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ABSTRACT. Decylaurachin D is a near-stoichiometric inhibitor of cytochroimé from Azotobacter
vinelandii. Interaction ofdecytaurachin D with the oxidase induces a redshift of thband and Soret

band of ab-type cytochrome, probably-558, suggesting close proximity of the inhibitor binding site to

this haem and hence to the proposed quinol binding domain. The compound does not affect the oxygen
binding site directly as judged from unchanged CO recombination kinetics to ti&edithionite-reduced
enzyme. Although in the presence of ubiquinol-dexytaurachin D containing sample generates levels

of haem reduction and catalytic intermediates similar to the control, the approach to this steady state is
severely inhibited. In addition to the spectral effecte®58,decytaurachin D raises the midpoint potential

of haemb-558, but also lowers that of haelm595. Consistent with the shift in midpoint potentials,
electron backflow from haemito theb-type haems can be observediecytaurachin D inhibited samples
following photolysis of the mixed-valence CO-ligated form of the enzyme. The data showlebgit
aurachin D acts on the donor side of haletB58 without substantially affecting internal electron transfer
rates or the oxygen reduction site.

The cytochromebd complex is a widely distributed proteins. In the case of cytochrorhd, monoclonal antibod-
bacterial ubiquinol oxidask. It has been purified from a ies have been used to localize an 11-amino acid sequence
number of sources, includingscherichia coli(Miller & on subunit | of theE. coli enzyme, close to haetn558,
Gennis, 1983; Kita et al., 1984hotobacterium phospho-  which is likely to form part of the quinol binding domain
reum (Konishi et al., 1986)Klebsiella pneumoniaéSmith (Kranz & Gennis, 1984; Dueweke & Gennis, 1990). These

et al., 1990), andAzotobactervinelandii (Kolonay et al., findings were supported by limited proteolysis with trypsin
1994; Jmemann & Wrigglesworth, 1995), but most studies or chymotrypsin which cleave subunit | at a single site close
have been carried out on the enzymes francoli and A. to the proposed quinol domain and lead to a loss of ubiquinol

vinelandii. TheA. vinelandiiandE. coliforms show close  oxidase activity (Lorence et al., 1988; Dueweke & Gennis,
similarity with regard to genetic and spectral properties, 1991). However, neither treatment affected TMPD oxida-
immunological reactions, and enzyme kinetics (Kranz & tion. Electron flow from ubiquinol to oxygen is also reported
Gennis, 1985a; Kelly et al., 1990&8;nkmann et al., 1995a).  to be inhibited by a number of compounds known to affect
This is further reflected in a high degree of homology in the Q-sites in other systems, including antimycin A, UHDBT,
amino acid sequences as derived from the DNA sequencesHQNO, and aurachins C and D (Miller & Gennis, 1983;
(Moshiri et al., 1991). Jinemann & Wrigglesworth, 1994; Meunier et al., 1995).
The oxidase comprises three haem redox cenite$&8, Among these compounds, the aurachins, quinolone-type
b-595, andd, but no copper. Haern-558, ligated by Hit6 structures and natural products of the myxobacter&tig-
(E. colinumbering (Fang et al., 1989)) and Nfé{Kaysser matella aurantiacgOettmeier et al., 1994), are of particular
et al., 1995; Spinner et al., 1995), is thought to be the primary interest since they are the most powerful known inhibitors
electron acceptor from ubiquinol (Green et al., 1986). Haem of theE. coli bdandbotype oxidases (Meunier et al., 1995).
d forms part of the oxygen binding site. The role of the A number of 3-a|ky| derivatives of aurachin D have been
third haemb-595, which is high spin and pentacoordinate, synthesized (Reil et al., 1994) and were shown to have
is less clear, but it has been suggested that h&eb®s and potencies which are similar to those of the parent compound
d share a common binding pocket and may form a binuclear with membrane-bound cytochrorbe from E. coli (Meunier
center (Hill et al., 1993; D’'mello et al., 1994). etal., 1995). Aurachin D and its derivatives act specifically

Specific inhibitors have long been a useful tool for probing ON cytochromebd, whereas aurachin C (thi-oxide of

structure-function relationships in the active centers of redox aurachin D) and its synthetic analogues are effective on both
cytochromebd and cytochroméo.

