ihe Cys groups ligating the [4Fe-4S] clusters of many

(Bilous et al, 1988), and the enzyme it encodes has been bacterial ferredoxins (Bruschi & Guerlesquin, 1988) and

purified to homogeneity (Weineat al., 1988). DmsABC is : . :
a heterotrimer comprising a molybdenum cofactor containing respiratory chain enzymes (R>CsX>-11CcXsCoP) (Weiner

catalytic subunit (DmsA, 87.4 kDa), an [Fe-S] cluster et al, 1992). The Cys groups pf DmsB are simi!ar.to those
containigg electron—transfe;] suburE)it (DrTEsB, 23.1 kDa)i(an()j ?;dtggaeslzgtlil(g-etﬁr(slil’ir Ii;?l?ljlgg;zl tqggg\%oai?j“ertr?\t(?/

a membrane-intrinsic anchor subunit (DmsC, 30.8 kDa ”

(Bilous et al, 1988). DmsA and DmsB comprise a cyto- (NarY) (Blascoet al, 1990). The two nitrate reductases
plasmically localized catalytic dimer (Rothery & Weiner, contain three [4Fe-4S] clusters and one [3Fe-4S] cluster
1993; Sambasivaraet al,, 1990) anchored to the cytoplasmic  (Guigliarelli et al, 1992; Johnsoret al, 1985a), and this
membrane by DmsC (Weinet al., 1993). The enzyme can difference in [Fe-S] cluster composition can be explained
be readily overexpressed in cells harboring plasmids bearingby the presence of a Trp residue at the @sition of Cys
the dmsABCoperon, and the overexpressed enzyme as-group Il of NarH and NarY. By changing thesGesidue
sembles normally into the cytoplasmic membrane (Cammack of DmsB Cys group Il to a Trp or Ser, we have been able
& Weiner, 1990; Weineet al, 1988). DmsABC is a good g gjter the [Fe-S] cluster composition of DmsABC to make
model system for a group of complex iresulfur molyb- it equivalent to that of the two nitrate reductases (Rothery
dge;lzyrges 'QCl:Jd'lgdg'l C?rl: fct)\:vrgte ?.eh%/d;oger&as? (Fd- ¢ Weiner, 1991). These mutant enzymes, Dm&§ABT
nGHI) (Berget al, ) the - colnitrate recuctases 4 bmsAB92%C, are unable to oxidize menagquinol

(NarGHJI and NarZYWYV) (Blascet al., 1989, 1990), and (MQHa, Enn 7= —70 mV) and are therefore unable to support

Wollinell i lysulfid duct PsrABC i .
(K?a;fr:ee? alsuclzgglé))geneqao ysulfide reductase (Psr ) growth with DMSO En,7; = +160 mV) as respiratory

oxidant.
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f#i'r‘:%ger?ngéﬁjﬁCHDéé‘ﬁgargﬁerstgfztﬁ%;m%duﬁ:gﬁﬁgfg;fda;? interconversions have recently been reported for tharfd
MQH,, menaquinol; MQ, mlenaquinone; NarGHI, nitrate reductase A; A [4Fe-4S] clusters of photosystem | 8fnechococcusp.
TMAO, trimethylamineN-oxide. PC 6301 (Warreret al, 1993; Zhacet al, 1992). The k
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Table 1: Bacterial Strains and Plasmids

strain or plasmid description source
E. colistrains
HB101 supE4 hsd20 (g~ mg~) recAl3 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 lab collection
DSS301 SUpE hsa\5 thi A(lac-proAB F ' [traD36 proAB' laclq lacZA'15] KarR AdmsABC ~ Sambasivarao and Weiner (1991)
F36 HB101 (DmsABC molybdenum cofactor insertion mutant) Cammack and Weiner (1990)
plasmids
pBR322 TeR AmpR Pharmacia
pDMS160 pBR322 AmpP (dmsABG" Rothery and Weiner (1991)
pDMS160-C102S pPBR322 Anf{dmsAB102C)* Rothery and Weiner (1991)
pDMS160-C102W pBR322 Anfi(dmsAB102%C)+ Rothery and Weiner (1991)
pDMS160-H65R pBR322 Anfp(dmsABESSR)*+ this study
pDMS160-C102S-H65R pBR322 ARdmsAE1023CHE5R)+ this study
pDMS160-C102W-H65R  pBR322 Ami{dmsAE102WCHESR)+ this study

aE. coli F36 is deficient in molybdenum cofactor insertion into DmsABC.

cluster is ligated by a 2[4Fe-4S] ferredoxin-type protein electron flow through DmsABC using the Q-pool coupling
(PsaC) which contains two Cys groups (I and 1l). By assay (Triebeet al, 1994) and demonstrate the interaction
changing the gof both groups to Asp, it was found that F  of the [3Fe-4S] clusters in the two mutants with a MQH
is ligated by Cys group Il and can be changed to a [3Fe-4S] binding site of DMSABC. We have also identified an amino
cluster (Zhacet al,, 1992). The k cluster of photosystem  acid residue in DmsC which appears to be important in
| is not ligated by a typical ferredoxin-like Cys group. defining a MQH binding site of DmsABC.
However, by changing C565 of PsaB to Ser, it was possible
to partially convert the population ofkFo a [3Fe-4S] cluster ~ MATERIALS AND METHODS
(Warren et al, 1993). In E. coli fumarate reductase . _ . . .
(FrdABCD), it has been possible to change the [3Fe-4S] FR3 _ Bacterial Strains and PlasmidsThe E. coli strains and
cluster to a [4Fe-4S] cluster by changing the Val residue at plasmids “?ed in this Stl.de are listed in Ta.ble 1. Studies of
the G position of the third Cys group of FrdB to a Cys the expression and fgnct|on o_f mutant and wild-type DmsABC
(V207C) (Manadoriet al, 1992). were carried out withE. coli HBlOl_ and DSSSOl (Sar_n—
basivarao & Weiner, 1991). Potentiometric redox titrations
were carried out using. coli F36 (Cammack & Weiner,
1990), a mutant which does not assemble the molybdenum
cofactor into DmsABC.

We recently applied the technique of distance estimations
using the exogenous paramagnetic probe dysprosium(lil)
complexed with EDTA (DyEDTA) to study the location of
the [3Fe-4S] cluster in DmsAB®< (Rothery & Weiner, ) ) i ) )
1993). This cluster appears to be located approximately 21  Oligonucleotide-Directed Mutagenesis of DmsOligo-

A below the cytoplasmic side surface of the DmsABC Nucleotide-directed mutagenesis was carried out as previously
holoenzyme, close to the cytoplasmic side membrane surfaceiescribed (Rothery & Weiner, 1991; Trieber al, 1994).
level. This position is consistent with a role for the wild- H65 of DmsC was changed to an Arg residue (a codon
type [4Fe-4S] cluster to which Cys group Il provides ligands €hange of CAT to CGT) to mimic an equivalent mutation
in electron transfer from MQH In the mitochondrial ~ (H82R) in the FrdC subunit 0. coli fumarate reductase

cytochromebe, complex (complex I11), the @site is located ~ (FTAABCD) (Weineret al, 1986). Plasmids bearing double
close to the Rieske [2Fe-2S] cluster (Dirg al, 1992; mutations of DmsB and DmsC were created by subcloning

Ohnishiet al, 1994; Robertsoret al, 1990; Trumpower, @ 1.08 kbpSst—Sal fragment bearingdmsC®* from
1990). Some of the evidence for this has come from the PDMS160-H65R into pDMS160-C102S and pDMS160-
use of ubiquinol analogs which both inhibit the ubiquinol: C102W to create pDMS160-C102S-H65R and pDMS160-
cytochromec oxidoreductase activity of the complex and C102W-H65R, respectively. All manipulations of plasmids
significantly perturb the EPR line shape and redox properties and strains were carried out as previously described (Sam-
of the Rieske center (Robertsetal, 1990; von Jagow &  Prooket al, 1989).

