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Studies on well-coupled Photosystem I-enriched subchloroplast vesicles —
characteristics and reinterpretation of single-turnover cyclic electron transfer
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The contributions of ferredoxin, P-700, plastocyanin and the cytochromes ¢-554, and b-563 to single-turnover
electron transfer in Photosystem (PS) I-enriched subchloroplast vesicles were deconvoluted by fitting the
literature-derived spectra of these components to the observed absorption data at a series of wavelengths,
according to a linear least-squares method. The obtained corresponding residuals showed that the applied
component spectra were satisfactory. The deconvoluted signals of cytochromes c-554 and 5-563 differed in
some cases significantly from the classical dual-wavelength signals recording at 554-545 nm and 563-575
(or —572) nm, due to interference from other electron-transferring components. KCN, DNP-INT (2-iodo-6-
isopropyl-3-methyl-2’ 4,4 -trinitrodiphenyl ether), DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinone) and antimycin A all inhibited electron transfer, although antimycin and DBMIB inhibited only
after a few turmovers of the cytochrome bf complex. Fast flash-induced reduction of cytochrome 5-563
exclusively reflected oxidant-induced reduction. Fast electron flow from cytochrome c-554 to plastocyanin
and P-700 resulted in an apparent rereduction of cytochrome ¢-554 that was slower than the reduction of
cytochrome b-563. Model simulations indicate that under highly oxidizing conditions for the Rieske FeS
centre and reducing conditions for cytochrome 5-563, the semiquinone at the Q, site cannot only reduce
cytochrome b-563, but can also oxidize cytochrome 5-563 and reduce the Rieske FeS centre. The effect of
10 pM gramicidin D was evaluated in order to determine the contributions by electrochromic absorption
changes around 518 nm. Gramicidin left electron transfer, monitored in the 550-600 nm range, unchanged.
The gramicidin-sensitive (membrane potential-associated) signal at 518 nm differed from the signals
recorded in the absence of gramicidin at 518 nm or 518-545 nm, due to spectral interference from
electron-transferring components in the latter signals. KCN, DBMIB and antimycin A affected both the fast
and slow components of the electrochromic signal, but did not proportionally affect the initial electron
transfer from P-700 to ferredoxin (charge separation in PS I). Not only the slow (10—100 ms) component of
the 518 nm absorption change, but also part of the fast (less than 1 ms) component appears to monitor
electrogenic events in the cytochrome bf complex.

Abbreviations: Chl, chlorophyll; DAD, 2,3,5,6-tetramethyl-p-phenylenediamine (diaminodurene); DBMIB, 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone; DMQ, 2,5-dimethyl-p-benzoquinone; DNP-INT, 2-iodo-6-isopropyl-3-methyl-2’,4,4’-trinitrodiphenyl
ether; P-700, primary electron donor of Photosystem I; PMS, N’-methylphenazonium methosulphate; PS I, Photosystem I, PS 1I,
Photosystem I1.
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Introduction

Subchloroplast vesicles, prepared by mild dig-
itonin treatment of chloroplasts, are mainly de-
rived from the exposed thylakoid membranes and
offer a useful object for studies of cyclic electron
transfer around PS I, avoiding bias due to ad-
ditional electron input from PS II. Their composi-
tion [1], light-induced electric potential generation
[2-5] and phosphorylating activity [6-8] has been
analyzed previously. A characterization of cyclic
electron flow in these vesicles has also been under-
taken [3].

In line with several studies on chloroplast sys-
tems [9-14], the absorption changes of cyto-
chrome ¢-554 (cytochrome f) and cytochrome
b-563 were commonly determined from dual-
wavelength experiments [3] involving registrations
at 554 and 563 nm with respect to a reference
wavelength. Possible interference from contri-
butions of P-700, plastocyanin or ferredoxin [15,16]
was not taken into account so far. Such inter-
ference has similarly been disregarded in studies
on the behaviour of the carotenoid absorbance
changes around 518 nm in PS I vesicles [2-4] and
in chloroplasts [12-14,17-21). However, the
known absorption spectra of P-700 {22], ferredo-
xin [23], plastocyanin [24], and the cytochromes
¢-554, b-563 and b-559 [25] show substantial over-
lap in the wavelength range of 500-600 nm.
Therefore, significant contributions of unwanted
components to single- or dual-wavelength record-
ings of absorption changes may occur and the
extent of this interference may depend on the
conditions, for example in redox or inhibitor titra-
tions. In order to improve this analysis, it is essen-
tial to determine the contributions of all involved
redox components in the given wavelength range
of interest. This can be done in principle if all
components involved and their respective spectra
are known.

Recently, a method was described to correct
the absorption changes of cytochromes in photo-
synthetic bacteria for electrochromic absorption
changes [26]. In a mixed solution of known
amounts of pyridine hemochromes, a spectral de-
convolution procedure for the simultaneous de-
termination of hemochromes a, b and ¢, based on
matrix inversion, appeared to be satisfactory [27].

A similar deconvolution procedure has been used
to determine the light-induced absorption changes
of P-700, plastocyanin and the cytochromes ¢-554
and b-563 in a proteoliposome system, exclusively
consisting of purified and reconstituted PS I, cyto-
chrome bf complex, and plastocyanin, apart from
lipids and redox mediators [16]. The overall ab-
sorption changes were followed at a number of
wavelengths equal to the number of deconvoluted
components. However, this provides no insight
into the accuracy of the deconvolution. If the
absorption changes at the various wavelengths are
not recorded simultaneously, such deconvolutions
are not only susceptible to uncertainties about the
spectral properties of the components such as they
occur in the functional system, but also to tem-
poral instabilities of the system, resulting in
changes that occur in the time between the various
measurements.

