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aBsTRACT: N,N'-dicyclohexylcarbodiimide (DCCD) has been reported to inhibit proton translocation by
cytochromebc; andbef complexes without significantly altering the rate of electron transport, a process
referred to as decoupling. To understand the possible role of DCCD in inhibiting the protonogenic reactions
of cytochromebc; complex, we investigated the effect of DCCD modification on flash-induced electron
transport and electrochromic bandshift of carotenoid®in sphaeroideshromatophores. DCCD has

two distinct effects on phase Il of the electrochromic bandshift of carotenoids reflecting the electrogenic
reactions of thdc; complex. At low concentrations, DCCD increases the magnitude of the electrogenic
process because of a decrease in the permeability of the membrane, probably through inhibiian of F
At higher concentrations>(150 uM), DCCD slows the development of phase Il of the electrochromic
shift from about 3 ms in control preparations to about 23 ms at 1.2 mM DCCD, without significantly
changing the amplitude. DCCD treatment of chromatophores also slows down the kinetics of flash-induced
reduction of both cytochromdsandc, from 1.5-2 ms in control preparations to-80 ms at 0.8 mM
DCCD. Parallel slowing of the reduction of both cytochromes indicates that DCCD treatment modifies
the reaction of Qkloxidation at the @site. Despite the similarity in the kinetics of both cytochromes,

the onset of cytochrome re-reduction is delayed-12 ms in comparison to cytochrontereduction,
indicating that DCCD inhibits the delivery of electrons from quinol to heméVe conclude that DCCD
treatment of chromatophores leads to modification of the rateldt @xidation by the iror-sulfur protein

(ISP) as well as the donation of electrons from ISRtcand we discuss the results in the context of the
movement of ISP between the, Qite and cytochrome;.

The cyclic electron transport in chromatophores of non-  The most surprising feature of the cytochrobwg crystal
sulfur purple bacteria includes two main membrane-protein structures has been the different positions occupied by ISP,
complexes— the photosynthetic reaction center (R@pd depending on the occupation of the Qinding site, and
cytochromebc, complex. Upon illumination, the RC reduces different crystal formsg, 9). This suggests that ISP functions
ubiquinone to ubiquinol and oxidizes a water-soluble cyto- via anchored back-and-forth movement of the catalytic
chromec,. The cytochroméc, complex oxidizes ubiquinol ~ domain in order to couple oxidation of ubiquinol and
and reduces cytochrontg, with coupled proton release and  cytochromec; reduction. If the movement occurs through
uptake that contribute to a transmembrane electrochemicalsimple 1-D diffusion, calculation indicates that the transitions
gradient of protonsl). Both the reaction centeR{6) and can occur in the nanosecond time range, and molecular
the mitochondrial cytochromiec; complex 7—10) have been  dynamic simulation suggests that there is no structural
crystallized and their structures solved to-2%A atomic impediment to such movementl). When ISP adopts a
resolution. The catalytic core of thee; complex consists of  conformation with the irorrsulfur center close to cytochrome
three subunits: cytochrontg cytochromec, and an iror- c1, the distance between the center and cytochronheme
sulfur protein (ISP). is approximately 15 Ag, 10), allowing fast electron transfer
between them. Sadoski et al2) have used a ruthenium
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photooxidizedt; is reduced by ISP with a lifetime of 145,
similar to the time estimated from previous kinetic wotl8),

The proton-motive Q-cycle (refs4 and 15; reviewed in

ref 16), widely accepted as the underlying mechanism of
cytochromebc (and bf) complexes, links electron transfer
and vectorial proton transport in an obligatory fashion.
However, numerous investigators have reported conditions
in which this obligate coupling appears to be violated.

© 2000 American Chemical Society

Published on Web 12/01/2000



Inhibition of Cytochromebc; Complex by DCCD

Among these are the effects of the covalent carboxyl
modifying agents, particularlid,N'-dicyclohexylcarbodiimide
(DCCD). It has been shown that the steady-statéeHratio

can be decreased after modification of the cytochrdme
complex by DCCD 17—23). Treatment of many preparations
with DCCD was reported to result in substantial loss of
proton release from the “0” side, with only a small effect on
the steady-state electron transport by the cytochrame
complex, a process referred to as decoupling. Several

hypotheses have been introduced to explain the decoupling

of electron and proton transport by DCCD (reviewed in ref
16; 24). According to Brandt and Trumpowet®), DCCD
blocks the putative proton channel(s) conducting the proton
generated during ubiquinol oxidation at center “0”. This, in
turn, forces the proton to move along an artificial pathway
through the complex to the other side of the membrane.