Ohnishi, 1985). The interaction of the MQ@Hanalog Growth of Cells To assess the ability of the mutants to
HOQNO (2n-heptyl-4-hydroxyquinolineN-oxide) with the support growth, DSS301 cells transformed with the mutant
succinate:menaquinone oxidoreductaséBatillus subtilis plasmids were grown anaerobically at 37 on a glycerot

has recently been studied. In this case, the inhibitor binds DMSO minimal medium (Bilous & Weiner, 1985). For

to the enzyme, perturbing the optical and redox properties detailed biochemical and EPR studies, DSS301, HB101, and
of the low potential hemb (Smirnovaet al., 1995), buthas  F36 transformed with the mutant plasmids were grown in
no effect on the EPR properties of the [3Fe-4S] cluster, S3 20 L batch cultures at 37C on a glycerot-fumarate minimal
(Hagerhdl et al, 1995). It would therefore be interesting medium (Condon & Weiner, 1988) for 24, 48, and 48 h,
to examine the effect of a MQHanalog on the EPR  respectively. This medium has been shown to result in the
properties of the [3Fe-4S] clusters of DmsA®T and highest levels of expression and assembly of DmsABC into
DmsABCLO2YC to determine if they are in close proximity the cytoplasmic membrane (Bilous & Weiner, 1988). Where
to, or conformationally linked to, the MQHbinding sites  appropriate, ampicillin (10g mL™?), streptomycin (100

of their respective mutant enzymes. ug mL™Y), and k_anamycin (5&g mL™1) were included in
In this paper, we describe the potentiometric characteriza- the growth media.
tion of the [Fe-S] clusters of DmsAB*? and DmsAB2C Preparation of Membrane Vesicle€ells were harvested

which each contain a genetically engineered [3Fe-4S] cluster.and washed, and membranes were prepared by French
We have investigated the effect of these mutations on the pressure cell lysis and differential centrifugation (Rothery
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& Weiner, 1991) in 50 mM MOPS, 70 mM TMAO, and 5 2.02
mM EDTA (pH 7.0). The buffer used during the French |

pressing step contained 0.2 mM PMSF. Prior to the @ /A +204 mV

preparation of EPR samples, the buffer was exchanged for

100 mM MOPS and 5 mM EDTA (pH 7.0). TMAO- 202 o

dependent oxidation of reduced benzyl viologen (B\by ®) | | 187 T6my
membrane preparations was determined as previously de- ’———/—”\/\/i,,———
scribed (Cammack & Weiner, 1990).

Redox PotentiometryRedox titrations were carried out
at 25°C under argon in an anaerobic chamber (Dutton, 1978)
equipped with an anaerobic transfer chamber (Chamorovsky © -154 mV
& Cammack, 1982). Membranes containing overexpressed
wild-type and mutant DmsABC were suspended in 100 mM
MOPS and 5 mM EDTA (pH 7.0) and were transferred to
the anaerobic chamber. The following redox mediators were ” 268 mV
used at a concentration of p®: quinhydrone En7= +286 @

mV); 2,6-dichlorophenolindophenolEf; = +217 mV);

thionine Em 7 = +60 mV); phenazine ethosulfat&,; =

+55 mV); duroquinone By, 7 = +7 mV); methylene blue

(Emz = —11 mV); resorufin En7; = —50 mV); indigodis- © 432 mv

ulfonate Em 7 = —125 mV); anthraquinone-2-sulfonic acid

(Em7= 225 mV); phenosafranin&f, ; = —255 mV); benzyl

viologen Em 7 = —360 mV); and methyl viologenE, 7 =

—440 mV). The redox potential was measured using a

platinum measuring electrode with a calomel reference 7800 3000 3200 3400 3600 3800 4000

electrode, and the potential was adjusted with small additions Field intensity (Gauss)

of sodium dithionite and potassium ferricyanide solutions. Ficure 1: EPR spectra of redox poised membranes from a redox
After redox equilibration, samples were transferred to 3 mm titration of F36/pDMS160 membranes. Samples were poised at the

internal diameter quartz EPR tubes and were rapidly frozen indicated potentialst,). Spectra were recorded under the following
conditions: temperature, 12 K; microwave power, 20 mW; field

in liquid nitrogen. modulation, 10 G, at 100 kHz.
Q-Pool Coupling Assay The Q-pool coupling assay
(Rothery & Weiner, 1991; Triebeat al,, 1994) was carried  RESULTS

out as follows: (LDithionite reduced samples150L of Redox Potentiometry of the [4Fe-4S] Clusters of Wild-

membranes fromE. coli DSS301 transformed with the )
plasmics used in s study were educed wih 5 m (5 DTSABCIIuTe L shows CPR spects rcorded 12
dithionite for 2 min at 23°C in an EPR tube prior to being . rowave p ; P P
. L o from a potentiometric titration oE. coli F36 membranes
rapidly frozen in liquid nitrogen. (2Pithionite reduced . X X
. containing overexpressed wild-type DmsABE. coli F36
followed by treatment with DMSO Membranes. were does not assemble a molybdenum cofactor into DmsA, so
reduced with 5 mM dithionite for 2 min, and then DMSO EPR spectra of membrangs from this strain do not exhit;it a
was added to a concentration of 25 mM and the membraneﬁOW terg erature spectrum of Mo(V) which arises from spin
were incubated for a further 2 min prior to being frozen. (3) mp P P
R . coupling between Mo(V) and at least one of the [4Fe-4S]
Dithionite reduced followed by treatment with fumarate . .
. clusters of DmsB (Cammack & Weiner, 1990). Figure la
Membranes were treated as in (2), but 25 mM fumarate was .
. shows a spectrum of membranes poised+&04 mV.
used instead of 25 mM DMSO. . T .
) ) Noticeable in this spectrum is a sharp peaky at 2.02 and
Treatment of Membranes with HOQN®or experiments 3 proad trough immediately upfield. These features are
carried out in the presence of HOQNO, a final concentration jgentical to those reported for the spectrum of the oxidized
of 0.2 mM was us_ed. Inhibitor was added from an ethanol [3Fe-4S] (FR3) cluster oE. coli fumarate reductase (Frd-
solution, and equivalent volumes of ethanol were added to ABCD) (Johnsoret al, 1985b; Manadoret al, 1992). As
control samples. the redox potential is reduced to around6 mV (Figure
EPR SpectroscopyEPR spectra were recorded using a 1b), the spectrum of FR3 diminishes in intensity and a new
Bruker Spectrospin ESP-300 spectrometer equipped with anspecies appears which has a spectrum comprising a peak at
Oxford Instruments ESR-900 flowing helium cryostat. g= 2.02 @,), a peak-trough aj = 1.94 (@), and a trough
Instrument conditions and temperatures were as describecatg = 1.87 @,). We have assigned this species to a rhombic
in the individual figure legends. Spin quantitations were EPR spectrum of the highest potential [4Fe-4S] cluster ligated
carried out by double integration as previously described by DmsB (Cammack & Weiner, 1990). As the potential is
(Cammack & Weiner, 1990). Two methods were employed reduced to—154 mV (Figure 1c), a significant alteration
to analyze redox titration data: (a) data were fitted to a takes place in the EPR line shape; peaks appegraP.06
multiple component redox model comprising independent andg = 1.99, and the major features presenEgt= —76
redox components behaving as= 1 species, and (b) data mV increase in intensity. The change in line shape resulting
were fitted to a model describing the appearance of a doublyin the appearance of the= 1.99 andg = 2.06 features is
reduced 2[4Fe-4S] ferredoxin EPR signal (Mukund & similar to that observed in EPR spectra of 2[4Fe-4S]
Adams, 1990; Prince & Adams, 1987). ferredoxins when these proteins change from containing a
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single reduced [4Fe-4S] cluster to containing two reduced
[4Fe-4S] clusters (Cammaek al, 1994; Prince & Adams,
1987). Betweeff, = —154 mV andg, = —268 mV (Figure
1d), there is an increase in overall intensity of the EPR