In more complicated systems like PS I vesicles
or chloroplasts, more components are involved
and consequently more wavelengths should be
taken into account. In addition, the uncertainty
about the number and the nature of the compo-
nents involved is larger. Especially in these sys-
tems, insight into possible errors is essential. This
insight is enhanced by measuring at a number of
wavelengths larger than the number of deconvo-
luted components. In addition, this redundant
spectral information may be used to increase the
stability of the results obtained after deconvolu-
tion.

In the present study on PS I vesicles, we have
measured the absorption changes at 8-15 different
wavelengths in the 500-600 nm wavelength range
and deconvoluted the contributions of the five
electron transfer components that elicited the
largest absorption changes in this wavelength
range. Because the information on the spectral
shape of the electrochromic absorption changes is
not always consistent, these changes are not taken
into account in the spectral deconvolution. For
this reason we have performed the measurements
at high gramicidin concentrations in order to pro-
hibit these electrochromic contributions. For-
tunately, it appeared that these high concentra-
tions of gramicidin did not influence electron
transfer in our system.

The deconvolution procedure appeared to be



quite satisfactory under single-turnover condi-
tions. The results obtained by deconvolution allow
a more detailed analysis of electron transfer than
was previously possible [3]. In addition to the
flash-induced absorption transients of cytochrome
¢-554, cytochrome b-563 and the membrane
potential-monitoring carotenoids, those of fer-
redoxin, P-700 and plastocyanin could be de-
termined as well.

Materials and Methods

The preparation of PS I vesicles and the experi-
mental conditions were as described in [4,7,8], the
temperature being 20°C and the pH being 7.8
and 8.0 in the isolation and storage/reaction
media, respectively. After preparation, the PS 1
vesicle batches were stored in small portions in
liquid nitrogen.

Gramicidin D, DBMIB, DNP-INT, antimycin
A, DAD, duroquinone, DMQ and p-benzo-
quinone were added from ethanolic solutions, the
ethanol concentration in the reaction mixture never
exceeding 1% (v/v). After addition, 10 min of
darkness, followed by 2 min of continuous il-
lumination and another 5 min of darkness were
applied to reach full effectivity of these agents.
The final gramicidin concentration was always 10
pM. Two times higher or lower concentrations
had the same effect. KCN inhibition was effected
by preincubating the vesicles during 60 min in the
dark at 0°C, in the absence of ferredoxin and
NADPH and at a final concentration of 50 mM
KCN. After this incubation, ferredoxin and
NADPH were added to the reaction mixture, as
normally.

DBMIB and DNP-INT were kindly donated by
Prof. A. Trebst (Ruhr-Universitit, Bochum,
F.R.G.). Gramicidin D and antimycin A were
purchased from Boehringer (Mannheim, F.R.G.);
DAD was purchased from Aldrich (Beerse, Bel-
gium), duroquinone from BDH (Poole, U.K.),
DMQ from Eastman/Kodak (Rochester, NY,
US.A), p-benzoquinone from Fluka (Buchs,
Switzerland) and PMS from Sigma (St. Louis,
MO, U.S.A)). All other chemicals were purchased
from Merck (Darmstadt, F.R.G.).

The single-turnover experiments were carried
out in a previously described, laboratory-built
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kinetic spectrophotometer [2,4,28,29]. Saturating
actinic Xe flashes (tail-depressed, 5 us at half
maximal amplitude) were fired at 0.1 Hz. The
absorption transients following 50-100 flashes
were averaged.

In the course of the experiment, several times
between the measurements at the various wave-
lengths (and in any case at the end of each experi-
ment), a set of transients was again recorded at
the initially used wavelength in order to check that
no instabilities or ageing had occurred during the
experiment. In general, the presently used samples
were stable for about 3 h. Thereafter, the experi-
ment was continued with a freshly thawed portion
of vesicles and it was checked at one or two
wavelengths that these vesicles behaved in exactly
the same way as the previous portion of vesicles.
The results obtained with different portions of the
same PS I vesicle batch were usually equal. If not,
they were discarded.

The spectral information about the various
electron-transferring components involved in the
present PS I vesicle system was derived from the
following literature for: ferredoxin [23,30-32], P-
700 [22], plastocyanin [24] and cytochromes c-554
and b-563 [25,33]. The actual data applied in the
deconvolutions are shown in Table I.

Only the contributions of ferredoxin, P-700,
plastocyanin and the cytochromes c-554 and b-563
were taken into account under our experimental
conditions. This appeared to be satisfactory. From
Fig. 4 of Ref. 3 it appears that in the presence of
the NADP* /NADPH redox-poising system there
is also a small contribution by cytochrome b-559.
Apparently, there was no contribution of cyto-
chrome b-559 under our conditions (no NADP*
present), but it cannot be excluded that the decon-
voluted cytochrome b-563 signal can occasionally
contain a contribution by cytochrome b-559. If
only cytochrome 5-563 was taken into account,
very satisfactory residuals (see below) were ob-
tained, also around 559 nm.

In the present experiments, the recorded ab-
sorption transients consisted of 512 data points,
sampled at about 400 ps intervals. The deconvolu-
tions were carried out with a computer according
to the following procedure. Using the transients
obtained at- m different wavelengths (m in the
range of 8-15), an m X 512 array was composed.
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This array, designated here as S, accordingly com-
prised 512 spectra. From the normalized extinc-
tion coefficients shown in Table I, a selection was
made that corresponded to the five components to
be deconvoluted and the m wavelengths used, in
order to create an m X 5 array (E).

