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ABSTRACT: Bacillus azotoformanss a Gram-positive denitrifying soil bacterium, which is capable of
respiring nitrate, nitrite, nitric oxide, and nitrous oxide under anaerobic conditions. It contains a unique
menaquinol-dependent nitric oxide reductase ((GDR) with a Cw center in its small subunit. The
gCwuNOR exhibits menaquinol-dependent NO reductase activity, whereas reduced horse heart cytochrome
¢ was inactive. Here we describe the purification of three membrane-bowytiochromes fromB.
azotoformansTheir apparent molecular masses on SIPAGE are approximately 11 kDa. At neutral

pH, thesec cytochromes are negatively charged andBhédor all is close to 150 mV. Only one of these

¢ cytochromes, which exhibits am-band maximum at 551 nm, acts as a direct electron donor ta-qCu
NOR. Further investigation demonstrated that this cytochrogmgpossesses two lipoyl moieties, which
presumably function to anchor it to the membrane. Steady-state kinetic studies reveal that cytochrome
Css1 1S @ noncompetitive inhibitor of NO reduction when menaquinol is used as an electron donor. This
finding points to the presence of two different electron donation pathways iaRNGR. The ability of
gCuNOR to accept electrons from both menaquinol and cytoch@gmenight be related to the regulation

of the rate of NO reduction especially as a defense mechani@narotoformanagainst the toxicity of

NO. Growth experiments in batch culture indeed show Baazotoformanss highly NO tolerant, in
contrast to, for exampleRaracoccus denitrificanshat has a monofunctional cytochromalependent

NOR. We propose that the menaquinol pathway, which has a 4-fold greater maximal activity than the
pathway via cytochromess,, is used for NO detoxification, whereas electron donation via the endogenous
cytochromec involves the cytochromésf complex serving the bioenergetic needs of the organism.

Denitrification is one of the main branches in the global b and finally to a dinuclear center where the reduction of
nitrogen cycle, which yields nitrogen gas from nitrate via NO occurs.
nitrite, nitric OXide, and nitrous OdedI A key enzyme in The second type of NOR is a menaquin0|_dependent NOR
denitrification is nitric oxide reductase (NOR)which is (QNOR) as purified fromRalstonia eutrophg(12) or the
responsible for the formation of the-\N bond. Three types  hyperthermophilic archaeoRyrobaculum aerophilurti.3).
of bacterial NORs have been purified so far§), and they  The purified gNOR consists of a single subunit and compared
all belong to the superfamily of heme-copper oxidases. The to NorB contains an N-terminal extension 8280 amino
first type is a cytochroméc complex, cNOR. This type of  acid residues proposed to bind quinone. Sequence analysis
NOR has been purified from Gram-negative bacteria, e.g., indicates that this extension can fold into two transmembrane
Paracoccus denitrificand?seudomonas stutzeendPara- o-helices connected by a hydrophilic domaid), Surpris-
coccus halodenitrifican@—7). The purified cNORs consist  ingly, the sequence of this N-terminal extension is similar
of two subunits: a heme-containing subunit (NorC) and a  to that of the NorC subunit of cNORs. Therefore, gNOR
hemeb-containing subunit (NorB). The physiological elec- has been suggested to be a fusion of NorC and NorB that
tron donors of cNOR are membrane-bound and soluble has lost the heme center and obtained a quinol-binding
cytochromec or pseudoazurin1l{ 8—11). The primary site during evolution14).
electron acceptor in cNOR is the hemia the NorC subunit. The third type of NOR is a two-subunit NOR, giNOR,
Subsequently, the electron is transferred to a low-spin hemewhich has been purified so far only from the Gram-positive
bacteriumBacillus azotoformang§l5). The purified qCu-
NOR exhibits a menaquinol-dependent NO reductase activity
and contains Cuin the small subunit, which is unique to

TThis study has been financed by a grant from the Indonesian
Ministry of Education to Suharti and by the European Union program

