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ABSTRACT: In Gram-positive bacteria and other prokaryotes containing succinate:menaquinone reductases,
it has previously been shown that the succinate oxidase and succinate:menaquinone reductase activities
are lost when the transmembrane electrochemical proton potepials abolished by the rupture of the
bacteria or by the addition of a protonophore. It has been proposed that the endergonic reduction of
menaquinone by succinate is driven by the electrochemical proton potential. Opposite sides of the
cytoplasmic membrane were envisaged to be separately involved in the binding of protons upon the
reduction of menaquinone and their release upon succinate oxidation, with the two reactions linked by
the transfer of two electrons through the enzyme. However, it has previously been argued that the observed
Ap dependence is not associated specifically with the succinate:menaquinone reductase. Definitive insight
into the mechanism of catalysis of this reaction requires a corresponding functional characterization of an
isolated, membrane-bound succinate:menaquinone reductase from a Gram-positive bacterium. Here, we
describe the purification, reconstitution into proteoliposomes, and functional characterization of the diheme-
containing succinate:menaquinone reductase from the Gram-positive badserilhas licheniformisand,

with the help of the design, synthesis, and characterization of quinones with finely tuned oxidation/
reduction potentials, provide unequivocal evidenceAprdependent catalysis of succinate oxidation by
quinone as well as foAp generation upon catalysis of fumarate reduction by quinol.

Succinate:quinone oxidoreductases (SQYRE 2) are the reduction of fumarate by quinaf)( In mitochondria and
integral membrane protein complexes, which couple the two- some aerobic bacteria, succinate:ubiquinone reductase, also
electron oxidation of succinate to fumarate (succinate  known as succinate dehydrogenase from the tricarboxylic
fumarate+ 2H" + 2e7; Ewz = +25 mV (3)) to the two- acid (TCA or Krebs) cycle and as complex Il of the aerobic
electron reduction of quinone to quinol (quinohe2H" + respiratory chain, catalyzes the mildly exergonic reduction
2e  — quinol) as well as catalyzing the opposite reaction, of succinate by ubiquinone (Ew7 (Q/QH) = +90 mV

(3)), which is not directly associated with energy storage in
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"Johannes Gutenberg-Universitdainz. face a thermodynamic problem in supporting the catalysis

1 Abbreviations: G;Es, polyoxyethylene 9-dodecyl ether; CCCP, ; i
carbonyl cyanidem-chloro-phenylhydrazone; DDMn-dodecyls-p- of this reactionin vivo.

maltoside; DMN, 2,3-dimethyl-1,4-naphthoquinone; DMAFR,3- In Gram-positive bacteria, such &acillus subtilisand
dimethyl-1,4-naphthoquinol; DTE, dithioerythritol; DTT, dithiothreitol; ~ Bacillus licheniformisand other prokaryotes containing
EMN, 2-ethyl-3-methyl-1,4-naphthoquinone; EMNR-ethyl-3-methyl- succinate:menaquinone reductases, the succinate oxidase and

m;{;ﬁht?gggo';ZEs(?A?r’ni’tﬁgﬁgﬂ?ﬁ%gﬁgﬂ{ﬁfit_rt%';]lzféHﬁ]rl)z,.o' succinate:menaquinone reductase activities are lost when the

FAD, flavin adenine dinucleotide; Fum, fumarate; HNN, 2-hydroxy- transmembrane electrochemical proton potentis, is
3-neopentyl-1,4-naphthoquinone; MMAN, 2-methyl-3-methylamino- abolished by the rupture of the bacteria or by the addition