We have used the effects decytaurachin D on cyto-
chromebd from A. vinelandiiin order to further characterize
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25.8 mM cmt (Walter Oettmeier, personal communica- potassium phosphate, 1 mM EDTA, pH 7.5, in a sealed
tion). Ubiquinone-1 was a gift from Prof. Richard Cammack. cuvette. Spectra were taken before the measurement to
It was used as an ethanolic stock solution and quantitatedconfirm quantitative formation of the CO-ligated species and
from the borohydride-reducedinusoxidized spectrum using  after the experiment to check for any haémeduction.

an extinction coefficient at 278 nm of 14.0 mMcm* EPR SpectroscopyContinuous-wave EPR spectra were
(Takamiya & Dutton, 1979). Duroquinol was prepared from recorded on a Bruker ESP300 spectrometer fitted with a
the quinone as described previously (Rich, 1981). Stock TE103 rectangular cavity, &9 GHz microwave source, a
solutions of up to 250 mM were made in dimethyl sulfoxide Hewlett-Packard microwave counter, and an Oxford Instru-

containing 10 mM HCL. _ ments liquid helium flow cryostat ESR900.
Organism, Bacterial Growth, and Preparation of Cyto-  Redox Titrations.Conventional anaerobic redox titrations
chrome bd. The cytochroméod overproducing?. vinelandii (Dutton & Wilson, 1974) of cytochrombd (approximately

strain MK8 (Kelly et al., 1990) was a kind gift of Prof. 5 M) were carried out under a nitrogen atmosphere in a
Robert Poole. Growth of cells and preparation of membranes medium containing 50 mM potassium phosphate, 2 mM

were carried out as described by Kedy al. (Kelly et al., EDTA, pH 7.5. Samples also included 3.5 mM glucose,
1990). The cytochroméd complex was purified by the  gjycose oxidase, and catalase, as described above. Redox
method of Jnemann & Wrigglesworth (hemann & Wrig-  potentials were measured in the stirred sample using a glassy
glesworth, 1995). carbon electrode and a Ag/AgCl reference electrode. Redox

Oxidase Actiity. Oxidase activities were measured in & mediators were tetrachlorobenzoquinoBg«340 mV), 1,2-
Clark-type oxygen electrode at 2€, containing 2.5 mL of  naphthoquinone-4-sulfonate (210 mV), 1,2-naphthoquinone
100 mM potassium phosphate, 1 mM EDTA, pH 7.9, and (145 mV), phenazine methosulfate (80 mV), and duroquinol
the substrate ubiquinone-1 plus 2 mM DTT. The reaction (10 mV), all at 50uM. The potential was varied with
was started by adding-510 xg of cytochromebd which  aqditions of sodium dithionite (100 mM stock) or potassium
had been preincubated for 5 min, on ice, ii00f 0.1 M ferricyanide (50 mM stock). After stabilization of the
phosphate buffer, pH 7.9, containing 1 mM phospholipid (I potential, stirring was stopped and the spectrum between 500
a-phosphatidyicholine from soybean, Type IV-S, Sigma). and 700 nm was recorded. Titration curves for individual

Alternatively, duroquinol was used as a substrate in @ haems were derived from measurements using the following
medium containing 50 mM potassium phosphate, 1 MM wayelengths: 562 nm (sample), 546 and 580 nm (references)
EDTA, and 0.05% lauryl maltoside, pH 7.5. Duroquinol is  for haem b-558: 596 nm (sample), 580 and 608 nm
a poor substrate for cytO(_:hrorbeI with a turnover of around (references) for haei595; and 628 nm (sample), 608 and
50 O;s™*at 1 mM duroquinol (pH 7.5), whereas the turover 660 nm (references) for haedh The data represent points
number with ubiquinol-1 reaches\anax of 1000 Q s at  taken in both oxidative and reductive directions.
pH 7.9 (Juemann et al., 1995a) with about half this number