spectral features, but no significant change in the line shape.

BetweenE, = —268 mV andE, = —432 mV (Figure le),
there is a further increase in intensity accompanied by
broadening of they = 2.06 peak and thg = 1.87 trough.
The overall line shape at-432 mV indicates that the
spectrum arises from a complex interacting spin system
comprising the four reduced [4Fe-4S] clusters of DmsB.
Figure 2 shows plots of the intensities of the various

spectral features described above plotted as a function of

redox potential &,). Figure 2a shows a plot of the intensity
of the g = 1.94 peak-trough versus,. The data can be
fitted to four redox components withy, 7's of —60, —122,
—240, and —330 mV, in close agreement with those
previously reported for the DmsABC [4Fe-4S] clusters
(Cammack & Weiner, 1990). In order to further investigate
the origin of theg = 1.99 peak that appears between
approximately—50 and—150 mV, we plotted the intensity
of this feature versus redox potential (Figure 2b). This
feature reaches peak intensity at arodfd= —200 mV,
and there is little further increase in its intensity with
decreasing redox potential (Figure-d& and Figure 2b). The
appearance of thg= 1.99 feature can be modeled as arising
from a strong magnetic interaction between e, = —60

mV and theEn,7; = —122 mV [4Fe-4S] clusters, such as
those found in the bacterial 2[4Fe-4S] cluster ferredoxins
(Mukund & Adams, 1990; Prince & Adams, 1987). The
data of Figure 2b were fitted in this manner to two interacting
[4Fe-4S] clusters witlEy, 7/s of —35 and—110 mV. These
values are in reasonable agreement with-#&® and—122

mV midpoint potentials derived from fitting the intensity of
the g = 1.94 peak-trough to independent redox couples
(Figure 2a). Figure 2c shows the effect of redox potential
on the relative spin intensities obtained from truncated double
integrations of spectra recorded at 2 mW microwave power.
In this case, the data are fitted to four independent redox
components withe, 7's of —40,—110,—230 mV, and—360
mV. Overall, the data indicate that the four [4Fe-4S] clusters
of DmsABC haveEn, 7s of —35to—60 mV,—110to—122
mV, —230 to—240 mV, and—330 to —360 mV.

Redox Potentiometry of the [4Fe-4S] Clusters and [3Fe-
4S] Cluster of DmsAB2<. Figure 3 shows EPR spectra
recorded at 12 K and at 20 mW microwave power of redox
poised samples from a potentiometric titration of F36
membranes containing overexpressed Dni3A#C. Figure
3a shows a spectrum of membranes poised-383 mV.
Noticeable in this spectrum is a major peakjat 2.03 with
a major peak-trough immediately upfield. This is the
spectrum of the [3Fe-4S] cluster assembled into DA%B
mutants in place of the [4Fe-4S] cluster ligated by Cys group
Il of the wild-type enzyme (Rothery & Weiner, 1991;
Rothery & Weiner, 1993). As th&, is decreased, the
features of Figure 3a attributed to the [3Fe-4S] cluster
disappear, and by-109 mV the spectrum is dominated by
a peak ag = 2.02 with a broad trough immediately upfield.
This spectrum is essentially identical to that of Figure la
and can be attributed to the FR3 cluster of FrdABCD.
Between approximately-109 and—64 mV (Figure 3b), the
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FiGure 2: Potentiometric redox titration of the DmsABC [Fe-S]
signals in E. coli F36 membranes. (a) Signal amplitude (%
maximum) for the intensity of thg = 1.94 peak-trough versus,.

Data were fitted to four independemt= 1 redox components with

the following En, 7s and percent contributions=60 mV (30%);
—122 mV (35%);—240 mV (13%);—330 mV (20%). (b) Signal
amplitude versug;, for the appearance of tlge= 1.99 peak versus

E;. Data were fitted to two redox components as described for the
bacterial 2[4Fe-4S] ferredoxins (Mukund & Adams, 1990; Prince
& Adams, 1987) such that the intensity of the= 1.99 feature
corresponds to the appearance of the spectrum of two magnetically
coupled [4Fe-4S] clusters withy, /s of —35 and—110 mV. (c)
Relative spin intensity versug, Data were fitted to four
independent redox components with the followig, /s and
relative concentrations=40 mV (1.1),—110 mV (1.1),—230 mV
(0.75), and-360 mV (0.8). EPR spectra were recorded as described
for Figure 1 for panels a and b. Spectra used to obtain the data in
panel ¢ were recorded at a microwave power of 2 mW.

shallow trough agg = 1.87. This spectrum is superficially
similar to the spectrum of Figure 1b. However, spin
guantitations suggest that this species contributes very little
to the overall spin intensity of the fully reduced enzyme
(Figure 3g, see below). Betweett4 (Figure 3c) and-151

mV (Figure 3e), significant new features appear in the EPR
spectrum comprising peaks gt= 2.04 andg = 1.96, and
troughs at 1.89 and 1.87. The peak-trougly at 1.94 also

FR3 signal disappears and is replaced by a new species whiclincreases in intensity over this redox range. There is no

has a peak afj = 2.02, a peak-trough a = 1.94, and a

appearance of g = 1.99 peak as observed in membranes
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Ficure 3: EPR spectra of redox poised membranes from a redox E 25
titration of F36/pDMS160-DmsB-C102S membranes. Samples were .8
poised at the indicated potentialg,). Spectra were recorded as = 20 -
described for Figure 1. & 15 -
£ 10 >
containing wild-type DmsABC (Figure 1c), indicating that 5§ = [
the spin-coupling from which this arises in the wild-type & 051
enzyme is lacking in DmsAB%<. Between-151 (Figure 0.0 ‘ ' . : ' - ' :
3e) and—266 mV (Figure 3f), the overall size of the spectral -500 -400 -300 -200 -100 0 100 200 300 400

features increases, and this is accompanied by an apparent Redox potential (mV)

broadening of the signal as evidenced by the appearance ofIGURE 4: Potentiometric redox titration of the DmsAB>T [Fe-
significant high and low field “tails” to the spectrum. S] Signals inE. coli F36 membranes. (a) Signal amplitude (%