1,4-naphthoquinone; MMANHK 2-methyl-3-methylamino-1,4-naph-
thoquinol; MOPS, 34N-morpholino] propanesulfonic acid; PL, of a protonophore?, 8 9). It has been proposed that the

phospholipid; QFR, quinol:fumarate reductase; SQR, succinate:quinone€Ndergonic redUCtiO':‘ of menaquinone py succinate is driven
reductase; SQOR, succinate:quinone oxidoreductase. by the electrochemical proton potentia).( The protons
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resuspended in 25 mM MOPS buffer (pH 7.0), 20 mM
MgSQ,, 5 mM malonate, 2 mM DTT, 2 mM arginine, 1
mM EDTA, 0.1 mM PMSF, and 3% (w/v) GEs (polyoxy-
ethylene 9-dodecyl ether) to a protein concentration of 6.5
mg/mL and left for solubilization under continuous stirring
at 6°C for 1 h. Centrifugation at 100 0gCfor 45 min was
performed to remove the unsolubilized material. The super-
natant was transferred into 30 mM MOPS (pH 7.0) buffer
containing 2 mM malonate, 2 mM DTT, and 0.05% (w/v)
Ci2E9 (buffer A) by subsequent pressure dialysis (cutoff
100—-300 kDa). The material was applied then to a HiLoad
Q-Sepharose (Amersham) ion exchange column. The ad-
sorbed protein was eluted by increasing the KCI concentra-
tion gradually from 50 to 500 mM. Fractions absorbing at
415 nm were pooled and transferred into 25 mM MOPS (pH
7.0) buffer containing 2 mM malonate, 2 mM DTE, and

from Gram-positive bacteria and the reaction catalyzed. The SQR 0-02% (w/v) DDM (-dodecyl$-p-maltoside) (buffer B) by

subunits are (from top to bottom) A, B, and C. Thé¢ype heme

pressure dialysis (cutoff 166800 kDa). This material was

groups are indicated by white diamonds. The positive (outside) and applied to a RESOURCE-Q (Amersham) anion exchange
negative (inside) sides of the cytoplasmic membrane are indicated..qlumn and washed with buffer B over 15 column volumes

) ] . i and eluted with 350 mM KCI. As the last isolation step, a
consumed in the reduction of menaquinone were envisagedrsk 4000 size exclusion chromatography was performed
to be taken up from outside of the bacte8a10), whereas  in pyffer B. The eluting fractions that absorbed at 415 nm
the protons liberated upon succinate oxidation were releasedyegre pooled and designated as the SQR sample. The
to the cytoplasm (Figure 1). The two reactions are linked proteoliposomes were prepared as descriligd 17) with
by the transfer of two electrons through the enzyti 12). the exception that SQR froB. licheniformiswas used. For
If succinate oxidation by menaquinone were driven at the yrotegliposomes prepared under these conditions, it was
expense of\p, the reverse reaction, fumarate reduction by founq that for a membrane protein complex of very similar
menaquinol, catalyzed by the same enzyme, should generate,mposition and topology, the proteoliposomes contained the
aAp across the membrane. The latter has indeed been showRyyzyme in a uniform orientation with its hydrophilic subunits
in the case ofB. subtilis cells and isolated membranes qyriented solely toward the liposomal exteridr7).
pontaining succinate:menaquinone reducta@: (—Iowever,' Enzymatic AssaysQuinol oxidation by fumarate was
it has been argued that the observed effect is not associateghgnjtored by measuring quinol-specific absorbance differ-
specifically with the succinate:menaquinone reductdge ( opces. For DMNH] the difference at 270 nm minus 290 nm
Clearly, definitive insight into the mechanism of catalysis (Aé2ro-200= 15.2 mM2-cm™2) was used, and for MMANK]
of this intriguing reaction requires a corresponding functional e gifference at 280 nm minus 320 Ao — Agro= 27.6
characterization of an isolated, membrane-bound succinate:mel,Cmfl) (16) was used. The reduction of EMN was
menaquinone reductase from a Gram-positive bacterium. nqnitored by recording the difference at 270 nm minus 290
Here, we describe the purification, reconstitution into pro- (A€270-200= 15.7 mM-cnY) and that of EQ-0 by the
teoliposomes, and functional characterization of the succi- absorption change at 278 nm+ 14.7 mML-cm™?) (18).
nate:quinone reductase from the Gram-positive bacterium Quinone SynthesisThe syntheses of DMN1Q) and
Bacillus licheniformisand provide unequivocal evidence for  \;viaN (16) have been described previously. The syntheses
Ap-dependent catalysis of succinate oxidation by quinone of 2,3-dimethoxy-5-ethyl-6-methyl-1,4-benzoquinone (EQ-
as well asAp generation upon fumarate reduction by quinol. 0), 2-ethyl-3-methyl-1,4-naphthoquinone (EMN), and 2-hy-
EXPERIMENTAL PROCEDURES droxy-3-neop_entyl-1,4-naphthoquinc_>ne (HNN_) are described
below (see Figure 2 for the respective chemical structures).
NMR spectra were recorded on a Bruker spectrometer
Preparation of Proteoliposome€ells of Bacillus licheni- AM250 operating at aH frequency of 250 MHz. The NMR
formis (DSM 13) were grown in White mediund§), with resonance assignment of carbon atoms were obtained from
40 mM succinate as the C-source under aerobic conditionsDEPT135 experiments2(). Elementary analyses were
to ODs7snm = 2.1 as described in ref @), harvested, and  measured on a Foss Heraeus CHIN-O-RAPID instrument.
suspended in 30 mM K-phosphate buffer (pH 7.0) containing IR spectra were recorded on a Perkin-Elmer spectrometer.
20 mM MgSQ, 2 mM malonate, 2 mM DTT, and 0.1 mM  All reactions were monitored by thin-layer chromatography
PMSF. The solution was homogenized in the presence of (TLC), performed on silica gel POLYgram (Macherey-