Takamiya 25) found that DCCD inhibits electron transfer
and electrogenic reactions in tR®. sphaeroides hcomplex
with similar titers. Wang et al2), using isotopically labeled
DCCD, suggested that the decoupling effect of DCCD in
Rb. sphaeroidesvas due to the modification of aspartate-
187 in the cytochromb subunit. However, we have recently
found that the effect of DCCD on the electrochromic
bandshift of carotenoids is identical in chromatophores from
wild type and mutant cells in which aspartate-187 in
cytochromeb has been changed to asparagig@).( Thus,
any decoupling effect must be due to chemical modification
of another site.

Here we report further studies on the effects of DCCD on
the electron transport and electrochromic shift of carotenoids
in Rb. sphaeroideshromatophores. We found that DCCD
effectively inhibits the electron transfer betweegHp and
ISP and between ISP and cytochrome The similar titer
of DCCD inhibition for electron transport and the electro-
chromic bandshift indicates the absence of a decoupling
effect of DCCD inRb. sphaeroideshromatophores. On the
basis of the effect of DCCD on the flash-induced electron
transport and electrogenic reactions of bog complex, we
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Ficure 1: Flash-induced kinetics of the electrochromic shift of
carotenoids (upper curve) and redox reactions of cytochrames
(lower curve) inRb. sphaeroideghromatophores at low redox
potential €, = 100 mV) under anaerobic conditions without (A)
and with DCCD treatment ([DCCD]:[bc§ 400, panel B). Control
samples (A) were treated with the ethanol only. After 40-min
incubation with ethanol (A) or DCCD (B), chromatophores were
washed with 10 vol of 50 mM MOPS/100 mM KCI buffer and
then spun down for 90 min. Conditions: 50 mM MOPS, pH 7.5,
100 mM KCI; 2uM 1,2-naphthoquinone and/@ PMS used as
redox mediators; 1 mM Fe(lI)EDTA present as redox buffer.
Traces shown were the average of three separate traces, with 60 s
between measurements. Curves were smoothed by 2-point averag-
ing.

of DNase. Chromatophores were isolated in 10 mM HEPES
(pH 7.5) by differential centrifugation as described elsewhere
(29).

Modification of Chromatophores by DCCIZhromato-
phores were incubated with aliquots of freshly prepared 400
mM DCCD stock solution in ethanol for 40 min at room
temperature. Control samples were treated with the ethanol
only. Where indicated, DCCD-treated chromatophores were
diluted with 10 vol of 50 mM MOPS/100 mM KCI buffer
and spun down for 90 min.

Spectrophotometric Determination of Redox Changes of
Cytochromes, Photoact Pigment, and Electrochromic Shift

suggest that the decoupling effect in this system observedof Carotenoids Kinetics of cytochromes and the electro-

earlier under steady-state conditior6)( might be simply
explained by a slowing of the electrogenic reactions and thus

chromic carotenoid bandshift were measured with a single
beam kinetic spectrophotometer of local design. Light pulses

a relative increase of unproductive leakage of the membrane.yere delivered by xenon flash<(L0 us half-duration). The

MATERIALS AND METHODS

Growth of Rb. sphaeroides and Isolation of Chromato-
phores.Cells of the BC17C strain oRb. sphaeroide$a
with nativebc, complex expressed in a plasmid were grown
aerobically at 30C in the dark in Sistrom’s medium, in the
presence of kanamycin (2@/mL) and tetracycline (1.bg/
mL). Cells were then transferred to semiaerobic conditions
at 30°C in Sistrom’s minimal medium enriched with yeast
extract, (bacto)tryptone, and casamino acids (Difco, Detroit,
MI) and with 1.5ug/mL tetracycline as described in r28.
When grown under these conditions, the cells overexpresse
the bc; complex so as to yield chromatophores having a
relative stoichiometry of about equal concentrations of RCs,
cytochromec,, and cytochroméoc; complex (cf. 2:1:1 in
genomic wild type, refl5). Before isolation of chromato-
phores, cells were grown anaerobically at 8D 1 day in
the light. Cells were disrupted by a single pass through a

flash-induced redox changes of cytochromeplus cyto-
chromec, were measured at 55542 nm. The oxidized-
minus-reduced extinction coefficient\¢) used forcy: at
551-542 nm was 20 mM! cm™? (30, 31). Cytochromeby
reduction was measured at 56869 nm in the presence of
antimycin, and its concentration was estimated usiag=