Biotechnology (Project SENORA BI04-98-0507). NORs. The Cy center is known as an electron carrier in
*To whom correspondence should be addressed. Fa31 15 cytochromec oxidases (e.g., cytochronaeg oxidase, cyto-
2782355. E-mail: s.devries@tnw.tudelft.nl. ; ;
! Abbreviations: NOR, NO reductase; NIR, nitrite reductase; NAR, Chrome CQE\; oxidase, a_n.d cytochromba, oxidase) and
nitrate reductase; qGMOR, menaquinol- and cytochromes:-de- nitrous oxide reductase; in all these enzymes, &ccepts
pendent nitric oxide reductase; PMS, phenazine methosulfate. electrons from cytochrome (16—20). In gCuWNOR, ascor-
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bate can act as a substrate directly. However, reduced horsgradient (from 0 to 0.5 M), and the cytochrorodraction

heart cytochrome was inactive with qCWNOR, although

eluted between 0.3 and 0.4 M NacCl. Final separation was

it did stimulate the activity in the presence of ascorbate and performed using an isoelectric focusing column (Mono P).

PMS. Since many Gucontaining oxidases can be assayed
with horse heart cytochromg it seemed likely that qGu
NOR would contain a cytochrome binding site, too, in
addition to that for menaquinol. The cytochroméinding
site is thus expected to be analogous to that ig-€antaining
cytochromec oxidases, and we considered the possibility
that only a specific endogenous cytochromef B. azoto-
formanswould be able to donate electrons efficiently to this
site.

In this communication, we report the purification of
membrane-bound-type cytochromes frorB. azotoformans
and their interaction with gGINOR. We have purified three
different cytochrome species fronB. azotoformansnem-

The Mono P column was equilibrated first with Bis-Tris-
HCI (pH 6.3) containing 0.05% lauryl maltoside. The
cytochromec fraction was equilibrated with the same buffer.
Elution was performed with polybuffer PBE 7-4 (Amersham
Bioscience). In this pH range, two fractions of cytochrome
eluted at pH~5 + 0.5 and~4 + 0.5, and a red band
remained bound to the column. This latter red fraction eluted
with water and had an apparent pl of 8 0.5 on the
isoelectric column.

Cyclic VoltammetryFor voltammetry, a 1QiL droplet
containing 56-150 uM protein [in 20 MM potassium
phosphate buffer (pH 7.0) with 1 mM EDTA and 0.03%
dodecyl maltoside] was placed between the tip of the

branes; one of these was found to be capable of donatingreference electrode and the horizontal working electrode disk

electrons to qCAMNOR. Since menaquinol is capable of
donating electrons to gGNOR as well, this makes qGu

(wetted electrode are#& 10 mn¥). The working electrode
was a 12 mm diameter glassy carbon disk (type V25, Le

NOR a unique bisubstrate NO reductase. We propose thatCarbon Loraine), polished with @m Metadi Diamond

the menaquinol- and cytochronsedependent pathways are
active in NO detoxification and in denitrification, respec-
tively.

EXPERIMENTAL PROCEDURES

Compound spray on a Microcloth polishing cloth (both from
Buehler), rinsed with water, and dried. The polished glassy
carbon is rich in oxidized carbon functionalities, and therefore
will not be sufficiently hydrophobic to promote the adsorp-
tion of a blocking monolayer of surfactant, especially not at

Purification of Endogenous Membrane-Bound Cytochrome the low concentration of dodecyl maltoside present in the

c. B. azotoforman&/as grown anaerobically, and membranes

solution (0.03%).

were purified as described in r&b. The membranes from The reference was a saturated calomel electrode (SCE)
200 g of wet weight cells were diluted to 10 mg/mL protein with porous pin (Radiometer K401), and a platinum wire
in 50 mM Bis-Tris buffer (pH 6.5) containing 1 mM EDTA.  was used as the counter electrode. The electrodes and droplet
Dodecyl maltoside was added dropwise to a final concentra- of solution were mounted in a closed glass sef), (which

tion of 0.6% (w/v) from a 10% stock solution, with slow was flushed with wetted argon. Staircase cyclic voltammetry
stirring. The suspension was then incubated on ice for 15was performed with an Autolab PSTAT 10 electrochemical
min and centrifuged at 150060for 60 min. The clear  analyzer (EcoChemie) equipped with an Electrochemical
supernatant was applied directly to a Q-Sepharose columnDetection module for increased sensitivity, and controlled
(5 cm x 20 cm) equilibrated with 20 mM Bis-Tris (pH 6.5), by GPES 4.8 software. All potentials are reported with
1 mM EDTA, and 0.03% dodecyl maltoside. The column reference to the normal hydrogen electrode (NHE), based
was washed with 1 bed column volume of the equilibration on a potential of 244 mV for the SCE at 2&.