at pH 7.5. Duroquinol was mostly used in optical experi- RESULTS
ments at micromolabd concentrations to allow sufficient o .
time for sample manipulation. As a further advantage, its Determination of the Inhibitor Constant ;K Decyt
use is not restrained by the rate limitation of quinol @urachin D is a potent inhibitor of oxidase activity with
re-reduction, which is observed with the ubiquinol-1/DTT ubiquinol-1 (plus DTT) as electron donor (Figure 1). Similar
system at increased 0.1xM) bdlevels. The preincubation results were obyalned with other q_umpl substrates such as
step of cytochroméd was omitted when duroquinol was ~duroguinol or with endogenous ubiquinol:ga NADH or
used as substrate. malate-sustained respiration (not shown). With TMPD (0.5
Spectrophotometric and Kinetic Measuremen@ptical mM plus 10 mM ascorbate) as substrate, no inhibition was
spectra and multiwavelength kinetics were monitored at room OPserved atecytaurachin D concentrations sufficient to
temperature in the same sample with a single-beam instru-inhibit quinol oxidation by about 95% (not shown).
ment built in house.Decytaurachin D binding spectra were A guantitative measure of inhibitor potency was obtained
recorded on a Varian Cary 210 spectrophotometer using aby titrating the ubiquinol-1 oxidase activitydecytaurachin
spectral band width of 1 nm and a scan rate of 2 nta s D shows very tight binding to the cytochrorbe complex,
Substrates and media were as in oxygen electrode measurdeading to inhibition at approximately stoichiometric amounts
ments. of inhibitor. Therefore, titration data were analyzed by
Carbon monoxide was photolyzed from the dithionite- procedures suggested by Dixon (Dixon, 1972) and Henderson
reduced, ligated form of the oxidase with a frequency- (Henderson, 1972) for tightly binding inhibitors with one
doubled Nd/YAG laser (Spectron Laser Systems, Rugby, inhibitor binding site per protein (Figure 1). The inhibitor
U.K.). This provided a 10 ns pulse of light at 532 nm with  (dissociation) constank;;, for interaction ofdecytaurachin
an energy in excess of 100 mJ/pulse. Kinetic spectra wereD with cytochromebd from A. vinelandii was found to be
constructed from averaged transients taken cyclically at 13+ 3 nM. This value is 3 orders of magnitude lower than
individual wavelengths. the K; of other inhibitors likely to affect the quinol binding
Fast kinetics of internal electron redistribution in cyto- Site such as antimycin A, UHDBT, or HQNCX{( around
chromebd were monitored following initiation of the reaction  5—20 uM (Junemann & Wrigglesworth, 1994)) and com-
by flash photolysis of the one-electron-reduced, CO-ligated pares to aK; close to 10 nM found for the inhibition of
form of the enzyme. This was produced by addition of CO- cytocromebd from E. coli by decytaurachin D (Meunier et
saturated water to “as prepared” cytochroioe in the al., 1995).
presence of 3.5 mM glucose, 500 unit mlcatalase (from The observed; was independent of ubiquinol-1 concen-
bovine liver, Sigma), and 100 units mtglucose oxidase tration. Similar findings with other membrane-bound,
(from Aspergillus niger Type X-2, Sigma) in 50 mM ubiquinol-dependent enzymes have been interpreted as
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Ficure 1: Inhibition of ubiquinol-1 oxidase activity bylecyt

aurachin D. Rates of oxygen consumption by cytochrdou¢29

nM) were measured in 0.1 M potassium phosphate buffer, pH 7.9
at various concentrations of ubiquinol-1 plus 2 mM DTT. Cyto-
chromebd was preincubated with phospholipid as described in
Methods. (A) Plot of fractional activity against inhibitor concentra-
tion at a selected ubiquinol-1 concentration (A) with graphical
analysis according to Dixon (1972). (B) Plot according to Henderson
(1972). The slope gives the inhibitor constét

showing a noncompetitive mode of inhibition (e.g. Brandt
et al. (1988), Friedrich et al. (1994), Musser et al. (1997)).
Spectral Effects of Decyl-aurachin DAs can be seen in
Figure 2A, binding oflecytaurachin D to dithionite-reduced
cytochromebd induces a red shift in the spectrum of one of
the b-type haems, similar to the red shifts observed in the
mitochondrialbc; complex with some inhibitors, e.g. anti-
mycin A or myxothiazol (von Jagow & Link, 1986). This
red shift could be titrated (Figure 2B) at inhibitor:cytochrome
bd ratios comparable to those required in the oxygen
electrode assays (Figure 1A). Ky value of 46 nM with
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Ficure 2: Spectral perturbations induced lofecytaurachin D

binding to cytochroméod. (A) Purified, dithionite-reduced cyto-
’chromebd (1.2 uM) in 0.1 M Hepes (pH 7). Absolute spectra

reduced ), plus 10uM decytaurachin D (- - -) and difference

spectrum {-+). The vertical bar representsA = 0.015 above 500

nm andAA = 0.1 below 500 nm. (B) Titration of théecytaurachin

D-induced red shift. Cytochromed (3 «M) in 0.1 M Hepes (pH

7) was reduced with dithionite. After addition décytaurachin D

from an ethanolic stock solutioin, the optical spectrum was recorded

between 580 and 540 nm. The titration curve was constructed from

the normalized absorbance difference at S&&us 560 nm.