20 mM~t cm™ (15). The concentration of reaction centers
was estimated from the flash-induced amplitude at 542 nm
usingAe = 10 mM~1 cm™* for P870 80). The electrogenic
activity of the cytochroméyc, complex was monitored by
measuring the slow phase (phase lll) of the carotenoid

aelectrochromic bandshift at 503 nm.

Materials Antimycin A, DCCD, HEPES, and MOPS were
obtained from Sigma Chemical Co. Myxothiazol was ob-
tained from Fluka.

RESULTS

Kinetics of Electrochromic Shift and Electron Transport

French press at 18000 psi in the presence of a small amounbefore and after DCCD Treatmeiftigure 1 shows the flash-
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Ficure 2: Effect of DCCD on the kinetics of phase Il of the
electrochromic carotenoid bandshift in chromatophores. (A) Kinetics
of the electrochromic carotenoid bandshift in chromatophores,
measured at different DCCD concentratiopaVl( indicated by
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Ficure 3: Dependence of the rise time (A) and amplitude (B) of
phase Il of the electrochromic bandshift on DCCD concentration
in Rb. sphaeroideshromatophores, obtained from single-expo-
nential fits of the kinetics similar to those shown on a fast time
scale in Figure 2B.

(<150 uM), DCCD stimulates the amplitude of phase IlI
and modifies its kinetics, presumably due to the well-
characterized blockage of the proton flux througloFF,F;

by DCCD @33, 39. Further increase of the DCCD concentra-
tion leads to a significant slowdown of phase Il generation
and to an apparent acceleration of the decay of the electro-
chromic shift (compare kinetics at 150 and 70@ DCCD

numbers near curves). Bottom trace is in the presence of antimycinin  Figure 2A). The acceleration probably reflects the

A (10 uM) and myxothiazol (5uM). After DCCD additions, the
chromatophores were adapted for-3 min at room temperature
before measurement. [DCCDO;] = 50 for 100uM DCCD. (B)
Phase Il of the electrochromic shift of carotenoids in chromato-

unmasking of an intrinsic decay due to leakage across the
membrane, as the rise kinetics are slowed with increasing
inhibition by DCCD. In principle, the progressive inhibition

phores, obtained by subtraction of the trace in the presence of0f multiple turnovers could also produce this effect, but at

antimycin and myxothiazol from the traces at different DCCD

the 1:1:1 stoichiometry for R€;:bc, in these preparations,

concentrations. Before subtraction, the traces were normalized atmultiple turnovers are expected to be minimized.

0.2 ms to minimize the differences in the amplitude of phases |
and Il of the electrochromic carotenoid bandshift. Conditions: 50
mM MOPS, pH 7.5, 100 mM KCI; M 1,2-naphthoquinone and

2 uM PMS used as redox mediators; 1 mM Fe(lI)EDTA present

Figure 2B shows phase Il alone, which was obtained as
the difference between traces with DCCD and traces in the
presence of antimycin and myxothiazol. To separate the

as redox buffer. Shown are single traces (without averaging). The effect of DCCD on phase Il and phasesH Il, these

instrument response time was 18. Curves were smoothed by
2-point (fast time scale) and 5-point (slow time scale) averaging.

induced electrochromic shift and kinetics of cytochrome
redox reactions for control (panel A) and DCCD-treated
(panel B) chromatophores measuredat: 100 mV, where

differences were taken after normalization of trace amplitudes
at 0.2 ms (Figure 2B). The continued rise in phase lll, seen
on the slower time scale, may include a small degree of
multiple turnovers of thébc; complex. However, because
each curve of phase Il in Figure 2B is obtained by