First, the so-called pseudo-inverse of E was
calculated, using the Gauss-Jordan method and
(to minimize the computational error) ‘partial
pivoting’ [34]:

l'ET

(ET-E)"
The contribution of the five components to the
overall absorption changes (at any of the 512

points in time) was then calculated as a 5 X 512
array (C):

LET.S

C=(ETE)”
Thus, C comprises the absorption transients of the
five deconvoluted components at their peak wave-
lengths (525 nm for P-700 and 500 nm for fer-
redoxin, see Table I), calculated according to a
linear least-squares method.

In principle, measurements at only five differ-
ent wavelengths (m = 5) would suffice to calculate
C. (The pseudo-inverse of E would then become
equal to E.) The redundant information obtained
by measuring at more than five wavelengths in-
creases the stability of the solution and allows an
error analysis. Using the literature-derived spectra
of the individual components (Table 1, E), each
weighted according to its individual contribution
as defined by C, an overall spectrum (fitted spec-
trum) was calculated at any of the 512 points in
time:

F=E-C

Thus, the m X 512 array F comprises 512 spectra,
or m absorption transients, representing the fitted
transient at the m wavelengths used. The residuals
can then be calculated as the difference between
the originally recorded transients and the fitted
transients:

R=S-F

where R is also an m X 512 aray and comprises
the residuals (absorption transients) at m wave-

lengths. These residuals cannot be described in
terms of the spectral components as they were
assumed to be (Table I), since the spectral ‘spaces’
defined by the columns of R and E are orthogo-
nal. The residuals reflect errors in the fit such as
caused by neglected components, light scattering,
etc.

Results

The electrochromic signals — the effect of gramicidin

In the absence of NADPH, but in the presence
of ferredoxin, no flash-induced absorption changes
were observed at all in the 480—600 nm range (not
shown). Electron transfer is not seen under those
conditions, due to full oxidation of all redox car-
riers involved. After reduction of the system by
500 pM NADPH, flash-induced absorption tran-
sients were observed (Fig. 1), monitoring electron
transfer and membrane potential formation. 10
pM gramicidin seriously affected the absorption
changes in the 480550 nm range, but was without
any effect in the 550-600 nm range. Fig. 1 shows
these effects at some important wavelengths in
these ranges. Apparently, gramicidin does not sig-
nificantly affect cyclic electron transfer itself. The
gramicidin-sensitive part of the transients (right
column of traces in Fig. 1) seems to reflect the
electrochromic absorption band shift around
480-520 nm. The fast (0—3 ms) component which
is seen around 518 nm in the absence of gramici-
din is abolished very rapidly, so as to reveal even a
fast absorption decrease (Fig. 1). It seems that the
full extent of the electrochromic absorption
changes, detectable under our conditions (time
resolution, 400 ps), was cancelled by gramicidin,
since transient absorption changes (decaying
within less than a few ms) were not observed
(neither in the absence nor in the presence of
gramicidin).

In the gramicidin-sensitive electrochromic sig-
nal at 520 nm the ‘slow’ component (peaking at
40-50 ms)is not as slow as in the original signal in
the absence of gramicidin (peaking at 70—-100 ms).
Fig. 1 shows that at 520 nm, there is also an
important contribution of gramicidin-resistent
(non-electrochromic) absorption changes. The
non-electrochromic signals vary with the wave-
length (Fig. 1) and the conditions (see below).
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wavelength (nm):
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Fig. 1. Flash-induced absorption transients in the absence and presence of 10 pM gramicidin D. The reaction mixture contained 250
mM sorbitol, 20 mM NaCl, 20 mM KCl, S mM MgCl,, 2.5 mM KH,PO,, 1 mM Tes/KOH buffer, 500 uM NADPH, 5 uM
ferredoxin and about 100 pM O, at pH 7.8 and 20°C. Vesicles were added to 50 pg Chl-ml~!. The right column shows the
gramicidin-sensitive parts of the of the original transients. The open arrows indicate the moment of flashing.

Therefore, the original transients (in the absence chromic effects. When the refer to “electrochro-
of gramicidin) recorded at 518 or 518-545 nm mic signal” -below, the gramicidin-sensitive ab-
[2-5,9,12-14] do not exclusively reflect electro- sorption change at 518 nm is meant.
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The spectral components detectable in the presence
of gramicidin

Since 10 pM gramicidin did not affect electron
transfer (judged from the lack of effect in the
550-600 nm range), we chose to measure the
absorption changes of the electron-transferring
components in the presence of gramicidin. This
prevented interfering electrochromic absorption
changes. Fig. 2 shows the deconvoluted absorption
changes of ferredoxin, P-700, plastocyanin and the
cytochromes ¢-554 and b-563 at high ambient
redox potential (about 485 mV) established by
potassium ferricyanide and ferrocyanide in the
presence of redox mediators (see legend to Fig. 2).
Plastocyanin and the cytochromes did not contrib-
ute to the flash-induced absorption changes, since
they were already oxidized before the flash. Fer-
redoxin reduction was not detected, possibly be-
cause the reoxidation rate was too high in the
presence of ferricyanide (and redox mediators).
Also in the absence of ferricyanide, under the

conditions of Fig. 1, but with duroquinone pre-
sent, ferredoxin reduction was not observed (not
shown). Thus, it is possible that duroquinone
elicited fast ferredoxin oxidation, or drew away
electrons between P-700 and ferredoxin. The only
significant redox change observed is that of P-700.
Apparently, no complete rereduction of P-700 oc-
curred in the course of 200 ms, showing that
electron flow through the artificial redox mediator
system to P-700 was slow. However, the presence
of a P-700 signal in the averaged traces shows that
at least some P-700 rereduction occurred within
the 10 s interval between subsequent flashes:
otherwise the individual flash-induced signals
would have been abolished already after the first
few flashes and the average would have become
virtually zero (this is not observed; the average of
100 flashes is shown). A flash interval of double
duration (20 s) did not change the results (not
shown), indicating that in the presence of the
applied redox mediators, the 10 s flash interval