Experimental data are overlayed with a calculated curve using

= 46 nM and 1.2 binding sites.

No spectral effects ofdecylaurachin D on reduced or
oxygenated haerd were observed.

Addition of decytaurachin D from an ethanolic stock
solution had no effect on the EPR spectrum of air-oxidized
cytochromebd at 10 or 50 K except for a line shape change
of theg = 6 signal caused by the ethanol itself (not shown).

Kinetic Effects of Decyl-aurachin DIt has been shown

1.2 binding sites was estimated using a standard binding(Meunier et al., 1995) that the related compound aurachin

equation (Bagshaw & Harris, 1987).
The peak and trough positions in the (reduéeihhibitor)

C, a potent inhibitor of botfbd andbo type oxidases, acts
not at the oxygen reduction site but at or near the quinol

minusreduced difference spectrum are 565 and 560 nm for oxidation site of these enzymes. Analogous experiments

thea-band and 432433 nm and 423424 nm in the Soret
region. Although bottb-type haems have been reported to

were carried out to establigtecytaurachin D as a quinol
antagonist in cytochromied.

contribute to the absorbance around 560 nm, only haem Optical changes in the Soret region (430 nm) were
b-558 shows a sharp spectrum in this region (Koland et al., monitored during turnover with duroquinol. After addition
1984; Lorence et al., 1986), which most likely points to of substrate, a period of steady-state turnover with partial
spectral perturbation of this haem bdgcytaurachin D. It haem reduction is observed (Figure 3). This is followed,
is reasonable to assume close proximity of the perturbedon anaerobiosis, by full reduction of the haem groups.
haem and the inhibitor binding site (Rich et al., 1990), which Although similar steady-state levels of haem reduction and
would also place the inhibitor site close to the proposed oxygen intermediates are reached in thexytaurachin D
quinol domain near this haem (Dueweke & Gennis, 1990). containing sample, the approach to the steady-state following
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Ficure 3: Effect ofdecytaurachin D on the steady-state behavior
of cytochromebd. Formation of turnover intermediates and haem
reduction were recorded optically (at 430 nm) as described in
Materials and Methods. Cytochronbel (0.4 ©M) was suspended

in 50 mM potassium phosphate buffer, 1 mM EDTA, pH 7.5,
containing 0.05% (w/v) lauryl maltoside. The substrate was 0.62
mM duroquinol: (A) control, (B) in presence of 2/0M decy}t
aurachin D.

the initial quinol pulse is markedly inhibited. This suggests
thatdecytaurachin D acts at the electron-input side of haem
b-558.

In addition, CO recombination to dithionite-reduced cy-
tochromebd following flash photolysis is unaffected by
decylaurachin D. Both the inhibited and the control samples
show multiphasic CO binding with kinetic spectra and rate
constants as reported previouslyrf@mann et al., 1995b).
In particular, for the phase due to CO binding to hagm
the present experiments give rate constants of£1061) x
1% and (1.44 0.1) x 1® M1 s1 in the absence and
presence oflecytaurachin D, respectively (Figure 4). Also
shown in Figure 4 is the effect afecytaurachin D on the
CO recombination rate in mixed-valence enzyme which, in
contrast to the dithionite-reduced system, is substantial.

Effect of Decyl-aurachin D on the Midpoint Potential of
Haems b-558 and b-595We have examined the effect of
decytaurachin D on the midpoint potentials of haelbrS58
andb-595 at pH 7.5. In the absence décytaurachin D,
titration of haemb-558, monitored at 562 nm with 546 and

Jinemann et al.
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Ficure 4: Rates of CO recombination following flash photolysis
of the dithionite and mixed-valence CO compounds of cytochrome
bd in the absence and presence etgaurachin D. Cytochrome

bd (2 uM) was suspended in 50 mM potassium phosphate buffer
(pH 7.5) containing 1 mM EDTA and 0.05% (w/v) lauryl maltoside.
CO was added to the dithionite-reduced or the mixed-valence
enzyme (prepared as in Figure 6) from CO-saturated watmyt
aurachin D was added to a final concentration gf\8. Recom-
bination rates were derived from transients taken at 622, 634, and
642 nm, with a dark time of 1 s and 25 averages per wavelength.