the quinone pool is partially reduced before the flash. The subtracting the trace in the presence of antimycin A and
kinetics of the carotenoid bandshift in chromatophores have myxothiazol, some fraction of this slow rise of phase Ill also
been frequently described in terms of three phases. Phases arises from the known weak uncoupling effect of antimycin
and I, completed in less than 2Q0s, are attributed to A (35).
reactions in or close to the RC, and phase Il is attributed to  The effect of DCCD on the kinetics of phase Il of the
reactions of théc, complex (reviewed in re32). Treatment electrochromic bandshift are quantified in Figure 3, which
of chromatophores with DCCD ([DCCDh§;] = 400 before shows the dependence of the rate constant (single-exponential
washing) leads to the disappearance of phase Il of thefit) and amplitude of phase Il of the electrochromic shift
electrochromic shift, reflecting inhibition of the electrogenic on DCCD concentration in chromatophores on a fast time
reactions in théac; complex. The cytochromerereduction scale. For DCCD concentrations from 100 to 1200, there
time (z) is also slowed from about 1.4 (Figure 1A) to 15 ms is a nearly 10-fold inhibition of the phase Il rate without
(Figure 1B) after the treatment. Note that washing of the significant change in the amplitude (Figure 3B).
DCCD-treated chromatophores, which provided for more  Effect of DCCD Modification on the Redox Reactions of
than 1000 dilution factor, did not reverse the effect of the CytochromesFigure 4 shows the effect of DCCD on the
DCCD modification. These effects of DCCD treatment agree kinetics of flash-induced cytochrome,(+ ¢;) re-reduction
well with similar observations made earlier by Takamiya in chromatophores. At 50@M DCCD, the rate of cyto-
(25). chromec re-reduction was decreased 5-fold with little change
Effect of DCCD Maodification on the Electrochromic Shift. in the amplitude.
Figure 2 shows the effect of different DCCD concentrations  Figure 5 shows the effect of DCCD on the flash-induced
on the electrochromic bandshift of carotenoids measured atkinetics of the cytochromes in the presence of AN
503 nm. The kinetics of the bandshift are shown on fast (10 antimycin A, an inhibitor of the ¢binding site. The kinetics
ms) and slow (200 ms) time scales. At low concentrations are shown on fast and slow time scales to differentiate the
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Ficure 4: Effect of DCCD concentration (ipM, indicated by numbers near curves) on the kinetics of cytochromeeeduction inRb.
sphaeroideshromatophores. Dependence of the lifetime (B) and amplitude (C) of the kinetics of cytoctuptiecy) re-reduction on

DCCD concentration, obtained from single-exponential fits of the k

inetics shown in panel A. Conditions: 50 mM MOPS, pH 7.5, 100 mM

KClI; 2 uM 1,2-naphthoquinone andia PMS used as redox mediators; 1 mM Fe(lI)EDTA present as redox buffer. After DCCD additions,
the chromatophores were adapted for-80 min at room temperature before measurement. [DC®RB)]:[= 186 for 500uM DCCD.
Traces shown were the average of three separate traces, with 60 s between measurements. The instrument response:Simeumass50

were smoothed by 5-point averaging.
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Ficure 5: Effect of DCCD modification on the kinetics of cytochromeandc in the presence of antimycin A (A). Dependence of the
lifetime (B) and amplitude (C) of cytochrome(=c; + c;) and cytochromé reduction on DCCD concentration, obtained from single-
exponential fits of the kinetics shown in panel A. [DCCDE{] = 100 for 400uM DCCD. Diamond and inverted triangle show the
lifetime of cytochrome® andc reduction in chromatophores washed after DCCD treatment. Conditions: 50 mM MOPS, pH 7.5, 100 mM
KCI; 2 uM 1,2-naphthoquinone and 2V PMS used as redox mediators; 1 mM Fe(llI)EDTA present as redox buffer. Traces shown in
panel A were the average of three separate traces, with 60 s between measurements. The instrument response timeéOwase$vere

smoothed by 2-point averaging.

kinetics of cytochromec oxidation (fast time scale) and
cytochromesc and b reduction. Within the limitations
imposed by the time resolution, the rate and extent of
cytochromec oxidation were unaffected by DCCD treatment,
but the rates of cytochrome& re-reduction decreased
significantly. The dual time scale also makes clear the
existence of a 0:20.4-ms delay in cytochromiereduction
(lag phase). Cytochromie reduction does not begin until
the cytochrome oxidation phase is complete. This has been
primarily associated with the kinetics of delivery of an
oxidizing equivalent to the gsite (15).