- . . maximum) of theg = 1.94 peak-troughd) and [3Fe-4Sp = 2.03
Between—266 and-431 mV, the intensity of the spectrum peak (J) versuskE;. For theg = 1.94 feature, data were fitted to

increases with a loss of resolution of tge= 1.89 trough,  three independent redox components wih7s and percentage
and theg = 2.04 peak moves tg = 2.05. contributions of—45 mV (25%),—225 mV (17.5%), and-350
; mV (60%). For theg = 2.03 feature, data were fitted to a major
Ana_lyses .Of the .dlfferences betwegn .EPR spectraof redox component witl, 7 = +260 mV. (b) Signal amplitude (%
potentiometrically poised samples from titrations of DmsABC maximum) of theg = 2.04-2.05 peak versuks, Data were fitted
and DmsAB192C redox titrations are complicated by the to two independent redox components with-s and percentage
interactions between the paramagnetic clusters present in theontributions of-100 mV (54%) and-365 mV (20%). (c) Relative
reduced enzymes. Redox titration data of the DR&B spin intensity versul,. Data were fitted to four independent redox

; ; ; components with the followin&, 7s and relative concentrations:
mutant was further analyzed by plotting the intensity of the 1255 mV (0.9),—80 mV (0.8), 165 mV (0.6), and—355 mV

g = 1.94 peak-trough versus redox potential (Figure 4a), the (1 )" TheE,,, = +255 mV component corresponds to the [3Fe-
intensity of theg = 2.04-2.05 peak (Figure 4b), and the 45] cluster. EPR spectra were recorded as described for Figure 1
relative spin concentration of the samples versus redox for panel a. Spectra used to obtain the data in panel b were recorded
potential (Figure 4c). The appearance ofghe 1.94 peak-  at @ microwave power of 2 mW.

trough can be fitted to three independent components with of the spectra of Figure 3 that a major new species becomes
En7s of —45, —225, and—350 mV, suggesting that the reduced betweel, = —64 mV and—151 mV, with spectral
component of the wild-type enzyme that is missing in the features ag = 2.04 (peak) and) = 1.96 (peak) and 1.89
mutant is theE, 7 = —120 mV [4Fe-4S] cluster. However, (trough). These features appear with an appakgnt of
closer examination of the spectra of Figure 3 suggest that—100 mV (Figure 4b), and the overall line shape is quite
analyses of the appearance of the 1.94 peak-trough are  distinct from that reported for thé,, ; = —50 mV [4Fe-4S]
misleading, and that this feature is due to the reduction of cluster of the DmsABC (cf. Figure 3d and Figure 1b). This
the FrdABCD FR1 [2Fe-2S] cluster present in the F36 is corroborated by analyses of the relative spin intensities
membranes used in this work. While this feature appears of EPR spectra recorded at 12 K and 2 mW. Figure 4c shows
to maintain a relatively constant intensity between ap- the effect of E, on the relative spin intensity of the
proximately—80 and—180 mV, it is clear from inspection = DmsABC02C spectrum, these data can be fitted to four redox
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Table 2: Midpoint Potentials of Wild-Type and Dm3SB? Mutant DmsABC [Fe-S] Clusters

Em7s of g = 1.94 peak-trough Em7s of relative spin intensity
enzyme 1 2 3 4 3Fe 1d 2 3 4 3Fe
DmsABC -60 —122 —-240 —330 —40(1.1) -—110(1.1) -—230(0.75) —360(0.8)
DmsABC02C —45 —225 —350 +260 —80(0.8) —165(0.6) —355 (1.0) 255 (0.9)
DmsABC102WC -10 —230 —340 +220 —90(1.0) —230(0.75) —375(0.75) 200 (1.1)

a Data were obtained from spectra of F36 membranes recorded at 12 K and a microwave power of 2DatNvere obtained from double
integrations of spectra recorded at 12 K and at a microwave power of 2t height of theg = 2.03 peak was measured in the [3Fe-4S]
cluster redox titrations! Numbers in parentheses indicate the estimated relative spin concentrations.

components witlEy 7's of +255 mV ([3Fe-4S] cluster);-80, 205 2.021.991.96 194 1.92 1.8

—165, and—355 mV ([4Fe-4S] clusters). H ‘ Kﬁ/
DmsAB2WC was also subjected to the same potentio-
metric analysis described for DmsAB2<C. The results of @

the potentiometric analyses of the two mutants and the wild-
type enzyme are presented in Table 2. Overall, these indicate
that in the DmsB!°?2 mutants, the [4Fe-4S] cluster of the
wild-type enzyme which is converted into a [3Fe-4S] cluster
in the DmsB1%2 mutants is theEy, 7 = —50 mV cluster.
Analyses of MQEMQ Oxidation/Reduction Catalyzed by
the DmsB'9?2 Mutants DmsAB®12C and DmsAB2\C
do not support respiratory growth on DMSO, and we have
previously concluded that the effect of the mutations of
DmsB*1%? js to prevent MQH oxidation and/or electron

(d)
transfer through DmsB to the molybdenum cofactor of DmsA
(e)

(b)

(Rothery & Weiner, 1991). One experimental technique that

can be used to study the coupling of the [Fe-S] clusters of

DmsB with the MQH pool is the Q-pool coupling assay

(Rothery & Weiner, 1991; Triebeet al, 1994). This

technique uses the distinctive EPR spectrumEofcoli 3000 3200 34003600 3300

FrdABCD as a probe of electron transfer in response to the Field intensity (Gauss)

addition of physiological substrates to dithionite reduced Ficure5: Q-pool coupling assay of DSS301 membranes containing
membranes. Thé&. coli strain used (DSS301) (Sambasi- overexpressed wild-type DmsABC. Spectra are of membranes from
varao & Weiner, 1991) in these studies has a chromosomalPSS301/pDMS160. (a) Dithionite reduced (5 mM). (b) Dithionite

; P reduced (5 mM) and treated with 25 mM DMSO. (c) Dithionite
deletion of thedmsoperon and also assembles a significant reduced (5 mM) and treated with 25 mM fumarate. Specré d

concentration of FrdABCD into the cytoplasmic membrane. re the same as spectra@ except that the samples contained 0.2
Figure 5 shows EPR spectra recorded at 12 K of DSS301/mM HOQNO. Dithionite reduced membranes were incubated under
pDMS160 membranes containing overexpressed DmsABC, argon for 5 min at 23C prior to being frozen. Following addition
showing the effects of dithionite reduction and subsequent gf D'\{'SO or f“marfgeasa“d“p'etﬁ were i”.CUbateg.I.or a_f“trther 2 ”t"'i“-
additions of DMSO and fumarate. Figure 5a shows the 15?5 ﬁigiﬁgsg%ofve#r]zoe:nvﬁ n‘z&y&%ggg&m%;mg& Lre,
spectrum of DSS301/pDMS160 membranes reduced with 100 kHz. Spectra were corrected for protein concentration to a
dithionite. Noticeable in this spectrum are peakg at2.05, nominal 30 mg mt™.