Table 1: Midpoint Potentials at pH 7.5 of Cytochroreé in the
Absence and Presence Bécyl-aurachin B

Emzs(MV)

haem control sample + decytaurachin D

b-558 60+ 20 (10-30%) 90+ 20 (30%)
125+ 10 189+ 10

b-595 175+ 10 135+ 10

d 245+ 10 240+ 10

@ Conditions were as in Figure 5.

While the midpoint potential of haemhis unaffected by
decytaurachin D (Figure 5B), thg, values of bottb-type
haems are shifted in the presence gf\® decytaurachin D
(3-fold molar excess), to 188 10 mV for haermb-558 (30%
low-potential component at 98 20 mV) and 135+ 10 mV
for haemb-595 (Figure 5B). Hence, in the presencaletyt
aurachin D, the midpoint potential of hadwb58 increases
whereaskEn(b-595) decreases to a value lower thag(b-

580 nm as reference points, revealed two components with558).

midpoint potentials of 66t 20 mV (10-30%) and 125+

Preparation of the Mixed-Valence, CO-Ligated Form of

10 mV (three measurements) assuming independent specie€ytochrome bd.The major species in “as prepared” cyto-

with n values of 1 (Figure 5A). Haerh-595 titrated with
an E,, of 175+ 10 mV and haend showed a midpoint
potential of 245+ 10 mV. The results are summarized in
Table 1.

These values foA. vinelandii are within the range of
values (136-195 mV for theb-type haems, 236260 mV
for haemd, at pH 7) reported for thE. colienzyme (Pudek
& Bragg, 1976; Lorence et al., 1984; Lorence et al., 1986;
Meinhardt et al., 1989; Rothery & Ingledew, 1989). In these
works, En(b-558) is generally higher thaa,(b-595). How-
ever,Eqn(b-558) depends strongly on the composition of the
hydrophobic phase, and values as low as-80 mV have

chromebd is the one-electron reduced form where oxygen
is reversibly bound to haenh giving rise to a characteristic
absorbance band near 650 nm (Poole et al., 1983; Lorence
& Gennis, 1989). Figure 6B shows that on deoxygenation
of the sample this absorbance band disappears, and a signal
at 630 nm forms, due to ferrous haeim Almost nob-haem
reduction is observed. The one-electron reduced form can
bind CO to give ali®*b**d?"-CO) species whose absorbance
band at 636 nm is at the same position as in the fully ferrous
CO-ligated enzyme, although broader and less intense
((Kauffman et al., 1980) and Figure 6). The other compo-
nents in “as prepared” enzyme, oxoferryl and ferric species,

been found in the presence of some detergents (Koland etogether typically comprising less than 30% of the prepara-

al., 1984; Lorence et al., 1984; Green et al., 1986).

tion (Lorence & Gennis, 1989; Krasnoselskaya et al., 1993;
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Ficure 5: Redox titrations of cytochroméd in absence and o
presence oflecytaurachin D. Redox titrations were performed using
approximately 2«:M cytochromebdin 50 mM potassium phosphate,
1 mM EDTA, 0.05% (w/v) lauryl maltoside, pH 7.5. The data
represent points taken in both the oxidative and reductive direction.
The reduction level of the haems was monitored by triple
wavelength measurements as described in Materials and MethodsFicure 6: Optical spectra of deoxygenated and mixed-valence, CO-
(A) control; (B) plus 6uM decytaurachin D. The individual haems  Jigated cytochromédin the absence and presenceletytaurachin
are represented by open circlés558), filled circles £-595), and D. Cytochromebd (2 uM) in 50 mM potassium phosphate, 1 mM
t_rlan_gles ¢). The expenmental _data are overlayed _W|th simulated EDTA, 0.05% (w/v) lauryl maltoside, pH 7.5, was deoxygenated
titration curves using the following parameters (all independent “  with glucose/glucose oxidase/catalase as described in Materials and
= 1" species): (A)b-558,En. = 70 mV (15%) andEy,, = 120 Methods. The sample was judged to be anaerobic when the 650
mV; b-595,E, = 170 mV;d, En = 245 mV. (B)b-558,Eny = 90 nm band of oxygenated cytochrorddiad completey disappeared.
mV (30%) andEqn, = 189 mV;b-595,E,, = 135 mV;d, E, = 240 CO (4 uM) was added to the deoxygenated sample from CO-
mV. saturated water to generate the mixed valence CO compound of
cytochromebd. A low CO concentration at which binding would
Jinemann & Wrigglesworth, 1995), would be unreactive still be stoichiometric was chosen in order to lower the recombina-
toward deoxygenation and treatment with CO. WHeny# tion rate in the kinetic experiment (Figures 7 and 8). To ensure
. - anaerobiosis and exclude competition with oxygen, the sample was
aurachin D is present, the spectrum of deoxygenated Cyt0-jef; for 2—3 min before recording the spectrum of the mixed-valence
chromebd shows some reduction of botirtype haems, CO compound of cytochrombd. Decyl-aurachin D was added
indicative of altered redox potentials. At the same time, the before deoxygenation or introduction of CO to a final concentration
630 nm feature is much decreased. Bheaems reoxidize ~ ©f 6 4M, as indicated. The figure shows “as prepared”, deoxygen-
when CO is added to theecytaurachin D-bound sample, ated, and mixed-valence, CO-ligated enzyme in absence (A) and