Modification of chromatophores with DCCD leads to a
substantial and similar slowing of the kinetics of reduction
of both cytochromes, without significant changes in the
amplitudes. The parallel change in the kinetics of both
cytochromes indicates that modification of quinol oxidation
in the Q site is the most probable origin of the DCCD effect.
Although the rates are similar for the two cytochromes,
DCCD treatment introduces a delay in the onset of cyto-
chromec reduction so that it distinctly lags cytochrorbe
reduction (Figure 6). At 802¢M DCCD, the delay is about
1 ms. We should note that the coincidence of kinetics for

cytochromesb and c reduction is more obvious in these
chromatophores because of the overexpression of cytochrom
bc, complex to RC. At RQ:;:be of 2:1:1, as normally seen

in genomic wild type 15), a much smaller fraction of
cytochromec is re-reduced after the flash in the presence of
antimycin A, and sharing of electrons between I8P and

c1 makes the kinetic match less obvious.

Figure 5B shows also the results of washing the chro-
matophores after DCCD treatment (with 40 min incubation
time). The washing procedure not only fails to reverse the
inhibition of cytochromesb and c reduction, but in fact
increases the effect of DCCD, possibly due to the additional
incubation time with DCCD before and during the 90-min
centrifugation.

DISCUSSION

Effects Induced by DCCD on the Electrochromic Shift of
CarotenoidsDCCD has two clearly different effects on the
electrochromic shift of carotenoids. At low concentrations,
DCCD increases the magnitude of the changes at 503 nm
(see Figures 2 and 3). This is likely due to a decrease in the
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at 150 uM DCCD and bandshift at zero DCCD concentration,
obtained from the curves shown in Figure 2. Before subtraction,
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Effect of DCCD on the Kinetics of Electron Transfer in
the bg Complex.

(a) Cytochrome b ReductioddCCD slows the kinetics
of flash-induced cytochromereduction without significant
changes in the amplitude seen with antimycin A present
(Figure 5). The relative constancy of the amplitude of
cytochromeb reduction indicates that oxidation of QH
occurs to completion. The close similarity of the rates of
cytochromeb reduction and cytochrome re-reduction
suggests that the slowdown is due to changes in the binding
of QH, and/or its oxidation by ISP. Inhibition of the reaction
between semiquinone at the “0” site and cytochrobme
cannot be ruled out, as the reduction of ISP and cytochrome
b. are coupled by the high redox potential of the £®H
couple, but the reactions of the low-potential branch of the
bc, complex (Q— b, — by) are not detectably modified by
the DCCD treatment.

The particular partial reaction of QHdxidation at site “0”
that might be inhibited by DCCD is not obvious. Possible
targets include Qklbinding and the docking and undocking
of ISP at the “0” site. Also, analysis of mutants of ISP shows
a correlation between the midpoint potential) of ISP and
slower cytochromeb reduction 89, 44), and an effect of
DCCD on theky, is also possible. The manner in which some
of these possibilities might slow the kinetics of cytochrome
b reduction is dependent on the model envisioned for the
“0” site reactions, which is controversial (see, e.g., s
and 39—45).

(b) Cytochrome ¢ Reaction&igure 5 indicates that the
rate of cytochrome oxidation (which includes fast equili-
bration betweenc,, ¢;, and ISP docked near;) is not
markedly affected by DCCD treatment. Thus, we can exclude
the reactions between cytochrorog c,, and ISP as the
main site of inhibition. This is consistent with a conformation
for most of the ISP initially docked nearc; under the
conditions of these experimen®&7y. Instead, the introduction
by DCCD of a significant delay between reduction of
cytochromeb and cytochromec re-reduction (Figure 6)

the traces were normalized at 0.2 ms to minimize the differences suggests that DCCD modification affects the reduction of

in the amplitude of phasestt Il of the electrochromic carotenoid
bandshift.

permeability of the membrane throughdf FF, after DCCD
binding, due to proton leakage. The difference kinetics show
that DCCD blocked a leak in a small and variable portion
(<25%) of the preparation, with a time constant of about
1.5 ms (Figure 7). This most likely represents a fraction of
chromatophores in which a rapid conduction of protons
through F occurs due to damage to the ATP synthase
complex, as is well documented in the literatuBs, (34).
For the remaining fraction 75%) and for the entire
population once the leak is blocked, further addition of
DCCD has no effect on proton conduction.