AAs ferredoxin
3.10°¢ residuals:
P-700
”MWWMM plastocyanin
cytochromes:
Yoottty vsdatiiians  c_554 ot

P AN 563

]

il

[ S

100 ms

Fig. 2. The deconvoluted contributions of ferredoxin, P-700, plastocyanin and the cytochromes c¢-554 and 5-563 under oxidizing

conditions and in the presence of 10 pM gramicidin D. The contributions are shown as absorption changes at 500, 525, 590, 554 and

563 nm for ferredoxin, P-700, plastocyanin and the cytochromes c-554 and b-563, respectively. On the right (from top to bottom) the

residuals at 515, 520, 525, 537, 540, 545, 550, 554, 559, 563, 566, 570, 575 and 590 nm are shown. Open arrows indicate the moment

of flashing. Potassium ferricyanide (10.8 mM), potassium ferrocyanide (1.2 mM), duroquinol (10 pM), DMQ (10 pM), PBQ (10 ¢ M)
and PMS (1 pM) were present; NADPH was absent. Further conditions as in Fig. 1.
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NORMALIZED EXTINCTION COEFFICIENTS USED IN THE SPECTRAL DECONVOLUTIONS

The reduced-minus-oxidized coefficients of each component were normalized to the largest coefficient occurring in the 500-600 nm
wavelength range (values in mM~!-cm™'): 3.6 (ferredoxin at 500 nm), 5.8 (P-700 at 525 nm), 4.7 (plastocyanin at 590 nm), 20.0
(cytochrome ¢-554 at 554 nm), 14.5 (cytochromes 5-563 and 5-559 at 563 and 559 nm, respectively).

Wavelength Extinction coefficient of
(nm) ferredoxin P-700 plastocyanin cytochrome
c-554 b-559 b-563

500 —1.000 ~1.146 0.148 —0.284 —0.158 -0.197
515 -0.817 ~0.802 —-0.216 —0.065 -0.032 0.000
520 —-0.750 ~-0.926 —0.245 0.073 0.027 0.141
525 —0.706 ~1.000 —0.269 0.104 0.075 0.274
530 —0.649 ~0.990 —-0.312 —0.028 0.153 0.380
537 -0.590 ~0.831 —0.345 —0.143 0.036 0.521
540 -0.565 ~0.767 —0.404 -0.113 —0.048 0.464
545 —0.522 ~0.686 —0.463 0.049 —0.067 0.354
550 —0.500 ~0.672 -0.515 0.707 0.110 0.303
554 —-0.456 ~0.637 —0.588 1.000 0.463 0.393
559 —-0.413 ~0.569 —0.651 0.089 1.000 0.745
560 —0.406 ~0.558 —0.660 —0.063 0.959 0.855
562 —-0.392 ~0.507 —0.689 -0.197 0.863 0.955
563 —0.380 —0.497 -0.702 -0.217 0.792 1.000
566 —-0.356 ~0411 —0.748 —0.252 0.370 0.825
570 —0.321 ~0.233 —0.814 —0.226 0.000 0.259
572 —0.305 ~0.148 —0.874 —-0.222 -0.134 0.039
575 -0.281 ~0.021 —0.905 -0.195 -0.219 —0.099
590 —0.268 0411 —1.000 —0.085 -0.137 —-0.103

was enough for complete relaxiation of P-700 to
the equilibrium reduction level.

The residuals shown in Fig. 2 indicate that the
P-700 spectrum applied in the deconvolution (Ta-
ble I) fitted well to the observed absorption
changes and that it corresponded indeed to the
spectrum of the P-700 functioning in these vesicles.
Also, the quality of the fit indicates that no sig-
nificant electrochromic absorption changes re-
mained in the presence of gramicidin, since these
could not have been fitted precisely with the spec-
trum of P-700 (see also the residuals in Fig. 3).

In Fig. 2, i.e., at about 485 mV, the amount of
flash-oxidized P-700 was about 30 to 60% of the
amount in control experiments. The flashes were
saturating and thus elicited full oxidation of P-700.
Assuming full reduction before the flash in control
experiments, our data would correspond to a mid-
point potential of about 465 to 500 mV for P-700.
This is indeed in the range of potentials de-
termined by others [35,36]. A more detailed study

of the redox-potential-dependent behaviour of the
signals is under investigation and will be pub-
lished later.

For a further test of the deconvolution method,
KCN was used in an experiment where the system
was redox-poised by 500 uM NADPH and 100
#M oxygen (standard conditions). Fig. 3 shows
that now there is also a contribution of ferredoxin.
In agreement with earlier observations [36,37],
KCN inhibits plastocyanin effectively, since rere-
duction of P-700 did not occur in the course of
200 ms and a contribution from plastocyanin and
the cytochromes (compare with Fig. 4) was absent.
In comparison with the control situation (see be-
low, Fig. 4), the extent of the flash-induced P-700
oxidation in Fig. 3 indicates that 30 to 60% rere-
duction of P-700 did occur in the course of the
flash interval (10 s). From the residuals shown in
Fig. 3, it appears that not only the spectrum of
P-700 (Table I) was satisfactory (this followed
from Fig. 2), but also the spectrum of ferredoxin
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ferredoxin
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St e, b 563
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—
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s T R _B_

residuals:

Fig. 3. Deconvoluted absorption transients in the presence of 50 mM KCN and 10 pM gramicidin D. Shown are the five components

as indicated in the figure together with the residuals at (from top to bottom) 515, 520, 525, 537, 540, 545, 554, 559, 562, 563, 566, 570,

575 and 590 nm. The trace indicated by R.B. is the net reduction balance (obtained by dividing each deconvoluted signal by its

proper millimolar extinction coefficient and by making a linear combination of the resulting signals such that net reduction
corresponds to an upward deflection).