Cell Growth, Hawest, Enzyme Preparation, and the

0.05 gL' DNAse and 1 mgnL~*lyzosyme. The cells were
disrupted by sonication (Branson Sonifier 250) output 50%,
(~100 W) 4 x 5 min at 0°C in presence of 1 mM EDTA
and 1 tabletlO0 mL™! Protease inhibitor-cocktail (Roche
Diagnostics GmbH). The unbroken cells were removed by
centrifugation at 500§ for 20 min, yielding a supernatant
that was centrifuged at 100 0§®@or 60 min. The pellet of

Nagel). Chromatographic purifications were done with Merck
silica gel 60. Cyclovoltammetry was measured in dimethoxy-
ethane with tetrabutylammoniumperchlorate as the supporting
electrolyte on platinum working and counter electrodes. The
oxidation—reduction potentialg, are given relative to a Ag/
AgCI reference electrode, with a sweep rate of 50 mV/s.
We have previously shown that the relative results obtained

this centrifugation step was designated as membrane fractionfor different quinones by this procedure (i.e., the differences
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Ficure 2: Chemical structures of quinones used in this work. (A)
2-Methyl-3-methylamino-1,4-naphthoquinone (MMAN), 2,3-di-
methyl-1,4-naphthoquinone (DMN), 2-ethyl-3-methyl-1,4-naphtho-
quinone (EMN), 2,3-dimethoxy-5-ethyl-6-methyl-1,4-benzoquinone
(EQ-0), and the oxidationreduction midpoint potentials of the
associated quinone/quinol pairs relative to that of the DMN/DMNH
couple. (B) Inhibitor: 2-hydroxy-3-neopentyl-1,4-naphthoquinone
(HNN).
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EQ-0.'H NMR (250.13 MHz, CDCJ): 6 (ppm)= 4.00 (s,
6H, 2xOMe;), 2.49 (dd,J = 6.9 Hz, 2H,CH,CHj), 2.03 (s,
3H, CHp), 1.05 (t,J = 6.9 Hz, 3H, CHCH). 13C NMR (62.9
MHz, CDCk): ¢ (ppm) = 184.7; 183.9 (E0), 144.4;
144.2; 144.0; 138.4 (C), 19.6 (GH61.1; 12.9; 11.5 (CH).
Anal. Calcd for G;H1404: C 62.85, H 6.71. Found: C 62.67,
H 6.86. IR (KBr pellet) 3286.11; 2974.66; 2946.70; 2252.45;
1648.84; 1611.23; 1457.92; 1272.79; 1071.26; 865.88'cm
Eo = —780 mV, 90 mV higher than that for DMN/DMNH
(16).