At higher concentrations<(150uM), DCCD inhibits phase
Il of the electrochromic shift (Figure 2). Single-exponential
deconvolution of the kinetics of phase Ill reveals that for
DCCD concentrations from 200 to 12QM, the rate is
inhibited about 10-fold but with no significant change in the

cytochromec; by ISP after QH, oxidation by ISP.

Both these DCCD effects (slowing of cytochronteand
¢ reduction and delay in cytochronereduction) can be
explained by interference of a DCCD adduct with the
docking of ISP (decrease in rates of cytochromeandc
reduction) and undocking of ISP (delay) near cytochrome
b.

The faster reduction of cytochromte as compared to
cytochromec observed here in the DCCD-treated chromato-
phores is reminiscent of the original difficulties of the
Q-cycle in accounting for the imperfect match between
cytochromeg and cytochrome; (or cytochromd, see ref
36) reductive kinetics. This was explained as arising from
the invisible participation of the ISP between thgdide and
cytochromec (15). The ISP represents an additional sink
and can influence both the kinetics and the amplitude of
observed electron transfer in the high potential path.

In some mutanbsf complexes with modified cytochrome

amplitude. Thus, the visual disappearance of phase lll at highf (37), the kinetic discrepancy is even more marked, with

DCCD concentrations is due to retardation of the rate of
generation. We attribute this inhibition of phase Ill, induced
by DCCD, to a slowing of the rate of Qtbxidation by ISP

at site “0” (see below).

the reduction of cytochromias preceding that of cytochrome

f substantially. It is possible that docking and undocking of
ISP to its partners can explain the phenomenon of noncon-
certed cytochrome reduction. Thus, mutations in cytochrome
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f may slow the docking of reduced 15Pto cytochromd, this equation predicts a convex dependence of the apparent
causing the reduction of cytochrorbeto appear relatively  lifetime on DCCD concentration, in qualitative disagreement
faster. with the experimentally observed dependence. A concave
Interestingly, a qualitatively similar effect of EEDQ is seen dependence can arise from accumulation of multiple modi-
in the pre-steady-state kinetics of boving complex 3). fications.
Reduction of cytochrome was seen to lag cytochronie Possible Nature of the Decoupling under Steady-State
reduction by 12 s. Conditions.Treatment of many preparations with DCCD is
DCCD Target.Wang et al. 26) showed that“C-labeled reported to result in substantial loss of proton release from
DCCD substantially modifies cytochronten Rb. sphaeroi- the “0” site, with little effect on the steady-state electron

des On the basis of peptide digestion, they assigned their transport by the cytochromiec; complex. This effect was
decoupling effect of DCCD to specific modification of the interpreted as blockage of a putative proton channel, forcing
surface exposed residue, aspartate-187. However, we recentlyhe protons to take a route through the complex to the other
found that the effect of DCCD on the electrochromic side of the membrand). However, the recently determined
bandshift of carotenoids is identical in chromatophores from structure of chicketbc; complex provided little support for
wild type and mutant cells in which aspartate-187 in this hypothesisZ4). Furthermore, the effects of DCCD on
cytochromeb has been changed to asparagine, indicating that the single turnover rates of electron transport and electrogenic
any DCCD effects must be due to the chemical modification reactions (i.e., the carotenoid bandshift) reported here are in
of another site Z7). Analysis of the X-ray structural data apparent contradiction with the steady-state measurements.
shows that this residue is not close enough to thsit@, or The significant inhibition by DCCD of the flash-induced
any potential H channel connected to the site, to have an electron-transfer rates found here coincides well with the
obvious functional roleZ4). Thus, we concluded that the previous report of Takamiy&8). In contrast, in steady-state
observed effects of DCCD are not due to modification of measurements little or no change in the steady-state electron
aspartate-187 but might arise from nonspecific modification, transfer was observed2Z, 23, 26). This disagreement
possibly at several sites (even non-carboxylic ones, see, e.g.pbetween single turnover and steady-state experiments can
ref 38). This conclusion is also supported by the observation be explained by the low sensitivity of the steady-state
of Cocco et al. 22) that the hydrophobic nucleophile AMF,  electron-transfer rate to changes in the intra-protein electron-
which requires a carboxyl residue modified by DCCD for transfer rates when multiple turnovers are limited by the
formation of an amide bond, did not react with DCCD-treated interaction of théoc, complex with exogenous or endogenous
bovine cytochromé. An attractive alternative is modification  substrates. Thus, the time for a single turnover of libe

of one or more non-carboxylic residues that interfere with complex under our conditions (3 ms) is 2 orders of magnitude