buffer, and elution was performed with a linear NaCl gradient ~ Small-Scale Growth of Cells for Studying NO Tolerance.
(from 0 to 0.5 M). Fractions containing cytochronee B. azotoformanandPa. denitrificanswvere grown aerobically
stimulating NOR activity eluted between 0.1 and 0.2 M NaCl and anaerobically as described in réfsand7, respectively.

and actually coeluted with NOR. The cytochroowas then A 100 mL bottle was filled with 20 mL of cell suspension
separated from NOR by passing it through a Bio-Scale from aerobically (Ow = 0.6) or anaerobically (O =
Ceramic hydroxyapatite column equilibrated with 10 mM 0.6) grown cultures oB. azotoformansr Pa. denitrificans.
potassium phosphate buffer (pH 7) containing 0.1% dodecyl The cell suspensions were then incubatedftn under 5%

maltoside. Cytochrome did not bind while NOR was
retained by the column. Cytochroneefractions were then

NO (yielding a 100uM NO solution) under continuous
stirring. After this treatment, the cells were serially diluted,

applied to a butyl-Sepharose column equilibrated with 20 plated on brain heart infusion agar, and grown aerobically

mM phosphate buffer (pH 7L M ammonium sulfate, and

for 20 h at 34°C. The number of colonies was compared to

0.2% dodecyl maltoside. Before the samples were appliedthe number in similarly treated control cells, incubated
to the butyl-Sepharose column, solid ammonium sulfate was without NO.

added to a final concentrationf d M and the mixture
incubated on ice for 1 h. Elution was performed by a

MiscellaneousThe qCuNOR was purified according to
the method described in rdb, and NO reductase activity

decreasing linear ammonium sulfate gradient (from 1.0 to was measured according to methods described inrrafsl

0.0 M), and the cytochrome fraction eluted between 0.3

15. To determine the nature of the covalently bound lipid,

and 0.1 M ammonium sulfate. Fractions were pooled, and purified cytochromec was incubated with lipase from
ammonium sulfate was removed by dialysis using a dialysis Rhizopus arrbizu§Sigma). The digested cytochrormeavas
membrane with a 3.5 kDa cutoff. The ammonium sulfate then appliedd a 1 mLbutyl-Sepharose column. The column

free fraction was then applied to a Mono Q column (1 cm
x 10 cm) equilibrated with 20 mM Tris-HCI (pH 8) and

was equilibrated with water containing 0.1% TFA, and
cytochromec was eluted with a linear acetonitrile gradient

0.1% dodecyl maltoside. After the column had been washedcontaining 0.1% TFA. Both native PAGE and SBBAGE

with 1 bed volume, elution was performed with a NaCl

were performed using the Phastgel Homogenous High-
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Table 1: Properties of CytochronweFractions Eluted from a MonoP Column

absorbance maxima midpoint molecular NOR activity

pla y-, p-, anda-bands (nm) potential (mV) mass (kDa) stimulation
cytochromecss; 5+05 415.2,522.2, 550.9 143 10480.2 yes
cytochromecsso 4+ 05 415.8, 521.9, 550.5 147 1G480.2 no
cytochromecss; 3+05 416.2,522.9, 551.6 154 1G480.2 no

a2The pl was determined using isoelectric focusing PAGE and Mon

oP column chromatography.