(Table I). Moreover, the flash-induced millimolar
amounts of P-700 oxidized and ferredoxin reduced
matched precisely. This is shown by the net reduc-
tion balance of the system (Fig. 3), calculated as
the sum of the flash-induced millimolar reduction
of ferredoxin, P-700, plastocyanin, and the cyto-
chromes ¢-554 and b-563, using the millimolar
extinction coefficients that are shown in the legend
of Table I. The flash-induced absorption changes
of ferredoxin (Fig. 3, see also Figs. 4 and 5) are
maximal around 420 and will cause a large flash-
induced absorption decrease in the ‘carotenoid
area’ around 480-520 nm. This can be seen in Fig.
1 (middle column of traces).

Cyclic electron transfer involving the cytochromes
In the presence of KCN fast electron transfer
through cytochrome b-563 is totally abolished

(compare Fig. 3 with Fig. 4). Ferredoxin is rapidly
reduced, but ferredoxin reoxidation is very slow.
Apparently, the previously proposed [3] fast fer-
redoxin-dependent reduction of cytochrome b-563
(c.f. Refs. 38 and 39) does not occur upon flash-
ing, in agreement with Ref. 40. A slow reaction
between ferredoxin and cytochrome 5-563 has been
demonstrated with the isolated complexes [41], but
it is not likely that such a reaction occurs in the
PS 1 vesicles (see Discussion). Fig. 4 shows the
behaviour of the deconvoluted electron transfer
components in uninhibited PS I vesicles. Now
P-700 is completely rereduced within 20-25 ms
and ferredoxin is slowly oxidized. Also, plasto-
cyanin and the cytochromes now clearly par-
ticipate in electron transfer.

After flash-induced oxidation, plastocyanin was
rereduced at a somewhat slower rate than P-700.
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Fig. 4. Deconvoluted absorption transients of the five indicated electron-transferring components in the presence of 10 uM
gramicidin D. Residuals at (from top to bottom) 515, 520, 537, 540, 545, 554, 559, 563, 570, 575 and 590 nm and reduction balance
(R.B.) are shown on the right. All vertical calibration arrows correspond to A4 = 31074,

Rereduction of cytochrome c¢-554 was in turn
slower than that of plastocyanin. This is in agree-
ment with the relative midpoint potentials of these
components if it is assumed that electron transfer
between these components is so fast that they
‘equilibrate’. Cytochrome b-563 was rapidly re-
duced with apparent multiphasic kinetics. The re-
duction was faster than the net rereduction of
cytochrome ¢-554 and much faster than the ap-
parent reoxidation of ferredoxin.

The reoxidation of cytochrome 5-563 was com-
paratively slow, but not as slow as the reoxidation
of ferredoxin. This is apparently not in agreement
with a (ferredoxin-dependent) reductant-induced

oxidation mechanism proposed for cytochrome b-
563 [42] (but see Discussion). The net reduction
balance of the system (see above) monitors input
of electrons, possibly from plastoquinone and the
Rieske FeS centre, which are not directly detected
(see below).

Due to the involvement of five components
(Fig. 4) instead of only one or two, the spectral
situation in control vesicles is much more complex
than the situation shown in Figs. 2 and 3. As a
consequence, the deconvolution is more suscepti-
ble to errors. This is reflected by the residuals in
Fig. 4. Possibly, there is some spectral interference
by quinone radicals, of which we don’t know the
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precise spectrum. In general, however, the decon-
volution seems still satisfactory. In the experi-
ments shown in Fig. 5, the fit was comparatively
better.

The large absorption changes due to ferredoxin,
P-700 and plastocyanin (Figs. 2-4), compared to
those of the cytochromes, clearly show that without
a proper spectral deconvolution, no reliable infor-
mation on cytochrome behaviour can be obtained
in this system.

As shown in Ref. 1, the amount of P-700 pre-
sent in these vesicles exceeds the amount of
plastocyanin and, to a larger extent, the amount of
cytochromes. From the experiment shown in Fig.
4, it appears that the apparent molar ratios of
P-700, ferredoxin, plastocyanin, cytochrome c-554
and cytochrome b-563 turning over were in the
proportion of 1:2:0.4:0.1:0.2.

Oxidation of half the amount of P-700 neces-
sary to explain the extent of the fast reduction of
ferredoxin was not detected on this time scale
(400-800 ps). This could be partly explained by
the observed very rapid oxidation of plastocyanin
and cytochrome c¢-554. When it is assumed that
the Rieske FeS center is oxidized in parallel to
cytochrome ¢-554, this can explain 60% of the
missing electron equivalents. The remaining 40%
could then be derived from fast electron input
from plastoquinol. Since the fast flash-induced
reduction of cytochrome b-563 was sensitive to
KCN (cf. Figs. 3 and 4), reduction could not be by
ferredoxin, but must be the result of oxidant-in-
duced reduction [43-46] via the Q, site. Accord-
ing to the considerations above, the electron flow
from the plastoquinol pool to P-700 would be
sufficiently fast to account for such a fast reduc-
tion of cytochrome 5-563 and is in agreement with
Ref. 16. The observed kinetics imply that cyto-
chrome c¢-554 must have turned over 4-5 times
within the first milliseconds after the flash. The
fast input of electrons from plastoquinol to the
oxidizing side of PS I and to cytochrome b-563 is
immediately apparent from the net reduction bal-
ance (Fig. 4). Under anaerobic, reduced condi-
tions for ferredoxin (in the presence of dithionite
and glucose with glucose oxidase as oxygen
scavenger) flash-induced reduction of cytochrome
b-563 could still be observed. (Not shown; only in
the presence of appropriate redox-mediators, cyto-

chrome b5-563 was fully reduced by dithionite and
a net oxidation of cytochrome 5-563 was induced
by flashes at low flash frequency.)