ISP movement or even ISP itself. Labeling of ISPRb. faster than that (500 ms) found in steady-state measurements
sphaeroidesy [**C]DCCD was not ruled out by Wang et  for bovine bc; complex 3).

al. (26) and is very evident in other specie®0( 21, 48). Our finding that DCCD has no significant effect on the
Also, modification of aspartate-166 (bovine numbering) in amplitude of phase IIl of the electrochromic bandshift of
ISP with EEDQ results in similar effects on the boving carotenoids (when normalized per fast phases | and Il

complex as DCCD and these have also been described agsorresponding to the charge separation in RCs) indicates that
decoupling 2). This residue is next to Tyr-165, which forms  there is no change in the electrogenicity of the reactions of
a hydrogen bond to one of the ligand cysteines. Mutations the bc; complex, i.e., no change in the number of charges
of the residue equivalent to Tyr-165 Rb. sphaeroidesan transported per turnover. Moreover, in all our experiments
have dramatic effects oy, pK, and reaction rate for the the kinetics of phase Ill of the electrochromic shift were
Qo site reaction 39, 44and references therein). parallel to the kinetics of electron transport via the

We previously noted that a single site of action for DCCD complex (see also ré¥5), so that the ratio of electrogenesis
would be expected to lead to biphasic kinetics at intermediateto electron transfer remains more or less constant. Thus, we
levels of modification 27). The smoothly changing nature do not see any indication of decoupling during flash-induced
of all the kinetics described here is more consistent with a turnover of thebc; complex.
progressive accumulation of modifications. The possibility ~ We note, however, that the apparent “decoupling” effect
that the effect of DCCD ifRb. sphaeroideshromatophores  induced by DCCD under steady-state conditic2®) might
may arise from modification of multiple targets is also be explained by the slowing of the electron-transfer reactions
strongly indicated by the observed dependence of the timeat the Q site. Although in some preparations a variable
for generation of the phase Ill (Figure 3) on the DCCD amount of leakiness via,Fchannels was blocked by low
concentration, which is concave upward. Similar dependencelevels of DCCD, it does not affect passive membrane
is observed for the flash-induced reduction of cytochromes permeability (7, 26). Thus, apparent decoupling might be
(Figures 4 and 5). If only one group of tlhe, complex was explained by slowing the transmembrane proton gradient
modified by DCCD, one should expect the apparent lifetime generation against a constant rate of passive leak across the
of the generation of phase 113" to depend on DCCD  membrane. Increasing the turnover time of the coupled

concentration according to electron transport reaction will increase the chance for
unproductive leakage of the membrane and decrease the
app_ 1[DCCD] + 7, effective protonogenesis of the; complex (Figure 2).
~ [DccD] +1 This interpretation may explain why chemical modification

of different carboxyl residues in different subunits of tiee
where r; and 7, are the generation time for phase Ill in complex (cytochromé, core protein Il, subunit IX, and ISP)
DCCD-modified and unmodifiebc; complexes. However,  and located sometimes on different sides of the membrane
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(22, 46) have similar decoupling effects. To accommodate 15. Crofts, A. R., Meinhardt, S. W., Jones, K. R., and Snozzi, M.

all these results on chemical modification, one needs only

to assume that all these modifications of thg complex

slow down its turnover to the extent that dissipation of the 17
proton transmembrane gradient begins to play a significant

role in the coupled steady state.

CONCLUSIONS

To investigate the effect of DCCD on electron transport
and proton translocation activities in the cytochrobe
complex, we studied the flash-induced kinetics of electro-
genic reactions ifRb. sphaeroideshromatophores. Our data
show that at different DCCD concentrations the kinetics of
phase IlI follow those of the cytochromes in th&@ complex.

On the basis of the analysis of the kinetics of cytochromes

c and b, we conclude that DCCD treatment of chromato-
phores leads to modification of the rate ofHR oxidation
by ISP as well as the transfer of electrons via ISEita’he
slowing of the electron-transfer reactions at the $jte
induced by DCCD increases the relative probability of the

unproductive leakage of the membrane and may effectively

decrease the protonogenesis of bug complex.
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