A B

12.4 kDa THERSSE. =

|Sest et it o 1. 25 R

Ficure 1: Native PAGE and SDSPAGE of purified ¢ cyto-
chromes. (A) Native PAGE of membrane-bound cytochromes
purified from the cytoplasmic membraneBf azotoformand_anes
1-3 contained cytochromess,, cytochromecsso, and cytochrome
Css1, respectively; lane 4 contained cytochromg, purified from

Ps. aeruginosa (B) SDS-PAGE pattern of membrane-bound
cytochromes purified from the cytoplasmic membrane Bof
azotoformansLanes 5 contained horse heart cytochrorog
cytochromecss,, cytochromeessg, cytochromeess;, and cytochrome
Css1 from Ps. aeruginosarespectively.

Density system purchased from Pharmacia. Denatured cy-

tochromec was prepared in the presendeédV urea. Heme
staining was performed using the method described by
Thomaset al. (22). UV—vis spectra were recorded using a
DW2000 UV-vis spectrophotometer. Nitrate reductase and
nitrite reductase activities were measured using reduced
plumbagin as the electron donor, and NADH dehydrogenase
was measured using plumbagin as the electron acceptor
Reduction or oxidation of plumbagin was monitored spec-
troscopically at 419 nme(= 3.95 mM* cm™1). Cytochrome

bef activity was measured using reduced plumbagin as the
electron donor, and the reduction of horse heart cytochrome
¢ was monitored spectroscopically at 550 nem=t 20.5
mM~tcm™).

RESULTS

Purification and Characterization of Membrane-Bound ¢
Cytochromes.Three types of membrane-bourd cyto-
chromes (cytochromessg, Css1, andcssy) were successfully
purified from the cytoplasmic membranes Bf azotofor-
mans Six steps of column chromatography which included
ion exchange, ceramic hydroxyapatite, hydrophobic interac-
tion chromatography, and finally isoelectric focusing column
chromatography (Mono P) were employed. Three cyto-
chromes apparently copurified in the first five columns and
were separated only on the isoelectric focusing column. Table

cytochromecss; from Pseudomonas aeruginoshsplayed

two bands. The faint upper bands correspond most likely to
partially denatured forms. Figure 2 shows YVis spectra

of the oxidized and reduced state of each type of cytochrome
c. The a-bands had slightly but clearly different maxima;
the three cytochromes are named after theltand maxima
(see also Table 1). EPR spectroscopy indicated that all three
cytochromes display highly anisotropic spectra with, af

3.45, characteristic of low-spin hemes (data not shown).

NOR activity assays using the endogenous membrane-
boundc cytochromes (at 14@M) revealed a stimulating
activity only in the presence of reduced cytochromeg
(Figure 3A). After addition of qCuMNOR to the buffer
containing NO and reduced cytochrorog;, a significant
rate of NO consumption was achieved. The slope of the
activity traces employing the two other cytochromes did not
change after addition of qGMOR (data not shown),
indicating less than 1% of the stimulating activity obtained
with cytochromecss;. The calculated maximum turnover
number with cytochromess; as the electron donor is 41 NO/
s. This is lower than the maximal turnover number obtained
with menaquinol, which was 153 NO/$5). A Lineweaver-
Burk plot yields an apparemt,, of 4.5uM for cytochrome
Css1 (Figure 3B).
~ Smallc cytochromes are anchored to the membrane via a
transmembrane-helix or by (close to) N-terminal covalently
bound lipids 23—26). Cytochromecs;; is anchored to the
membrane via a covalently bound lipid. Figure 4 displays
the elution profile on the butyl-Sepharose column of
undigested and partially lipase digested cytochrame
Undigested cytochromes; migrates as a single peak. Two
additional peaks with shorter elution times were obtained
after incubation with lipase for 3 and 7 h. These two peaks
likely represent cytochromes;; having lost one and two
lipoyl moieties, respectively2@, 27). Unfortunately, because
of proteolytic activity in the lipase preparation, incubation
could not be performed for periods longer than 7 h,
preventing complete conversion (data not shown).