Synthesis of 2-Ethyl-3-methyl-1,4-naphthoquinone (EMN
The synthesis of the title compound was identical to that of
EQ-O0. Instead of 2,3-dimethoxy-5-methyl-1,4-benzoquinone,
2-methyl-1,4-naphthoquinone was uséd. NMR (250.13
MHz, CDCkL): ¢ (ppm) = 8.0 — 7.9 (m, 2H, aromatic
protons), 7.6— 7.5 (m, 2H, aromatic protons), 2.56 (&=
7.5 Hz, 2H,CH,CH), 2.10 (s, 3H, CH), 1.04 (t,J = 7.5
Hz, 3H, CHCHjy). 13C NMR (62.9 MHz, CDCJ): 6 (ppm)
=185.3; 184.4 (E-0), 148.5; 142.8; 132.2; 132.1 (C), 133.3,
133.2,126.2, 126.1 (CH), 20.3 (GK112.9; 12.3 (CH). Anal.
Calcd for GsH1,0,: C 77.98, H 6.04. Found: C 77.78, H
6.07. IR (KBr pellet) 3291.89; 2967.91; 2873.42; 1661.37,
1594.84; 1459.85; 1378.85; 1298.82; 791.64; 715.46'cm
Eo = —870 mV, equivalent to that for DMN/DMNK(16).

2-Hydroxy-3-neopentyl-1,4-naphthoquinone (HNN; NSC
10253). The title compound was synthesized by an alkyla-
tion/epoxidation and acid-catalyzed epoxide cleavage of 1,4-
naphthoquinone. This method was recently successfully
applied by us for the synthesis of 2-decyl-3-hydroxy-1,4-
naphthoquinonel@). The aliphatic side chain was introduced
by radical Hundsdiecker decarboxylatiog1) of 3,3-di-
methylbutanoic acid using silver nitrate and peroxydisulfate.
A mixture o 4 g (25 mmol) of 1,4-naphthoquinone, 3.5 g
(30 mmol) of 3,3-dimethyl-butanoic acid, @i g (6mmol)
of silver nitrate in 60 mL of an acetonitrile/GBl,/water
mixture (5:5:2) was heated at 8C. At this temperature, a
solution of 11.4 g (50 mmol) of ammonium persulfate in 20
mL water was slowly added. After 2 h, the mixture was
diluted with water and extracted twice with dichloromethane,

in redox potential between different quinones) are compa- dried, and concentrated under reduced pressure. The crude

rable to those obtained by measuring the respeatisstu
redox potentials in the proteinl§), provided that the

product was purified by passing through a pad of silica with
hexane/ethylacetate 6:1 as the eluent. Recrystallisation from

guinones possess similar affinities for the protein. The latter methanol gave 3.9 g (68.3%) of 2-neopentyl-1,4-naphtho-
can be concluded to be the case in the present study on thejuinone.!H NMR (250.13 MHz, CDCJ): 6 (ppm)= 8.1
basis of the requirement of similar substrate concentrations— 8.0 (m, 2H, aromatic protons), 7-7 7.5 (m, 2H, aromatic

for half-maximal catalytic rates (Table 3, below).
2,3-Dimethoxy-5-ethyl-6-methyl-1,4-benzoquinone (EEQ-0

The title compound was synthesized starting from com-

mercially available 2,3-dimethoxy-5-methyl-1,4-benzoquino-

ne. The ethyl residue was introduced by a radical Hunds-

diecker decarboxylatior2() of propanoic acid using silver
nitrate and peroxydisulfate in an acetonitrile/water mixture.
A mixture d 1 g (5.43 mmol) of 2,3-dimethoxy-5-methyl-

1,4-benzoquinone, 0.48 g (6.51 mmol) of propanoic acid,

and 0.25 g (1.45 mmol) of silver nitrate in 30 mL of a
acetonitrile/water mixture (5:1) was heated at’80 At this

protons), 6.8 (s, 1H, CH), 2.6 (s, 2H, @ 0.9 (s, 9H,
3xCHg). ¥3C NMR (62.9 MHz, CDC}) 6 (ppm)= 185.2;
184.8 (G=0), 149.5; 132.2; 132.1; 32.4 (C), 137.2; 133.6;
133.5; 126.7; 125.8 (CH), 41.6 (GH 29.6 (CH). Anal.
Calcd. for GsH1602: C 78.92, H 7.06. Found: C 78.96, H
7,18.