. ) . presence (B) ofdecytaurachin D. Deoxygenatedninus “as
showing the formation of the same mixed-valence CO prepared” difference spectra are given in (C). For comparison, the
compound as in the control without inhibitor.

dithionite-reducedninus“as prepared” difference spectrum is also
Reversed Electron Transfer.The mixed valence CO  included in panel C.

compound of cytochroméd is photolyzable and shows a

kinetic spectrum consistent with generation of the unligated

ferrous haemd. However, the rate constant for CO

recombination to the mixed-valence enzyme is about 60%

of that seen with the fully reduce_ci e?lzynje,:iﬁjo.l) x 10° (not shown) or at 562 nm (Figure 7C). The kinetic spectrum
compared to (1.5 0.1) x 10° M™* s* (Figure 4). of this phase can be interpreted as th&"§**d?") minus

It can be expected that some electron redistribution occurs (3+p3+¢2+-CO) difference spectrum.
after photolysis of the mixed valence CO compound, as seen 2. This is followed within a millisecond (at a rate of 3000
from the relativeEy,s and from the static spectrum of the s™1) by simultaneous decay of the 623 nm peak of ferrous
unligated, one-electron reduced form, and that this electronhaemd (withoutrelaxation of the 644 nm trough dued®'-

control

550 600 650

wavelength (nm)

500 700

1. Immediately after the flash (0.088 ms) the unligated
one-electron-reduced form of cytochrotmis formed. This
can be seen as a rise in absorbance in the transient at 623
nm (Figure 7A) and a loss in absorbance at around 640 nm

redistribution should be increased dgcytaurachin D.

In a sample containinglecytaurachin D, the following
processes are observed following photolysis (Figures 7 and
8A):

CO, Figure 8A) and appearance of a signal around 560 nm.
The kinetics of this phase can be most clearly seen at 634
nm, which is close to an isosbestic point for CO rebinding
to ferrous haemd (Figures 7B and 8A). We attribute this
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) ) CO compound of cytochromied. Kinetic spectra were calculated
Ficure 7: Effect of decytaurachin D on the rates of internal  from transients taken cyclically at individual wavelengths. The
electron redistribution and CO recombination following flash photomultiplier was protected with a 550 nm cut-on filter. The
photolysis of the mixed-valence CO compound of cytochrdmtie  spectra shown are at 0.28, 0.66, 1.088, 2.58, and 3.54 ms after the
Transients shown are at (A) 623 nm, near the peak postition of flash, together with the preflash baseline. The insets show spectra
ferrous haend in the postphotolysis spectrum (B) 634 nm, close at 0.088 ms after the flash and at the plateau of the fast phase of
to the isosbestic point for free and CO ligated mixed valence electron-redistribution (1.088 ms). These spectra are combined data
enzyme, and (C) 562 nm, monitoritig558. In order to minimize  of three individual experiments using filtering as in Figure 7.
flash artefacts, narrow filtering was used with windows of (A) 600 Generation of the mixed-valence CO Compound ﬁMCO and

£+ 20 nm, (B) nm 631+ 11 nm, and (C) 561 8.6 nm. Traces  other conditions were as in Figures 6 and 7: (A) in the presence
were normalized to give identical amplitudes based on the initial of 6 uM decytaurachin D, (B) control.