2.02, 1.99, 1.96, and 1.94 as well as troughg at 1.92

and 1.88. The peak gt= 2.02 and the peak-trough gt= Likewise, addition of fumarate (Figure 5f) causes diminution
1.94 can be attributed largely to the [2Fe-2S] FR1 cluster of of the features attributable to FrdABCD, resulting in a
FrdABCD (Trieberet al, 1994; Werthet al,, 1990). The spectrum containing the features attributable to the DmsABC
peaks ag = 2.05, 1.99, and 1.96, as well as the trouglgat [Fe-S] clusters (and a contribution from the partially oxidized
= 1.88, can be attributed to the spectrum of the DmsABC FR3 cluster). These data indicate that HOQNO is able to
[Fe-S] clusters (Rothery & Weiner, 1991; Trieber al,, block electron transfer between FrdABCD and DmsABC.
1994). Addition of DMSO (Figure 5b) or fumarate (Figure Figure 6 shows the results of a similar Q-pool coupling
5¢) to dithionite reduced DSS301/pDMS160 membranes experiment performed with DSS301 membranes (DSS301/
diminishes the features attributable to both the DmsABC and pDMS160-DmsB-C102S) containing overexpressed
FrdABCD reduced [Fe-S] clusters with the concomitant DmsABC?C. The spectrum of dithionite reduced DSS301/
appearance of the oxidized FR3 cluster spectrum. These datpDMS160-DmsB-C102S membranes (Figure 6a) comprises
indicate that the redox states of the DmsABC and FrdABCD peaks agg = 2.05, 2.02, 1.96, and 1.94 as well as troughs at
[Fe-S] clusters are coupled via the MQ pool, in agreement g = 1.92 andy = 1.88. The peak aj = 2.02 and the peak-
with our previous study (Rothery & Weiner, 1991). Figure trough atg = 1.94 can again be attributed to the FR1 cluster
5d—f shows equivalent spectra for samples prepared in theof FrdABCD. The remaining features of the spectrum can
presence of the MQHanalog HOQNO. In this case, be assigned to the reduced [4Fe-4S] clusters of Dr¢AE,
addition of DMSO (Figure 5e) causes diminution of the which has a significantly altered spectrum compared to the
features of the dithionite reduced spectrum of DmsABC but wild-type enzyme (Rothery & Weiner, 1991; Triebatral,

has little effect on the features attributed to FrdABCD. 1994) (cf. Figure 1le and Figure 3g). Addition of DMSO
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Ficure 7: Effect of HOQNO on the [3Fe-4S] cluster line shape in
| L 1 | DmSsABC2WC and DmsAB102T in HB101 membranes oxidized
3200 3400 3600 3800 with 0.15 mM ferricyanide. The DmsABO"C [3Fe-4S] cluster
Field intensity (Gauss) spectrum in the absengtla\ozc% (a) and in the presence of 0.2 mM
. ; .o HOQNO (b); the DmsA [3Fe-4S] cluster in the absence of
FIGURE 6: Q-pool coupling assay of DSS301 membranes containing .
overexpressed DmsABIZT. Spectra were of samples prepared (¢) @nd in the presence of 0.2 mM HOQNO (d). Spectra were
as described for Figure 5: &) assay in absence of HOQNO: recorded as described for Figure 1 but with a narrower field scan
(d—f) assay in presence of 0.2 mM HOQNO. width (500 G).

J
3000

causes diminution of the DmsAB2 spectrum (Figure 6b) ~ Minor perturbations of thg = 1.94 peak-trough region were
but has little effect on the spectrum of the FrdABCD FR1 Cc@used by the addition of HOQNO, and no significant effect

cluster, indicating that the Dm&&2mutation blocks electron ~ €ould bgz detected in spectra of DmsRET and
flow from MQH, to the [Fe-S] clusters of DmsB. Signifi- DmsABC2"C in dithionite-reduced HB101 membranes (data

cantly, addition of fumarate to dithionite-reduced membranes N°t shown). Figure 7 shows EPR spectra recozrded using a
containing DmsAB°2C causes diminution oboth the narrow g’go G) sweep width of oxidized DmsAB2AC and
FrdABCD spectrum (resulting in the appearance of the FR3 DMSAB?2T in HB101 membranes in the absence (Figure
signal) and the DMSABF1%2C spectrum (Figure 6¢). This  /P:d) "’C‘?O‘g presence (Figure 7a,c) of HOQNO. In
indicates that electron flow from MQHo DmsB is biocked ~ DMSAB=**T, HOQNO elicits a significant change in the

in the DmsB%2Smutant but that electron flow in the opposite  POsition of theg = 2.01 peak-trough, moving it 9 = 2.00.

direction is not. When these experiments are repeated in | N€ Position of theg = 2.03 peak remains unaltered in the
the presence of HOQNO (Figure 68, electron flow is presence of HOQNO. Surprisingly, the effect of HOQNO

blocked in both directions (cf. Figure 6¢,f). Similar results ON the [3Fe-4S] cluster line shape of the Dri¥B"mutant
were obtained by using the DmSB2W mutant (data not 'S much reduced (Figure 7a), with only minor changes being
shown). detected in they = 2.01 region.

Interaction of a MQH Binding Site with the [3Fe-4S] In order to confirm that the observed changes in the EPR
Cluster of the DmsB92 Mutants Three characteristics of ~ line shape of the DmsB%Scluster elicited by HOQNO are
the DmsE1%2 mutant DmsABC led us to speculate that the due to specific HOQNO binding to DmsABC and not due
Emz= —50 mV [4Fe-4S] cluster ligated primarily by Cys to @ more general HOQNO induced effect on membrane
group Il may be associated with an MQH|nd|ng site of structure, we carried out HOQNO blndlng titrations USing
the holoenzyme: (i) in DmsAB92T and DmsABLO2C the HB101 membranes containing overexpressed Dni3%&8C
blockage of forward electron transfer detected using the (data not shown). The HOQNO effect was titratable and
Q-pool coupling assay affects all of the [Fe-S] clusters of reached a maximum at around 2fM in membranes
DmsB, indicating that th&,; = —50 mV [4Fe-4S] cluster ~ containing approximately 15M DmsAB*'%* (determined
may be the point of entry for electrons passing from MQH DY quantitations of EPR spectra recorded at 12 K using 2
to the molybdenum cofactor of DmsA,; (ii) the unidirectional MW microwave power). No additional changes in the EPR
electron transfer catalyzed by these mutants is consistent withSPectrum were observed with increasing concentration, even
a functional association of th&, ; = —50 mV cluster with ~ at2 mM HOQNO. However, due to the size of the shifts in
a MQH, binding site; and (jii) theEn 7 = —50 mV cluster theg = 2.01—1.99_peak trough region, it was not possible
appears to be thermodynamically competent to acceptto accurately estimate th&, for HOQNO binding to
electrons direct|y from MQH (Em'7 = —70 mV) We DmsABC192C using the HOQNO bll’ldlng titration data (data
therefore studied the effect of the MQ@tdnalog HOQNO ~ hot shown).
on the EPR line shape of reduced DmsABC, DmS®RB&TC, The presence of DmsC has been shown to be necessary
and DmsAB1?"C. These studies were carried out using for MQH; binding and oxidation (Sambasivarao & Weiner,
E. coliHB101, a strain which assembles high concentrations 1991), in a manner similar to that proposed for the anchor
of plasmid encoded DmsABC into the cytoplasmic mem- subunits of FrdABCD, FrdC and FrdD (Weinetral., 1986;
brane (Rothery & Weiner, 1991; Triebet al, 1994). In Westenberget al, 1990). We have previously generated a
dithionite-reduced HB101 membranes containing DmsABC, mutant of FrdC (Frd€82R) which inhibits MQH oxidation
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Table 3: Enzyme Activities of Membranes Containing Amplified
Levels of Wild-Type and Mutant DmsABC