In the second step, 2-neopentyl-1,4-naphthoquinone was
converted to la-neopentyl-1a,7a dihydro-naphth[2,3b]oxirene-
2,7-dione viaA?-epoxidation1 g (4.4 mmol) of 2-neopentyl-
1,4-naphthoquinone was dissolved in ethanol (3 mL), and a
solution of alkaline hydrogen peroxide (1.5 mL of 30%04

temperature, a solution of 2.8 g (12.5 mmol) of ammonium 60 mg sodium carbonate in 0.6 mL water) was added. After

persulfate in 10 mL of water was slowly added. After 2 h,
the mixture was diluted with water and extracted twice with

1 h of stirring at room temperature, a solution of alkaline
hydrogen peroxide was again added, and the reaction was

dichloromethane, dried, and concentrated under reducedstirred for an additional hour, during which the yellow
pressure. The crude product was purified by silica chroma- solution became colorless. The solution was diluted with
tography (hexane/ethylacetate 4:1) to give 0.23 g (20%) of water and extracted twice with dichloromethane, dried, and
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Table 1: Purification Table for the Isolation & licheniformisSQR:
fumarate reduction by DMNH
yield protein spec. activity total activity total activity purification
(mg) (U-mg™) L) (%) factor
crude membranes 320 0.8 256 100 1
HiLoad Q anion exchange 54 2.4 129 50.4 3.0
RESOURCE-Q anion exchange 39 2.7 107 41.8 3.4
TSK 4000 gel filtration 11 6.1 67 26.2 7.6
a0ne unit (U) corresponds toAmol of the substrate turned over per minute.
concentrated under reduced pressure to give 0.94 g (88%) ™AV e oo I Ws QFR
of the epoxide!H NMR (250.13 MHz, CDCJ): ¢ (ppm)= !
8.1 — 7.9 (m, 2H, aromatic protons), 7.8 7.7 (m, 2H, oo 1emad || g !
aromatic protons), 3.9 (s, 1H, CH), 2.7 (= 14.2 Hz, 1H, 2 8 = & A e 1o
CH,), 1.5 (d,J = 14.2 Hz,1H, CH), 1.0 (s, 9H, X CHb). v O S = I
13C NMR (62.9 MHz, CDC}) 6 (ppm)= 191.7; 190.1 (& E 12 . B
0), 132.0; 131.5; 127.6; 62.8 (C), 134.4; 134.2; 126.9; 126.5; < 25 & & C

60.8 (CH), 40.3 (CH), 30.9 (CH).

In the last step, the epoxide was cleaved under acetic
conditions to give the inhibitor 2-hydroxy-3-neopentyl-1,4-
naphthoquinone. Then, 0.250 g (1 mmol) of the crude
epoxide was dissolved in 1 mL of concentrated sulfuric acid
and stirred at room temperature for 10 min. The reaction
was diluted with aqueous NaHG@olution and extracted
twice with dichloromethane, dried, and concentrated under
reduced pressure. The crude product was purified by silica
chromatography (hexane/ethylacetate 6:1) to give 0.160 g
(64%) of 2-hydroxy-3-neopentyl-1,4-naphthoquinoriel
NMR (250.13 MHz, CDQ)): 6 (ppm)=8.1— 8.0 (m, 2H,
aromatic protons), 7.7 7.5 (m, 2H, aromatic protons), 7.3
(s br, 1H, OH), 2.5 (s, 2H, C}), 0.9 (s, 9H, X CHs). 13C
NMR (62.9 MHz, CDC}) 6 (ppm)= 185.0; 181.4 (€0),
154.0; 133.0; 129.4; 122.9; 33.9 (C), 134.8; 132.8; 126.9;
126.0; (CH), 36.0 (Ch, 30.2 (CH). IR (KBr pellet):
3359.39; 2360.44; 1664.27; 1644.02; 1593.88; 1369.21;
1272.79; 1215.9 cnt. Anal. Calcd for GsH160s: C 73.75,

H 6.6. Found: C 74.02, H 6,87.