photolyzed product (623 nm). Twenty-five averages per wavelength

were recorded with a dark time between flashes of 1 s. Generation7B,C) reveals some of this redox phase within the first-0.2

of mixed valence CO-ligated cytochrorbel and other conditions 0.3 ms after the flash, but the small signal amplitude of this
were as in Figure 6. phase does not allow the determination of an electron
redistribution rate. Relaxation to thie¥{b®*d*"-CO) species

phase to oxidation of haed) which in its ferric form Shows — yhan oceurs, again with an observed rate constant of-400
little absorbance in the visible region, and reduction of haem 500 s at 4,M|V| CO. It should be noted. however. that at

b-558. Electron back-donation to hadn595 could not be
assessed due to the low extinction coefficient of this haem
(compare Figure 6C, signal around 596 nm) and its overlap
with changes of haemd. The kinetic spectrum in the Soret
region has a peak at 43236 nm and a trough near 418 nm

(not shown), again consistent with the reduction of some g, ) ained by the lowered concentration of the actual CO
b-type haem. binding speciesd?’, in the inhibited sample where a large
3. Lastly, the system in this phase relaxes back to the proportion of haenul has transiently been oxidized because
mixed-valence CO compound with an observed rate constantyf the reversed electron transfer to the hadmddowever,
of 400 s* at 4uM CO, at all wavelengths. the changes in rate constant were larger (about 17-fold
The behavior of the control sample without inhibitor is decrease) than can be accounted for solely by hdem
shown in Figures 7 and 8B. As in thdecylaurachin oxidation (estimated 30%, see below). Hence, some other
D-inhibited sample, the first kinetic spectrum following the effect must be involved. A general conformational change
flash (0.088 ms) corresponds to formation of the speciesinduced by decytaurachin D binding is unlikely to be
(b3*b3*d?"). The second phase, oxidation of hadnwith involved since the CO recombination rate constant in fully
concomitant reduction of lxtype haem, is small, as expected reduced enzyme is essentially unaltered by the inhibitor
from the static spectra and the relative midpoint potentials. (Figure 4). Also, in the uninhibited mixed-valence sample,
Close inspection of the transients at 634 and 562 nm (Figurethe rate constant of CO recombination is only about 60% of

time (ms)

increasing CO concentrations the observed rate of recom-
bination is markedly lower in thdecytaurachin D-inhibited
sample (Figure 4), giving an apparent bimolecular rate
constant of (0.6+ 0.05) x 107, compared to (H- 0.1) x

® Mt s1in the control. This difference can be partly
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that in the fully reduced (uninhibited) enzyme (Figure 4), mV, respectively), very little reversed electron transfer to
although very little electron backflow is observed. Thus, a the b-type haems is expected to occur after the carbon
simple model where the rate constant is largely determined monoxide has been photolyzed, as was observed to be the
by the level of ferrous haerd®" would not be sufficient, case (Figure 7). However, binding @écylaurachin D alters
and further work is needed to study the behavior of the the relative midpoint potentials of the haem groups in favor
oxygen binding site in the mixed-valence state. of more extensive reversed electron transfer, as shown in

Figures 5 and 7.
DISCUSSION In the data of the inset of Figure 8A, we may estimate

Redox Potentials Redox titrations of the low-spin haem  fom the first kinetic spectrum taken at 88 that ap-