The effect of electron-transfer inhibitors

The left and middle parts of Fig. 5 show that
the Q, site-inhibitors DNP-INT and DBMIB
[43-48] inhibited the rereduction of cytochrome
¢-554, plastocyanin and P-700. However, DBMIB
did not fully inhibit cytochrome b-563 reduction
and cytochrome ¢-554 rereduction. The reduction
balance shown in Fig. 5 (left) shows that during
the first few ms after the flash, DBMIB does not
prevent net input of electrons (as KCN does, cf.
Fig. 3), but that inhibition occurred only after this
initial phase. Note that, due to the excess of P-700
present, a single turnover of the photosystem re-
sults in several turnovers of the cytochrome bf
complex. Like DBMIB, antimycin A inhibited
electron flow only after a few turnovers of the
cytochrome bf complex (Fig. 5), although the
kinetics of the electron input were different from
those obtained with DBMIB (see reduction bal-
ances). The flash-induced reduction of cytochrome
b-563 in the presence of antimycin was smaller
than in the presence of DBMIB (Fig. 5). The
effect of antimycin A resembles the effect observed
in an earlier study [49]. The interpretation of the
effects of DBMIB and antimycin will be discussed
below.

Flash-induced membrane potential generation

Fig. 6 shows the flash-induced electrochromic,
gramicidin-sensitive absorption transients at 518
nm in the presence of the inhibitors KCN, DBMIB
and antimycin A. These inhibitors all affected
both the slow and the fast component of the
electrochromic signal (peaking around 40-50 ms
and within a few ms respectively, cf. Refs. 2 and
9). In chloroplasts, antimycin and DBMIB are
generally found to inhibit only the slow phase of
the electrochromic signal {2,9,12,13,18,19]. In few
cases, also an effect of antimycin on the fast phase
was noted {17,20). We observed the effect of the
inhibitors on the fast (0—3 ms) phase only when
the electrochromic signal was obtained after the
correction as in Fig. 1 (see also Fig. 7). The slow
(40--50 ms) component seems to be affected more
or less in proportion to the fast component (Fig.
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Fig. 5. Deconvoluted absorbtion transients of the five indicated electron-transferring components in the presence of 10 pM

gramicidin, and of 5 uM DBMIB, 10 pM DNP-INT, or 10 pM antimycin A, as indicated. Fd = ferredoxin, PCy = plastocyanin,

¢-554 and b-563 = cytochrome ¢-554 and b-563. Residuals DBMIB experiment (left, from top to bottom) at 515, 520, 525, 537, 540,

554, 559, 562, 563, 566, 570 and 590 nm; residuals DNP-INT and antimycin A experiments (middle and right, from top to bottom) at

515, 520, 525, 537, 540, 545, 550, 554, 559, 562, 563, 566, 570, 572, 575, and 590 nm. R.B., reduction balances. The vertical calibration
arrows all correspond to A4 = 3-1074,



498

AA=

3.10-4 control

“« +antimycin
A

+DBMIB

+KCN
- NADPH

7

—p
100 ms
Fig. 6. The gramicidin-sensitive (electrochromic) part of the
absorption transients at 518 nm in the absence and presence of
the indicated inhibitors. The inhibitor concentrations were as
in Figs. 3 and 5. As indicated, NADPH was absent in one
experiment (lowest trace).
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6). The effect of the inhibitors suggests that under
these conditions only part of the fast electrochro-
mic signal is associated with charge separation by
PS I. In the absence of NADPH (bottom trace),
no electron transfer occurred and accordingly no
flash-induced membrane potential is generated.

Comparison of the deconvoluted signals with those
directly obtained by the classical dual-wavelength
method

Fig. 7 shows the flash-induced absorption
changes at 518-545 nm or just at 518 nm (left)
and at 554-545 nm, 563-575 or 563-572 nm
(middle and right, respectively), as they occurred
under similar conditions as in Figs. 1-5. The
absorption changes at these wavelengths (pairs)
are frequently taken to be those of the carotenoids

563-575 nm (4 gramicidin)

control

Al4

+ DNP-INT

- o i

Fig. 7. Absorption transients recorded at the indicated wavelengths or wavelength pairs and in the absence and presence of the

indicated inhibitors. The inhibitor concentrations were as in Figs. 3 and 5. The trace marked [485 mV’ was obtained under the

conditions of Fig. 2. For comparison, the deconvoluted signals (derived from Figs 2--5) of cytochrome ¢-554 (middle column) and

b-563 (right column) are shown as dashed lines. For the traces obtained at 518 or 518-545 nm (left): a, control; b, + DBMIB; c,
+ antimycin A; d, + KCN. The vertical calibration arrows all correspond to A4 =3-10~%.



(in response to changes of the membrane poten-
tial), cytochrome ¢-554 and cytochrome 5-563,
respectively [10-14,16-21]. It appears from Fig. 7
that under several conditions, this classical type of
recording differs significantly from the deconvo-
luted signals shown in Figs. 3-5 and from the
gramicidin-sensitive signals in Fig. 6, due to inter-
ference by absorption changes caused by P-700,
ferredoxin and plastocyanin. For instance, in the
absence of gramicidin (Fig. 7, left), electron-trans-
fer inhibitors did not affect the fast component of
the absorption signal at 518 nm, in contrast to
what happens to the electrochromic signal in Fig.
6 (data both derived from the same experiment).