Acidification Measurements, e~ Ratio. The acidification
measurements in the direction of fumarate reduction were
performed as described®). In experiments monitoring the
opposite reaction, in the direction of succinate oxidation,
EQ-0 was used instead of MMAN, and the reduction of the
quinone prior to the reaction was omitted. The enzymatic
reaction was started by the addition of 8 succinate.

Determination ofAW. The generation oAW during the
oxidation of MMANH, by fumarate as catalyzed by the SQR
was measured as described for measurement.asucci-
nogeneFR (16). The opposite reaction, the reduction o
EQ-0 by succinate, was monitored using a TRRlective
electrode, purchased from Microelectrodes, Inc. (Bedford,
USA). Proteoliposomes were suspended in 15 mM HEPES
buffer (adjusted to pH 7.5 with NaOH) containing 100 mM
KCI. The reaction was started by the addition of succinate.
TPP" uptake was calculated from the amplitudes between
the succinate addition and the level where the TPP
concentration reached a minimuAW was calculated as
described 17).

f

RESULTS AND DISCUSSION

In order to establish unambiguously whether the diheme-
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Ficure 3: TSK 4000 gel filtration elution profile of the SQR from
B. licheniformis The black area indicates the absorbance at 280
nm, the superimposed gray area indicates the absorbance of the
heme Soret band at 415 nm. For comparison, the elution maximum
of the QFR fromW. succinogeneis indicated by the dashed line.
The inset shows the SBFAGE of the pooled SQR fractions.
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Ficure 4. Addition of the uncoupler CCCP stimulates the reduction
of EMN by succinate as catalyzed by the proteoliposomal SQR.
Proteoliposomal SQR was unable to significantly support the
reduction of EMN by succinate without the presence of the
uncoupler (black trace). This activity could be inhibited by the
addition of 60uM inhibitor HNN (gray trace with 3Q:M HNN;
the addition of further HNN to 6Q«M is indicated by the gray
arrow).

positive bacteria operate by specific exploitation oAp,

the enzyme fromB. licheniformiswas selected after pre-
liminary screening of the respective enzymes from a number
of Gram-positive bacteria (Supporting Information, Table
S1), purified (Table 1 and Figure 3), reconstituted into
proteoliposomes, and characterized (Figure$ 4nd Tables

2 and 3). For this purpose, in addition to the two quinones
synthesized previously (DMNLY) and MMAN (16)), two
modified quinones (EQ-0 and EMN) and a naphthoquinone
inhibitor (HNN) were synthesized and characterized.

Purification and Oligomerization StateThe genome

containing succinate:menaquinone reductases from Gram-sequence oB. licheniformishas been determine@2), and
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Ficure 5: Catalytic activity of proteoliposomal SQR froB. licheniformis EQ-0-reduction (A) and MMANH oxidation (C) and the
monitoring of the respective generationgbH (B and D). Proteoliposomes (220 of phospholipid) containing the SQR and the respective
quinone substrate (10 mM/mg phospholipid) were suspended infludhed buffer. In the case of MMAN, NaBHvas added to reduce
the quinone, and the reaction was started by the addition of fumarateMpan the case of EQ-0, the reaction was started with succinate
(20 uM), without the previous reduction of the quinone.
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Ficure 6: TPP" and TPB  accumulation upon (A) EQ-0-reduction and (B) MMANIdxidation. TheAW was monitored as the uptake
of TPP' (A) or the uptake of TPB (B) with an electrode sensitive to TPBr TPB", respectively. Proteoliposomes (400 of phospholipid)
containing the SQR and the respective quinone substrate (10 mM/mg phospholipid) were suspendedushedbuffer. Prior to the
reaction, the electrode was calibrated by the addition of TB®PTPB- (solid arrows) as annotated in the plot. In the case of MMAN,
NaBH, was added to reduce the quinone, and the reaction was started by the addition of fumasdde ¢p@n arrow in panel A). In the
case of EQ-0, the reaction was started with succinate«{20open arrow in panel B), without the previous reduction of the quinone.