The electrochemical properties of the three cytochromes
were studied with cyclic voltammetry. As shown in Figure
5, stable quasi-reversible voltammograms were obtained for
all three fractions. Midpoint potentials of 143, 147, and 154
mV versus the NHE are determined for cytochrome,
cytochromecss;, and cytochromess,, respectively, and are

1 summarizes the features of the three cytochromes. Theyindependent of scan rate. The peak amplitudes increase

are negatively charged at neutral pH with apparent isoelectric
focusing points of 5.6t 0.5, 4.0+ 0.5, and 3.0+ 0.5 for
cytochromecss;, cytochromecssg, and cytochromecss,
respectively. Under native and denaturing conditions, all three
cytochromes migrated with apparent molecular masses of
approximately 11.0 kDa (Figure 1). On SBBAGE in the
presence ©6 M urea, the three cytochromes from.
azotoformansand both horse heart cytochrome and

proportionally with the square root of the scan rate, as
expected for diffusion of the cytochromes to the electrode
surface (data not shown). However, the peak separations are
larger than the expected separation of 58 mV for diffusion-
limited voltammetry. Even at a scan rate as low as 2 mV/s,
the peak separations are still 79, 96, and 83 mV for
cytochrome cssp, cytochromecss;, and cytochromecss,,
respectively. At higher scan rates, the voltammograms
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Ficure 2: UV—vis spectra of membrane-bound cytochromes: ) Oxidized state-¢-) and dithionite-reduced state (- - -): (A) cytochrome
Css0, (B) cytochromecss;, and (C) cytochromess,. (D) Overlay of spectra of dithionite-reduced samples ofdHeand region of cytochrome
Csso (O), cytochromecss; (—), and cytochromess; ().
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Ficure 3: Stimulation of the qCANOR activity by cytochromesss;. (A) After anaerobiosist(= 0), 5% NO gas was flushed into the
reaction vial, yielding a solution of 100M NO. Reduced cytochromess; and qCUWNOR were then added (note that traces of oxygen in
the solution of cytochromess; lead to a rapid, albeit small, decrease in the NO concentration directly after the additiorudfl B4ochrome

Css1). (B) LineweaverBurk plot of 1/gCuNOR activity vs 1/[cytochromess]. In these experiments, the reduced cytochrome was regenerated
by ascorbic acid.

broaden further, yielding increasing peak separations, butpurpose, plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinol),
constant midpoint potentials. juglone (5-hydroxy-1,4-naphthoquinol), and lapachol [2-hy-
Steady-State Kinetics with Menaquinol Detiives and ~ droxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinol] wik, 7
Endogenous Cytochromesg Since the menaquinol mena- Vvalues of —40, —33, and —310 mV, respectively. The
diol is relatively poorly soluble in aqueous solution, we have midpoint potential of menaquinol is74 mV (28). Plum-
studied alternative substrates as electron donors. Threebagin and juglone were active with g§NIOR, in contrast
different hydroxylated naphthoquinols were studied for this to lapachol. Figure 6A displays a curved NO reductase
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Ficure 5: Cyclic voltammograms of cytochronwes; (A), Csso(B),

andcss; (C). The cytochromes were dissolved in 20 mM potassium

phosphate buffer (pH 7.0, 1 mM EDTA and 0.03% lauryl

maltoside). Protein concentrations were between 50 ang:l/60

The crosses indicate zero current. The scan rate was 2 mV/s
18 min (staircase parameters, = 0.5, AE = 1.22 mV), with a filter
constant of 1 s.

165min |
l uM. An increase in the rate of NO consumption was still
20 min observed, similar to the NO consumption when plumbagin
1 is used as the electron donor (see Figure 6A) because of the

decrease in the extent of NO substrate inhibition. After
approximately half of the total NO concentration was
consumed, the cytochronesgs; became reduced by ascorbate
and the rate of NO consumption decreased. In other words,
. . . the electron flow via cytochromess; to qCuNOR inhibits
elution time (mln) the electron flow from reduced plumbagin. Figure 7B shows