Discussion

The electrochromic signals

The data in Figs. 1, 6 and 7 clearly show that
the signals observed around 518 nm or at 518-545
nm do not exclusively reflect changes of mem-
brane potential, but contain an important contri-
bution of electron-transferring components. The
residuals shown in Figs. 2-5 show that all
gramicidin-insensitive absorption changes between
500 and 600 nm are the result of redox changes in
the contributing components.

The agreement of our results using classical
methods (Fig. 7) with those previously obtained in
PS I vesicles [2,3] and chloroplasts [9,12-14,17-21]
indicates that the present results are not excep-
tional. We feel that previous interpretations con-
cerning the 518 nm and other transients in PS I
vesicles and chloroplasts should be reconsidered
on the basis of the more accurate deconvolution
data.

The effects of electron-transfer inhibitors in
Fig. 6 show that electron transfer through the b
cytochromes is not exclusively associated with the
slow (40-50 ms) component of the gramicidin-
sensitive signal. Also the fast (0—3 ms) component
of this electrochromic signal seems to monitor in
part electrogenic electron transfer from the Q, to
the Q_-site. This implies that correlation of the
slow phase with electrogenic electron transfer
through the b cytochromes is subject to criticism.
It is even conceivable that the slow component
may not monitor transmembrane (electrogenic)
electron transfer at all, but only an electrogenic
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process that results from it, such as proton move-
ments from the external aqueous phase to the
plastoquinol anion following plastoquinone reduc-
tion by cytochrome 5-563. (Note that the slow
phase is apparently affected in proportion to the
fast phase, in the presence of the various inhibi-
tors, see Fig. 6.)

Deconvolution of electron-transferring components
Spectral deconvolution not only allows to de-
termine the simultaneous contribution of several
important electron-transfer components, but is es-
sential for a proper interpretation of the absorp-
tion transients. This is illustrated by the following
example. In a previous study on PS I vesicles [3],
reoxidation of cytochrome b-563 (monitored at
563-572 nm) and rereduction of cytochrome ¢-554
(detected at 554-545 nm) were inhibited under
mild oxidizing conditions. The inhibition of cyto-
chrome ¢-554 rereduction in Ref. 3 probably also
affected P-700 rereduction. Consequently, the sig-
nal obtained at 563-572 nm may have contained a
large contribution of P-700 (cf. Fig. 5), the more
so as there is an excess of P-700 relative to cyto-
chrome ¢-554 in the PS I vesicles. Thus, we can
now deduce that in Ref. 3 cytochrome b-563 re-
oxidation was probably not impaired. Rather, re-
duction of cytochrome 5-563 was impaired to-
gether with rereduction of cytochrome ¢-554. At
563-572 nm the main changes could have been
caused by P-700, rather than cytochrome 5-563.

Modelling the electron-transfer mechanism

In an attempt to explain our data in a more
quantitative way, we carried out computer simula-
tions based on the simple reaction scheme in Fig.
8. We varied the relative amounts of the various
components and the second-order rate constants
and checked the effect elicited by inhibition of
quinol oxidation (at the Q, site). However, we
were not able to simulate the experimental data of
Figs. 2-5 this way. The main problem was that the
kinetics during turnover and the amounts of com-
ponents turning over could not be fitted correctly
at the same time.

A realistic excess of P-700 would tend to keep
cytochrome ¢-554, plastocyanin and P-700
oxidized and cytochrome b-563 reduced for a
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Fig. 8. The basic reaction scheme used in the computer simula-
tions. The abbreviations are: ¢-554, b-563 = cytochrome ¢-554
and b-563, respectively. FeS = Rieske FeS centre, hp = high
(midpoint) potential, Ip = low potential, ox = oxidized, PCy =
plastocyanin, PQ, = bound plastoquinone at the Q,-site, red =
reduced, sem = semiquinone. Reactions 3, 4, 5, 7 are second-
order equilibrium reactions. In accordance with the literature-
derived midpoint potentials of the various components [43,50],
the equilibrium constants were assigned the following values:
K, =55 K,=42, K;=30, K, =288 The rate of reaction 1
was proportional to the amount of Ponx, that of reaction 8 to
the amount of b-563 (hp),.q-

while, unless the reoxidation rate of cytochrome
b-563 and the reduction rate of the Rieske FeS
centre were drastically increased. However, the
latter would result in much faster apparent (over-
all) rates of rereduction of cytochrome c¢-554 and
reoxidation of cytochrome b-563 than where ob-
served in Fig. 4.

The quality of the simulations was not im-
proved by assuming (1) partial reduction of the
quinones involved; (2) equilibrium reactions at the
reaction steps 1, 2 and 6 in Fig. 8; or (3) a
reoxidation rate of cytochrome b-563 that was not
only dependent on the amount of reduced cyto-
chrome b-563 (hp), but also on the amounts of
quinone and reduced cytochrome b-563 (Ip). Thus,
as a modification of the model in Fig. 8, we had to
assume that the reduction of the Rieske FeS centre,
the reoxidation of cytochrome 5-563 and the dis-
sipation of the semiquinone at the Q,-site were all
intrinsically much faster during the first few milli-
seconds after the flash than after about 25 ms.

A sufficient increase of the rate of cytochrome
b-563 reoxidation during the first few ms after the

flash, in combination with a fast flash-induced
reduction (as observed in Fig. 4), was only ob-
tained by assuming that the semiquinone created
at the Q,-site could not only reduce cytochrome
b-563 via the Z,-site, but also oxidize cytochrome
b-563 via the Q_-site, in agreement with [16,51]
(see also Refs. 52 and 53 for a similar mechanism
in the mitochondrial bc; complex).