growth  Q-pool BV**:TMAO activity®

enzyme onGD* coupling  DSS301 HB101
DmsABC + + 73 133
DmsABC102C - - 76 112
DmsABC102%C - - 53 159
DmsABCHE5R - +/- 55 99
DmsABC1025CHESR - - 68 148
DmsABC102WCHESR - 70 165

a Ability of the mutant enzymes to support growth with DMSO as
respiratory oxidant Forward electron transfer from MQkb DmsABC
detected in the Q-pool coupling assay in DSS301 membranes-"
indicates an incomplete inhibition detected with DmsABE. ¢ Spe-
cific BV*":TMAO oxidoreductase activities in units gimol of BV**
oxidized per mg of membrane protein per min.

by FrdABCD (Weineret al, 1986). Comparison of the
sequence of DmsC with that of FrdC suggests that the
equivalent residue in DmsC is H65. We therefore generated
a DmsC'®R mutation and double mutants DmsAB?CHESR

and DmsAB102WCHESR tg study the effect of the Dm$ER
mutation on the HOQNO induced [3Fe-4S] cluster line shape
change. DmsABE®R has a similar phenotype to that of
FrdABCH82RD, It is unable to support respiratory growth
on DMSO, and it inhibits MQHR oxidation observed using
the Q-pool coupling assay but retains considerabletBV
TMAO oxidoreductase activity (Table 3). However, in
contrast to the reported results with FrdAB23D (Weiner

et al, 1986), no stabilized radical species was observed by
EPR (at 12 or 100 K) in the enzyme under turnover
conditions in DSS301 membranes (data not shown). Com-

parison of spectra of reduced HB101 membranes containing

DmsABC102C, DmsABS02WC, DmsABC192CHESR - and
DmsABCL02WCHSSR indicate that the DmsSR mutation has
little effect on the concentration of the EPR detectable [4Fe-
48S] clusters assembled into these mutant enzymes (data n
shown).

Figure 8 shows the effect of the DmER mutation on
the DmsB1925 and DmsB%?W [3Fe-4S] cluster EPR line

shapes. Figure 8a,b shows the effect of HOQNO on the EPR

line shape of oxidized DmsAB®. Figure 8c is the
spectrum of HB101 membranes containing DmSRECHER
and Figure 8d shows that the effect of HOQNO on the
position of theg = 2.01 peak-trough is almost eliminated in
this double mutant. Surprisingly, equivalent spectra of
HB101 membranes containing DmsAB?CHESR (Figure
8e,f) suggest that the DmS&R mutation has a direct effect
on the environment of the DmSB?W [3Fe-4S] cluster,
resulting in a decrease in the intensity and broadening of its
EPR signal. As with the DmsAB92<CHé5R [3Fe-4S] spec-
trum, HOQNO has little effect on the DmsAB2WCHESR
[3Fe-4S] EPR line shape.

DISCUSSION

The results presented herein indicate that in the two
mutants of DmsB, DmsAB%C and DmsAB9C, thek, ;
= —50 mV [4Fe-4S] cluster ligated primarily by Cys group
Il of the wild-type enzyme is replaced by &, ;7 = +220
to +260 mV [3Fe-4S] cluster. We have also confirmed by
EPR studies of the MQH oxidoreductase activities of
DmsABC12C and DmsAB2WC, and the effect of HOQNO

Rothery and Weiner

(d)

U\/_,
U\_///_

Ficure 8: Effect of the Dms@55R mutation on the HOQNO effect

on the DmsB1925and DmsB102W[3Fe-4S] clusters. Spectra a and

b are of HB101 membranes containing DmSABYT, in the
absence of (a) and presence of (b) 0.2 mM HOQNO. Spectra ¢
and d are of membranes containing Dm$ABTH6R in the
absence of (a) and presence of (b) 0.2 mM HOQNO. Spectra e
and f are of membranes containing DmsSABWCHESR in the
absence of (a) and presence of (b) 0.2 mM HOQNO. EPR
instrument conditions were as described for Figure 7. Samples were
oxidized with 0.15 mM ferricyanide.

functionally and conformationally linked to a MQHHO-
QNO) binding site of DmsC. The data indicate that
DmsC'°R may be a component of this site. By extrapola-
tion, we conclude that th&, 7 = —50 mV cluster of the
wild-type enzyme is also functionally and conformationally

dinked to this MQH binding site and is an important

component of the electron transfer pathway through DmsB
to the molybdenum cofactor of DmsA. This is further
supported by the thermodynamic competency ofEhe =
—50 mV cluster of DmsABC to accept electrons from MQH
(Em7 = —70 mV). These conclusions are also consistent
with topographical data which suggests that the Df%B
[3Fe-4S] cluster (and thg, 7= —50 mV cluster of the wild-
type enzyme) is located approximately 21 A from the
cytoplasmic side surface of DmsAB?<C and close to the
cytoplasmic-side membrane interface (Rothery & Weiner,
1993), a position consistent with a role for thg; = —50

mV [4Fe-4S] cluster in electron transfer from a M@H
binding site located in DmsC.

Models for the interaction of ferredoxin-like Cys groups
with [4Fe-4S] clusters indicate that the first three Cys
residues (&—Cc¢) provide three ligands to one cluster, while
the fourth Cys residue ( provides the fourth ligand to a
second [4Fe-4S] or [3Fe-4S] cluster with which the Cys
group is structurally paired (Bruschi & Guerlesquin, 1988;
Mouraet al, 1994). In the bacterial 2[4Fe-4S] ferredoxins
the two [4Fe-4S] clusters exhibit strong spispin interac-
tions, resulting in a major difference between the line shape
of the EPR spectrum of the singly reduced protein and that
of the doubly reduced protein (Prince & Adams, 1987). The
EPR spectrum of DmsABC undergoes a major change in
line shape between the singly reduced st&e € ~—50