Ficure 4: Elution profile of cytochromess; treated for various a noncompetitive pattern of inhibition for electron delivery

times with lipase. (A) Undigested cytochrorog; eluting after 20 by plumbagin an_d ferrOC_ytO_Chrom%sl, suggesting the
min. Spectra B and C are cytochromg, after digestion with lipase ~ presence of the different binding sites for the two substrates

for 3 and 7 h, respectively, yielding two additional peaks with menaquinol, a natural quinol Bacillussp., and cytochrome
shorter elution time at 18 and 16.5 min, respectively. Css1 (29). The Ko, of reduced plumbagin is unaffected, and

activity trace with plumbagin (or juglone, not shown) as the the turnover number is decreased by the presence of
electron donor. Nonlinear activity traces have been observedcytochromec with a calculated; of 5.2uM, a value similar
before by emp'oying ascorbate and PMS as the e|ectront0 Its Km. The rate of NO I’edL_JCtI_OI’I |.n the presence Obeth
donor (7) or menaquinol 13). The nonlinear traces are due Cytochromecss; and plumbagin is higher than the activity
to NO substrate inhibition caused by the formation of a With cytochromecss; alone, indicating simultaneous electron
ferric—nitrosyl intermediate {3). The Ky, values for plum-  delivery from both plumbagin and cytochrorg;.

bagin and juglone are determined to be 256 and A1 NO Tolerance in \io. To test whether the two NO
(Figure 6B), respectively. The maximum turnover numbers "eduction pathways in gGNOR could play a potential role
with plumbagin and juglone as the electron donor are 150 i NO detoxification,in vivo NO tqlgrance was dgt_e_rmlned
and 118 NO/s, respectively. We have chosen plumbagin for N B. azotoformansand the denitrifyerPa. den!trlflcans
further study for two reasons. First, the turnover number is (Table 2). The results show that azotoformanss much
higher than that of juglone. Second, the structure of plum- More tolerant to high levels of NO thdPa. denitrificans
bagin is more similar to that of the natural menaquinol Further, the tolerance for NO d8. azotoformanggrown

regarding the presence of a methyl group at position 2 of under denitrifying conditions is much higher than in aerobi-
the naphthalene ring. cally grown cells. The qGINOR activity is expressed at

A steady-state kinetic study using both plumbagin and much higher levels in denitrifying cells froB. azotoformans

cytochromecss; as electron donors was performed. Figure (0-64 umol mgll m|.n_1l) than in aerobically grown cells
7A shows the effect of oxidized cytochrontgs; on the  (0-022umol mg™ min™%). The same holds fdPa. denitri-
plumbagin-dependent activity. After addition of the enzyme, ficans which has CN?R _‘"“itl'v'ty much higher in denitrifying
a slow NO consumption was observed due to the presence’®!lS (0'5?“”?01{“@ min™) than in aerobic cells (0.009
of the electron donor ascorbic acid. After addition of reduced #Mol Mg min™).

plumbagin (26Q:M), the rate of NO consumption increased

to a similar rate as seen in Figure 6A. Whe20% of the DISCUSSION

total NO concentration (2xM) was consumed, oxidized The existence of a Gicenter in the menaquinol-dependent
cytochromecss; was added to a final concentration of 75 gCuNOR purified fromB. azotoformanged to the question
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Ficure 6: qCu,NOR activity with hydroxylated naphthoquinols as electron donors. (A) Trace ofMOR activity using reduced plumbagin
as the electron donor. (B) Data points of gBIOR activity were measured using juglone as the electron d@)carfd plumbagin®). The
lines through the data points are linear least-squaresits (
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Ficure 7: Inhibition of menaquinol-dependent activity by membrane-bound cytochimge(A) gqCunNOR was added to the buffer
containing 10 mM ascorbic acid to regenerate reduced cytochcgmefter~2 min, reduced plumbagin was added. Approximately 1 min
later, cytochromesss; was added (B). Various concentrations of cytochramige and plumbagin were used as electron donors foragCu
NOR, yielding a pattern typical for a noncompetitive inhibition.