the proteins encoded by trelhG sdhA and sdhB genes was 13 mL lower than that of the QFR froxv. succino-
have the molecular masses of 23, 65, and 28 kDa, respecgenes which exists as a homodimer of heterotrime2s, (
tively, giving the molecular mass of 113 kDa for the 24). In our case, the results indicate that SQR fr@&n
heterotrimeric protomer. The enzyme was enriched ap- licheniformis exists as a homotrimeric complex of the
proximately 8-fold (Table 1). We obtained a homogeneous heterotrimeric protomer, which is in line with the homotri-
SQR sample with a specific activity of 6.1-tdg™. The mers found for the SQR enzymes fro coli (25) and
retention volume from the gel-filtration column TSK 4000 Corynebacterium glutamicurf26).
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Table 2: Specific Activities (in U/mg) of Succinate Oxidation by EMN as Catalyze® bljcheniformisSQR in the Absence (a) and Presence
(b) of 30 uM HNN

detergent uncoupled
solubilized state sealed proteoliposomes
EMN (in 0.02% DDM) proteoliposomes (+25uM CCCP)
(&) SQR 6.7 n.d. 8.2
(b) SQR+ 30uM HNN 3.4 14 3.1

an.d. = not detectable.

Table 3: H/e™ Ratio Measurements with Proteoliposomes and Associated Specific ActivitigslicheniformisSQR Reconstituted into
Proteoliposomes

redox midpoint
potential difference

quinol (mV) relative to that direction of specific activity S8
substrate of DMN/DMNH ; e transfer H /e ratio (U-mg? protein) (M)
MMANH , —-90 Q— fumarate 0.8 5.1 73
DMNH, 0 Q— fumarate 0 4.8 51
EQ-0 +90 succinate~ Q 0.9 7.4 83

a5 5 is the substrate concentration at which the half-maximal rate is observed.

Inhibitor Synthesis and CharacterizatioWe found a new experiment in the presence of partially inhibiting concentra-
synthetic route for 2-hydroxy-3-neopentyl-1,4-naphthoquino- tions (30uM) of HNN ( blue line in Supporting Information,
ne (HNN) by an alkylation/epoxidation and acid-catalyzed Figure S1) revealed an initial activity in the case of sealed
epoxide cleavage of 1,4-naphthoquinone. This compound proteoliposomes (Table 2), indicating that the reaction in the

inhibits the SQR fromB. licheniformiscompetitively with absence of inhibitor had reached equilibrium too quickly for
an G value of 31uM. us to monitor it in the present experimental setup. These
Substrate Design, Synthesis, and Characterizatidre conclusions are supported by our finding that the addition

determination of the electrogenicity of the catalysis of SQR of the protonophore carbonyl cyanide-chlorophenylhy-
required substrates that provide enough driving force for the drazone (CCCP) to ostensibly inactive proteoliposoBal
catalyzed reaction to establish /. A novel substrate  licheniformisSQR enabled the catalysis of EMN reduction
analogue MMAN was designed and synthesized previously (Table 2; right part of Figure 4). This effect could be inhibited
(16). The advantage of the MMAN/MMANEIcouple is its by the addition of 6Q«M HNN (gray trace in Figure 4)

lower redox potential compared to that of the DMN/DMMNH Generation oAW and ApH. Two components contribute
couple, AE, = —90 mV (16)), thus increasing thAG of to Ap. These are the concentration differences of protons
the reaction fronAG ~ —12 kJ/mol toAG ~ —30 kJ/mol across the membrandpH, and the difference in electrical
under standard conditions at pH X6f and, in principle, potential between the two membrane-separated aqueous