b component of our preparation of cytochroivs recorded proximately 260 nM haend?*-CO was photolyzed to
at 560 nm with 546 and 580 nm as reference wavelengths,un"gated haemd 2+ (using an extinction coefficient of 18
reveal a biphasic curve. This can be fitted assuming tWo ,\ -1 it at 623-643 nm for the (reduceplus CO) minus
independentri = 1" species with midpoint potentials of S0 yeqyced difference spectrumemann & Wrigglesworth,
70 and 126-130 mV, the former comprising up to 30% of  1995)). Subsequently, in the reversed electron transfer phase
the total signal. This biphasicity may have various causes, \yhich occurs within the next 1 ms, approximately 60% of
including redox interaction of thé>-type haems, redox  ihe peak due to ferrous hai?t is lost due both to reversed
interaction with an unseen species such as a quinone, Ofglectron transfer and, partially, to recombination of carbon
heterogeneity of the preparation. Redox interaction betweenmqnoxide. From the control data (inset to Figure 8B) the
theb-type haems in cytochronizl from E. colihas notbeen  recompination with CO accounts for about 30% of the peak
noted previously, with the exception of Meinharelt al. loss. Hence, 30% (75 nM) of the ferrous haehwas
(1989) who reporte#h-595A interaction. If the biphasicity  oyidized due to reversed electron transfer. This is ac-
of the redox fitration curve is due to interaction with @ ompanied by reduction of approximately 50 nM of haem
quinone, it could be expected that it might be abolished if 1, 558 (using an extinction coefficient of about 20 mM
the interacting quinone is replaced bgcytaurachin D, @ -1 at 558-580 nm for its reducedminus oxidized
case similar to the behavior of the, complex in presence ifference spectrum (Green et al., 1986)). The remaining
of Q site inhibitors (Rich et al., 1990). Although a return 55\ reducing equivalents are likely to have appeared on
to a monophasic titration in the presence of the inhibitor is high spin haenb-595, although this is difficult to
not observed here, interaction with a quinone cannot be ascertain directly from the spectra because of its indistinct
entirely ruled out since not enough is known about the gpetrym and its overlap with other components. Although
number and nature of the Q-site(s) in the enzyme. The aproximate, this rough analysis does indeed suggest that
present redox fitration data have been analyzed assumingne postphotolysis redistribution of electrons between the
independenn = 1 species with heterogeneity as the most paem groups is consistent with their estimated midpoint
likely cause of the biphasicity. This interpretation iS potentials and that it is the effects décytaurachin D on
strengthened by the observation that the amount of the 10w hese midpoint potentials which has increased the reversed
potential component increases as the sample ages. Formatiogjectron transfer to a level that is easily monitored.
of a lower potential species might arise because of 10Ss of e rate constant of 3000%or this internal redistribution
the more labile me'thlomne axial ligand of haeorb58 is also generally consistent with the value of 0 observed
(Kaysser et al., 1995; Spinner et al., 1995). This heterogene-previously for forward electron transfer in the more ther-
ity in haemb-558 would not appear to be reflected in the oqynamically favorable direction (Hill et al., 1994) and
oxygen binding site since the CO recombination kinetics t0 \yith the maximum turnover number of the enzyme at (pH
haemd, a parameter likely to be very sensitive to small 7 g) of around 4000 electonsis(Jinemann et al., 1995a).
structural changes, remain monophasic. _ Site of Inhibition by Decyl-aurachin D.The present
Internal Electron Transfer.Room temperature internal  experiments show thatecytaurachin D does not directly
electron transfer in cytochronigd has been studied previ-  affect the oxygen binding site of cytochrorbd. Although
ously using the flow-flash technique (Hill et al., 1994). After decytaurachin D did inhibit the approach to steady-state
photolysis of carbon monoxide from the fully reduced haem reduction levels following a quinol pulse, similar levels
enzyme, oxygen first reacted in a second-order process withof steady-state reduction of tietype haems were reached
a rate constant of % 10° M~* s* to form a ferrous haem in the control and inhibited samples following the pulse. The
d—oxygen adduct. This was followed by internal electron rate of CO binding to haerd in fully ferrous cytochrome

transfer reactions, all with a rate constant of €3, in which bd was not inhibited. Hence, inhibition must occur by
all three haems became oxidized and an oxyferryl form of interference with quinol binding and/or electron transport
haemd was produced. from quinol to the initial intrinsic electron acceptdr-558).

Reversed electron transfer after photolysis of carbon The spectral changes induced by bindingdetytaurachin
monoxide from the mixed-valence form of the enzyme offers D to fully-reduced cytochromeébd can be attributed to
an alternative method to study internal electron transfer and perturbation of haen-558, located close to the proposed
has been used extensively with cytochromexidase and  quinol oxidase domain (Dueweke & Gennis, 1991), and
cytochromebo [reviewed in Einarsdiir (1995)]. This support the idea that the compound binds at or near this site.
technique is potentially also applicable to cytochrobtk The inhibitor-inducede, shift of haemb-558, with no effect
since a mixed valence compound can be formed in which on En(d), is a further indication of this close proximity.
haemd is reduced with carbon monoxide bound and both  Part of the quinolone structure décytaurachin D closely
haemsb are oxidized (Figure 6). However, because unli- resembles the structure of the substrate quinol, suggesting
gated haend (E.'° = 245 mV) has a significantly higher that the inhibitor could bind directly to the quinol oxidation
midpoint potential than the haenbs(E.,"® of 125 and 175 site in cytochroméod. The lack of inhibition of the TMPD
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oxidase activity at concentrations sufficient to inhibit quinol

oxidation by 95% can be seen as supporting this view since

TMPD has been shown to operatia a different electron
entry site than quinol (Kranz & Gennis, 1984; Lorence et

Jinemann et al.
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