of whether an endogenous cytochromenight serve as a 58 mV expected for diffusion-limited voltammetry, indicative
physiological electron donor to this enzyme. The results in of slow electron exchange between the heme prosthetic group
this paper support this suggestion. and the electrode surface. The heterogeneous electron transfer
We have successfully purified three negatively charged rate constants (& = E;,) are estimated to be6 x 1074,
cytochromes from theB. azotoformas membranes. The 3 x 1074 and 5x 10 % cm/s for cytochromess;, Csso, and
molecular masses of thesecytochromes are-11.0 kDa. Csso, respectively 80). Because a freshly polished glassy
The midpoint potentials of the membrane-bounayto- carbon surface is slightly hydrophobic and also contains
chromes are approximately 100 mV lower than that of horse negatively charged carboxyl groups, we speculate that the
heart cytochrome. The peak separation observed in the preferred orientation of the cytochromes is with the hydro-
cyclic voltammetry experiments is larger than the value of phobic tail toward the electrode, while the heme is most
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cytochromec with a 100 mV higher reduction potential
cannot act as an electron donor to gROR.

Unlike Gram-negative bacteria, Gram-positive bacteria
lack an outer membrane and only have a small periplasmic
B. azotoformans 9.6 921 space. Respiratory enzymes and electron carriers, which are
Pa. denitrificans 0.0 0.6 . . . .

normally located in the periplasmic space of Gram-negative

* Cells from aerobically or anaerobically (NQ grown cultures of - pactaria  are usually membrane-bound in Gram-positive
B. azotoformanandPa. denitrificanswvere incubated fo2 h under an y

atmosphere of 5% NO, yielding 108M NO in solution. After this ~ Pacteriafacing the periplasmic spaga-36). When purified
treatment, the cells were plated aerobically and the number of survivors Cytochromecss; was incubated with lipase, its mobility on
was compared to the number for similarly treated control cells, butyl-Sepharose increased, yielding two new peaks indicating

incubated in the absence of NO. The number of plated control cells in the presence of a covalently bound lipid consisting of two
each experiment was approximately k510" lipoyl moieties. The covalent attachment of lipids to protein
N-terminal cysteine residues is an important general mech-
anism for anchoring smalk-type cytochromes to the
cytoplasmic membrane of Gram-positive bactefd) (and

so in Gram-negative bacteria such as the photosynthetic
reaction center irRhodopseudomonagridis (26).

Table 2: Percentage of Cells Surviving 5% NO Treatrhent

% surviving cells

aerobically grown anaerobically grown on RO

likely located on the opposite, negatively charged side of
the protein. Such an orientation results in a relatively large
distance between the heme and the electrode surface and th
in slow electron transfer. Some effect on electron transfer
kinetics due to binding of dodecyl maltoside to hydrophobic - .
regions of either the protein or the electrode surface cannot 1he ability of gCUNOR to accept electrons simulta-

be excluded. However, the polished glassy carbon is rich in "€0Usly via two different sites from endogenous cytochrome

oxidized carbon functionalities, and therefore most likely not Css: @nd menaquinol is a unique feature among the nitric
sufficiently hydrophobic to promote the adsorption of a oxide reductases. In addition, such a dual electron pathway

blocking monolayer of surfactant, especially not at the low has uUp to now not been reported for any member of the
concentration of dodecyl maltoside present in the solution SuPerfamily of heme-copper oxidases. We suggest that the
(0.03%). menaquinol binding site is located in subunit | close to the
The low midpoint potentials of the thrd azotoformans ~ 10W-Spin hemey, similar to the location of the quinol-binding
cytochromes compared to that of mitochondrial cytochrome Sit€ of cytochromenos; oxidase fromEscherichia coli(37).

¢ are probably caused by their net negative charge, whichN-Términal sequence analysis of subunit | of gROR
stabilizes the ferric state, while the positive charge of the (résidues +29, MTKKNTQEVVKEGREGIGTFIGVGIV-

mitochondrial cytochromes favors the ferrous state. Only GAV) indeed shows a considerable homology (21% identical
cytochromecss;, which has a pl of 5.6t 0.5 and arE, of and 52% similar) with cytochromiao; oxidase fronE. col..