on these mutant enzymes, that the [3Fe-4S] clusters aremV) and the doubly reduced statBé,(< ~—120 mV) as
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illustrated in Figure 1. The redox behavior of the two highest J. H. Weiner, unpublished results). Further studies are in
potential [4Fe-4S] clusters of DmsABC can be modeled as progress to achieve this aim.
that of two interacting clusters in a 2[4Fe-4S] ferredoxin-  Our assignment of th&,; = —50 mV cluster to Cys
like motif within DmsB (Figure 2b). We can therefore group lll bears interesting comparison with studie&o€oli
conclude, on the basis of the sequence homologies betweemitrate reductase NarGHI. NarH contains three [4Fe-4S]
the Cys groups of DmsB and those of the well characterized clusters (Guigliarelliet al., 1992) and one [3Fe-4S] cluster
bacterial 2[4Fe-4S] ferredoxins and the potentiometric (Johnsonet al, 1985a) with Eyg3s of +60 ([3Fe-4S]
behavior of DmsABC followed by EPR, that thg, 7 = —50 cluster), +80, —200, and—400 mV ([4Fe-4S] clusters).
mV and E,7 = —120 mV [4Fe-4S] clusters comprise a Mutations of the NarH Cys group | result in the loss of the
2[4Fe-4S] ferredoxin-like motif within DmsB. As thg, is Emss = +80 mV [4Fe-4S] cluster (Augieet al, 1993a),
reduced below-120 mV and the two low potential clusters the highest potential cluster of the enzyme, whereas, in
of DmsABC become reduced, it is not possible to determine DmsB, mutations of Cys group 1l (Dm$B? result in loss
if there are similar interactions betweé&n,; = —240 mV of the highest potential cluster. However, there are a number
and thek,, 7 = —330 mV [4Fe-4S] clusters. This is largely of differences between the DmsB and NarH which may
due to the overall complexity of the EPR spectrum of the explain this difference in the apparent ligation of the highest
multiply reduced enzyme, which arises from the four potential clusters. First, NarH is relatively large compared
interacting reduced [4Fe-4S] clusters. to DmsB (NarH, 512 aa; DmsB, 207 aa), and the spacings
EPR spectra of potentiometrically poised F36 membranesbetween its Cys groups are somewhat different (Blaetco
containing overexpressed DmsABT indicate that the  al., 1989). Secondly, studies of NarGHI have been carried
conversion of one of the [4Fe-4S] clusters of the wild-type out on purified preparations of the NarGH dimer which lacks

enzyme to a [3Fe-4S] cluster results in the loss ofghe the Narl membrane anchor and cytochrome subunit (Augier
1.99 spectral feature which we have assigned to the-spin et al, 1993a,b; Guigliarellet al, 1992), whereas our work
spin interaction between the,; = —50 mV andEy,; = on DmsB has been performed on the membrane-bound

—120 mV [4Fe-4S] clusters. This suggests that the [4Fe- DmsABC holoenzyme. Thirdly, the membrane anchor
4S] cluster of DmsABC which is converted to a [3Fe-4S] subunit of NarGHI, Narl, is a cytochrome (Chaudhry &
cluster in DmsAB1°?C corresponds to one of the two MacGregor, 1983). Consequently, the electron transfer
highest potential clusters. Careful analyses of the line shapethrough the [Fe-S] clusters of NarH may not follow an
changes in the spectra of Figure 3, the effecEgpbn the equivalent route to that through DmsB, resulting in a different
appearance of thg = 2.04-2.05 peak (Figure 4b), and the overall pattern ofE, ;s in the [Fe-S] clusters of the two
relative spin concentration (Figure 4c) indicate that the [4Fe- enzymes.

4S] cluster that is missing in the DmSB2S mutant is the The conversion of the [4Fe-4S] cluster ligated by Cys
Emz = —50 mV cluster. Given that the overall changes group Il of DmsB of the wild-type enzyme to a [3Fe-4S]
imposed on the structure of DmsB by the change in cluster cluster changes the, 7 of the cluster ligated by C102 from
type ligated by Cys group lll from a [4Fe-4S] cluster to a —60 mV to betweernt+220 and+260 mV, a change of
[BFe-4S] cluster should be relatively minor (compared to, between 280 and 320 mV. In FrdABCD the FR3 cluster
for example, the total loss of the cluster), we have assignedhas been converted to a [4Fe-4S] cluster by generating a
Cys group Il as providing three ligands to thg 7 = —50 FrdBY297C mutant (Manadorgt al, 1992). In this case the
mV [4Fe-4S] cluster. This assignment has important im- Ey 7= —70 mV [3Fe-4S] cluster is changed into B ; =
plications for the assignment of the other Cys groups to the —350 mV [4Fe-4S] cluster, a change 7 of 280 mV
three remaining potentiometrically identified [4Fe-4S] clus- between the two cluster types. In the Dri$B mutants
ters of DmsABC. A model for the interaction of the there is a difference iy, 7 of around 40 mV between the
polypeptide chain with the four [4Fe-4S] clusters has been [3Fe-4S] cluster with a Trp and Ser at the @bsition. This
proposed in which Cys groups /Il and III/IV comprise two suggests that the nature of the residue at th@dsition of
2[4Fe-4S] ferredoxin motifs (Weineet al, 1992). This the [3Fe-4S] cluster ligating Cys groups may play a role in
could arise evolutionarily as the result of a gene duplication defining theEn, 7 of the cluster.

event and would result in the assignment of Cys group IV We have used the Q-pool coupling assay (Rothery &
as providing three ligands to th&, ;= —120 mV [4Fe-4S] Weiner, 1991; Triebeet al, 1994) to re-evaluate the effect
cluster. However, consideration of the spacing of the Cys of the DmsB%25and DmsB1%2W mutations on the electron
groups and comparisons with the large number of sequencedransfer between DmsABC and the M@pool. It is clear
available for bacterial 2[4Fe-4S] ferredoxins suggests afrom the data of Figure 6 that in DmsAB?<C electron
second possible model. This would arise evolutionarily from transfer is blocked in the physiologically forward direction
a gene insertion event, resulting in a protein in which Cys (from MQH, to DmsA), whereas electron transfer in the
groups II/Ill comprise an 2[4Fe-4S] ferredoxin motif which reverse direction is still possible. There are a number of
has been inserted into a similar motif comprising Cys groups possible explanations for the unidirectional electron transfer
I/IV. This would result in the assignment of Cys group Il catalyzed by the DmsB®2 mutants of DmsABC:

as providing three ligands to th&, ; = —120 mV [4Fe-4S] (1) The change of cluster type ligated by Dnt§Bcauses
cluster of the wild-type enzyme. However, by generating a perturbation of the MQH binding site with which it is
number of site-directed mutants of other Cys residues in associated, resulting in a change in the relative affinities of
DmsB, we have been unable to obtain enough mutants whichthe site for MQH versus menaquinone (MQ). The affinity
express well and assemble to high concentrations in theof the DmsB%? mutant enzymes could have a negligible
cytoplasmic membrane to be able to generate a comprehenaffinity for MQH, compared to MQ, resulting in essentially
sive assignment of the four Cys groups to the four poten- complete inhibition of MQH oxidation in response to the
tiometrically identified [4Fe-4S] clusters (R.A. Rothery and addition of DMSO.
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(2) DmsABC may possess more than one MQlte, one
of which has a high affinity for MQ, and the other having
high affinity for MQH,. In the DmsE'% mutants electron
transfer from the MQH binding site would be disrupted,
while electron transfer to the MQ binding site would not.