providing sufficient driving force for the establishment of phasesAW. Fumarate reduction by MMANHas catalyzed
Apin the direction of quinol oxidation by fumarate. Catalysis by proteoliposomaB. licheniformisSQR generated ApH
in the physiological direction (succinate oxidation by quino- of 1.2 pH units (Figures 5A and B; Table 3). The'/d"
ne) was monitored using either 2-ethyl-3-methyl-1,4-naph- ratio was 0.8. In the opposite direction, EQ-0 reduction by
thoquinone (EMN) or 2,3-dimethoxy-5-ethyl-6-methyl-1,4- succinate resulted inapH of 1.8 pH units (Figures 5C and
benzoquinone (EQ-0) as electron acceptors. The redoxD; Table 3) with a H/e™ ratio of 0.9. The H/e™ ratios
potential of the EMN/EMNH couple is identical to that of  determined are only slightly lower than the theoretically
the DMN/DMNH; couple, and that of the EQ-O/EQ{9 expected value of 1, and thigH values clearly support the
couple is 90 mV higher (shiftind\G from AG ~ +12 kJ/ scheme depicted in Figure 1. Both the quinone reductase
mol to AG =~ —6 kJ/mol). Here, we report a new synthetic activity as well as theApH generation could be abolished
strategy for EQ-0, for which theoretical studies have been by the addition of the competitive inhibitor HNN. No
performed concerning its conformatio27j, the prediction generation of aApH could be detected with DMN and
of EPR parameters of its radical anid8], and its behavior = DMNH, as respective electron donor or acceptor.
inside a lipid bilayer 29). We also determined the generation A using the
Uncoupler-Stimulated Actity. In spite of supporting  respective substrate couples same as thosaApbt deter-
succinate oxidation by EMN in its detergent-solubilized state, mination. Here, we measured /&% of 72 mV (positive
when reconstituted into proteoliposomd, licheniformis inside) upon oxidation of MMANH by fumarate (Figure
SQR exhibited no detectable enzymatic activity of succinate 6A) and aAW of 184 mV (negative inside) in the physi-
oxidation by EMN (left part of Figure 4 and Table 2). We ological direction, succinate oxidation by EQ-0 reduction
attributed this rapid loss in activity to the unfavorable (Figure 6B). These values also clearly support the scheme
difference in oxidatiorrreduction midpoint potential between depicted in Figure 1. No accumulation of TPBf TPB~
the EMN/EMNH, couple and the fumarate/succinate couple, could be detected with DMN and DMNHas respective
rendering the overall reaction mildly endergonic (see above) electron donor or acceptor (Table 4).
under standard conditions (at pH 7) and apparently not A comparison of the results obtained with the modified
favorable enough, even with a large excess of educt versusquinones with altered redox properties (MMABNHEQ-0)
product, to support sustaineékp generation. Repeating the to the inability of proteoliposome-reconstitut&d licheni-
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Table 4: TPP and TPB Accumulation by Proteoliposomes in the
Steady State of Electron Transport

Ts
substrate  direction of  reporter (mMM/g T Te AW 11.
quinol/quinone e~ transfer  ion used PL) (M) (uM) (mV)

MMANH,  fumarate = TPB~ 2.6 237 114 72

reduction 12.
DMNH; fumarate TPB/TPP* 3000 O

reduction
EQ-0 succinate  TPP" 2.9 159 0.1 184

oxidation

a Proteoliposomes containing SQR were provided with different
guinone/quinol substrates, as indicated in the first column.

formis SQR to support either DMN reduction or DMNH
oxidation without a supporting electrochemical potential
demonstrates that this observation is due to the insufficient
redox potential difference between the DMN/DMMNENd

the fumarate/succinate couple. In conclusion, the experi-
mental data presented here provide strong evidence that
diheme-containing SQRs from Gram-positive bacteria exploit
Ap to support the otherwise thermodynamically unfavorable
oxidation of succinate by menaquinone. We have demon-
strated that these effects are specifically associated with the
activity of SQR.
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