143 mV, was found to act as an electron donor to gCu The unique electron transfer to g{NOR led to the
NOR. The fact that the endogenous cytochrotgg is a following question. Why doe$. azotoformansneed to
negatively charged cytochronwewith a midpoint potential employ both menaquinol and cytochrorog,; as electron
lower than that of horse heart cytochromeserves as an  donors for qCWNOR? It is generally observed that exog-
explanation why the highly positively charged horse heart enous NO is toxic. Mammalian cells, including human cells,

cyt Css0

[NO] low

————» Cyt bﬁf £ Cytess) ]
IK,, plumbagin = 40 uM
|

: Cyt Cssy
|

NAD+ menaquinone - —|-
| I

> NAR
IK“ plumbagin =41
NADH :uM
dehydrogenase "

|
|
= ——

NADH menaquinol £ —> NIR e

IK,, plumbagin=43.5 um
|

K,, eyt ¢s5,=4.5uM

---, NOR <

K, plumbagin = 256 uM
[NO] high

Ficure 8: Electron flow diagram from NADH to NAR, NIR, and NOR. Two electron pathways from menaquinol to qCUANOR might
exist postulated to be controlled by the NO concentration. Those are a direct electron transfer from menaquind@Rj@then the NO
concentration is relatively high) and an extended electron pathwawgi@mmplex, yielding a proton gradient and reduced cytochrosge
(when the NO concentration is relatively low).
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produce nitric oxide as an antimicrobial agent against a broadendogenousc cytochrome involves the cytochromiasf

spectrum of pathogens suchldsisseria meningitide38),
Citrobacter rodentium(39), Salmonella typhimuriung40),
andMycobacterium tuberculos{gl). It is unclear, however,

complex and serves the bioenergetic needB.cdzotofor-
mans

which NO concentration is lethal. A knockout mutation of REFERENCES

NO reductase ifPs. stutzershows a denitrification-negative 1
phenotype due to accumulation of NO in the growth medium

(42). In the Gram-negative bacteria, suchPass stutzerand 2.

Ps. aeruginosand Pa. denitrificans the concentration of
NO during steady-state denitrification is less than 65 nM

(1, 43). It has been reported thBt azotoformansigorously 3.

grows in the presence of nitrate, nitrite, and nitrous oxide
(44). Under 10% NO (200uM in solution), the cell
suspension was reported to reduce NO, although growth was
absent 44). We observed that anaerobically inducBd
azotoformanssurvived after incubation fo2 h under 5%

NO (100uM), in contrast toPa. denitrificans(Table 2). It 5
is further seen that aerobically grov azotoformanss

much more NO tolerant than anaerobically growa. 6.

denitrificans even though in both organisms the activities
of their respective NO reductases are low. However, the 7
finding that anaerobically grown cells &. azotoformans
but notPa. denitrificansare much more NO tolerant than
aerobically grown cells, in conjunction with their greatly
increased levels of qGNOR, strongly suggests that this
enzyme is specifically responsible for the increased NO
tolerance in addition to its role in denitrification.

The fact that anaerobically growra. denitrificanswhich
has similar levels of NO reductase activity is not NO tolerant
further indicates that it might be the bifunctional activity of
the qCWNOR, especially the menaquinol-dependent one,

which is responsible for this. In this respect, the observation 11,

that pathogens employ gNORs rather than cNORs may be
relevant. We propose that at high NO concentrations a fast
electron delivery to qG4NOR might be needed for NO
detoxification. This is effectuated by menaquinol directly,
thus bypassing thésf complex. However, when the NO
concentration reaches the steady-state value for dissimilatory
denitrification, more menaquinol will be oxidized via thgf
complex pathway, yielding reducedytochromes, including
cytochromecss;, which subsequently inhibits the menaquinol-
dependent qGINOR activity (Figure 8). This proposal is

supported by two experimental observations. First, the direct 15,

electron pathway from menaquinol analogue plumbagin has
a 4-fold greater maximal activity than the pathway via
cytochromecss;. The second is the relativié, values for
plumbagin for the various enzymes. We founé&a value

for plumbagin of 40uM when it couples to cytochrome
reduction via thebsf complex, and of 41 and 43/&M for
nitrate reductase and nitrite reductase, respectively. These
latter values are all much lower than tKg for plumbagin

for the reduction of NO by qGINOR (256 uM). Unlike
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