Rothery and Weiner

associated with this His residue, or that the conformational
link between the MQElbinding site and the [3Fe-4S] cluster
is disrupted by the DmstSR mutation. The effect of the
DmsC%Rmutation on the line shape of the DmM3BW[3Fe-

4S] cluster suggests that Dnf88and DmsCE®® are in close

This explanation bears interesting comparison with a number proximity in the holoenzyme.

of other enzyme systems. Structural and kinetic studies of

Our conclusion that th&y,; = —50 mV cluster ligated

the bacterial photoreaction center have clearly shown thatby Cys group Il of DmsABC has an important role in MQH

this complex contains two quinone binding sites, thea@d
Qg sites (Ermleret al, 1994; Okamura & Feher, 1992), the

oxidation bears interesting comparison with results obtained
using mutants of FrdABCD. By generating a mutant of the

Qa site has a tightly bound quinone and functions to transfer E,, 7 = —70 mV [3Fe-4S] FR3 cluster binding domain of

electrons to the @site which is in dynamic equilibrium with
the quinone pool. Similar Qg binding sites have been
proposed forE. coli FrdABCD (Westenberget al., 1990,
1993), but, in this case, the function of thg §te is proposed

to be the reduction of MQ (or quinone analogs) and function
of the & site is proposed to be the oxidation of M@br
quinol analogs). Mitochondrial complex lll (cytochrorbe)
also contains two quinol/quinone binding sites which are
central to the mechanism of the protonmotive Q-cycle (Q
and Q) (Trumpower, 1990). Potentiometrically poised
mitochondrial complex Il (succinate:ubiquinol oxidoreduc-

FrdB (FrdB’*%°9, Cecchini and co-workers (Cecchigtial.,
1995) were able to show an apparent hydroxyl radical
dependent inactivation of FrdABCD under aerobic conditions
which was alleviated by HOQNO. These workers proposed
that a close FR3 clusteMQH, binding site interaction is
responsible for the aerobic generation of hydroxyl radicals
by FrdABP°QCD. It is also notable that the [3Fe-4S] to
[4Fe-4S] cluster conversion elicited by the FFdBC mutant
also led to a significant decrease in the ability of Frd/AB>

CD to transfer electrons to and from quinol analogs (Ma-
nadoriet al, 1992). Given these results with FrdABCD, it

tase) has been shown to contain two interacting semiquinolis perhaps not surprising that in DmsABC there is an

radicals (Ruzickat al., 1975; Salerno & Ohnishi, 1980). In
E. colicytochromebo, two quinone binding sites have been
identified, the @ and the Q sites, @ being a high-affinity
binding site and Qbeing a low-affinity binding site (Sato-
Watanabest al,, 1994). Thus, a common theme is emerging
for quinol oxidation via two binding sites in many of these
oxidoreductases, and it is possible that DmsABC also
contains two such sites.

The effect of the MQEHanalog HOQNO on the EPR line
shape of the DmsB%2S[3Fe-4S] cluster is good evidence
that the cluster (and by extrapolation, thg; = —50 mV
[4Fe-4S] cluster of the wild-type enzyme) is conformationally
and functionally linked to a MQH binding site. The
different behavior of the DmsB°?Sand DmsB1%?Y mutants
with respect to HOQNO binding is further evidence for this.
The Trp side chain appears to be sufficiently bulky to
interfere with the HOQNO effect of the [3Fe-4S] cluster line
shape. The effect of HOQNO on the Dn{3fS[3Fe-4S]
cluster line shape is reminiscent of the effect of a number
of respiratory chain inhibitors on the EPR line shape of the
Rieske [2Fe-2S] cluster of mitochondrial cytochroing
(Trumpower, 1990; von Jagow & Ohnishi, 1985). The role

interaction between a MQtbinding site and the [4Fe-4S]
cluster most thermodynamically appropriate to accept elec-
trons from this quinol.

The transmembrane topology of DmsC has recently been
studied using a combination bfaM andphoAgene fusions
(Sambasivaraet al,, 1990; Weineret al,, 1993), and it has
been proposed that DmsC forms eight transmembrane helices
across the cytoplasmic membrane. In the proposed topology,
DmsC™5 is placed close to the periplasmic surface of the
cytoplasmic membrane. We have previously shown that the
[3Fe-4S] cluster of the DmsB®?S mutant is located ap-
proximately 21 A below the cytoplasmic side surface of
DmsABC102%C, approximately parallel with the membrane
surface level (Rothery & Weiner, 1993). EPR studies of
the DmsAB and DmsAB!?Sdimer indicated that the [3Fe-
48] cluster of the DmsB%Smutant either is not assembled
into the dimer or is extremely labile. These results indicated
that the DmsB!025[3Fe-4S] cluster is located near the inside
edge of the membrane extrinsic DmsAB dimer. Thus, there
is an apparent conflict between the location of DSC
determined from EPR studies of the intact holoenzyme and
its location determined from gene fusion experiments which

of the Rieske center is to accept one electron from the destroy the overall structure of the holoenzyme. It is possible

oxidation of ubiquinol at the gxsite of this enzyme (the other
electron is transferred to one of the hemgy, It is possible

that the membrane-spanning part of transmembrane helix Il
(which bears the Dmst residue) may have to be adjusted

to speculate that a broadly similar role can be assigned toin the model of DmsC (Weineet al, 1993) to move the

theEn 7= —50 mV [4Fe-4S] cluster of wild-type DmsABC;
electron transfer through DmsB would start at this cluster.

position of this residue closer to the cytoplasmic side surface
of the model. There is a large periplasmic loop after

It has previously been shown by complementation analysesDmsC® in the model which could accommodate modifica-
(Sambasivarao & Weiner, 1991) that DmsC is necessary fortions to make it more consistent with the biophysical data.

MQH; binding and oxidation by DmsABC. To further these
studies, we generated a mutant in DmsC, DH{&Tin which
physiological MQH oxidation is inhibited. By generating
DmsB-192Sand DmsB1%2W double mutants with DmsSR

Alternatively, it is possible that the introduction of the
positively charged Arg may affect the assembly of helix Il
into the membrane. However, we believe that this latter
explanation is unlikely to be valid, as it would have severe

we have been able to explore the interaction between theimplications for the insertion and potential orientations of

region around Dms®*R and the mutant [3Fe-4S] cluster of
DmsB. The Dms@%R mutation appears to almost abolish
the HOQNO effect on the [3Fe-4S] cluster line shape
2.01 peak-trough, suggesting that the D& mutation
interferes with HOQNO binding at a quinol binding site

the other transmembrane helices of DmsC, which would
presumably have a negative effect on the association of
DmsAB with DmsC.

Overall, the data presented herein indicates the importance
of the En7 = —50 mV [4Fe-4S] cluster of DmsB in
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mediating electron transfer from MQkb DMSO. We have
shown that mutants of Dm$B2 in which this cluster is
replaced by a [3Fe-4S] catalyze unidirectional electron
transfer from DmsB to MQ. The Dm$B? mutant [3Fe-

4S] cluster appears to be conformationally and perhaps

spatially linked to a MQH binding site of the holoenzyme.
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