In order to increase the initial rereduction rate
of the Rieske FeS centre, it was necessary to
assume in addition that the semiquinone at the
Q_-site could elicit a second reduction of the Rieske
FeS centre, in agreement with [54,55]. As noticed,
this effect of semiquinone should only occur dur-
ing the first few milliseconds after the flash; other-
wise, complete rereduction of plastocyanin and
especially of cytochrome ¢-554 would occur in a
much shorter time than was observed.

The physiological background of such a kinetic
effect may be that conformational changes or
charge rearrangements in the cytochrome bf com-
plex play a role, influencing the functioning of the
Q,-site. Without necessarily implying a mechanis-
tic explanation of the results, a reasonable fit was
obtained by (abstractly) assuming that the quinol-,
and semiquinone-dependent reduction of the
Rieske FeS centre (not the oxidation of cyto-
chrome b-563) was proportional to the fifth power
of the amount of oxidized cytochrome c¢-554 (Fig.
9, cf. Fig. 4). It is not unthinkable that the redox
state or the electrical charge of cytochrome c¢-554
would trigger conformational changes that in-
fluence the Q,-site. Alternatively, the electrical
charge in the cytochrome c¢-554/Rieske FeS re-
gion of the complex might directly regulate elec-
tron flow from the quinol or semiquinone in an
electrostatic way.

The model predicts correctly the effect of
DNP-INT as the result of inhibition of quinol
oxidation at the Q,-site (reaction step 2 in Fig. &;
results not shown). Also the effect of inactivation
of plastocyanin by treatment with KCN was cor-
rectly simulated with the model. The modified
model did not predict that in the presence of
DBMIB a transient input of electrons to the
oxidizing side of PS I was observed (Fig. 5). Other
studies [57,58,59] indicated that the mechanism of
inhibition of DBMIB is possible more com-
plicated that just inhibition of the Q_-site.



P-700

plastocyanin

cytochrome c-554

AA (arbitrary scaling)

cytochrome b-563

il

100 ms

Fig. 9. A computer simulation of the observed flash-induced
absorption transients of P-700, plastocyanin, and the cytochro-
mes ¢-554 and b-563 at 525, 590, 554 and 563 nm, respectively
(cf. Fig. 4). The simulation was according to Fig. 8, with the
additional assumptions that: (1) the semiquinone could also
oxidize cytochrome 5-563 and reduce the Rieske FeS centre,
and (2) quinol- or semiquinone-dependent reduction of the
Rieske FeS centre was proportional to the fifth power of the
cytochrome ¢-554 concentration. The stiff differential equa-
tions were numerically evaluated according to a 4th-order
Runge-Kutta method [56] in steps of 100 us (same results with
50 us steps). The evaluation started at full reduction of the
components, except cytochrome 5-563 and P-700, which were
fully oxidized. The scaling was identical for each of the four
traces shown. Ferredoxin was not taken into account. The
open arrow indicates the moment where the evaluation started
(‘flash”).

The site of antimycin inhibition

The mechanism of antimycin inhibition in chlo-
roplasts has been subject to debate [18,20,39,47,
49,57,61-62]. Also from Fig. 5, this mechanism is
not immediately apparent. In analogy with its
effect in the mitochondrial cytochrome bc com-
plex, antimycin may inhibit reoxidation of cyto-
chrome b-563 at the Q_-site. Indeed, Fig. 5 shows
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that reoxidation of cytochrome b-563 is inhibited.
However, also the reduction of the cytochrome is
inhibited. To explain this, several possibilities may
be considered.

In the first place this effect may be due to
insufficient relaxation of the reduction (i.e., insuf-
ficient reoxidation) between flashes, leading to an
increasingly small extent of the flash-induced cy-
tochrome b-563 reduction, and thus to a smaller
extent of the averaged signal. (The flash-frequency-
and redox-potential-dependent behaviour is still
under investigation and will be published later).
If, due to insufficient relaxation, cytochrome b-563
would indeed stay reduced between the flashes in
the presence of antimycin, electron transfer to the
Rieske FeS centre and cytochrome ¢-554 would be
inhibited, as is indeed observed (Fig. 5). Inci-
dently, this implies that under these conditions,
oxidation of the semiquinone at the Q,-site by
Rieske FeS centre (as indicated by our simula-
tions) is slow.

In the second place antimycin may additionally
block the Q,-site. Note that antimycin was present
at rather high concentrations [18,47,49,62], al-
though in other studies antimycin was observed to
become effective only at concentrations in the
range of 10-50 pM [17,20,63]. An inhibitory effect
of antimycin at the Q,-site would also explain the
inhibition of the rereduction of cytochrome ¢-554,
plastocyanin and P-700.

Both these mechanisms of antimycin inhibition
do not readily explain why there is a transient
input of electrons from plastoquinol to the oxidiz-
ing side of PS 1 (Fig. 5). Isolated cytochrome bf
complex is remarkably insensitive to antimycin
{60]. Although binding studies showed that high-
specific binding sites for antimycin were indeed
present in chloroplasts {61,62], they were not found
on the cytochrome bf complex, but on another
thylakoid protein, probably associated with fer-
redoxin-dependent plastoquinone reduction [61].

A third and probably most likely possibility
would be that antimycin did not directly affect the
cytochrome bf complex, but inhibited (ferredoxin-
dependent) quinone reduction. If this were the
case, in the 10 s between the flashes the quinone
pool would become only slowly and incompletely
rereduced in the presence of antimycin. When the
amount of reducing equivalents in the quinone
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pool would be insufficient to rereduce the sum of
flash-oxidized cytochrome ¢-554, plastocyanin and
P-700, incomplete rereduction will be observed as
in the redox balance in Fig. 5 (right). The develop-
ment of this effect in the course of flashing cannot
be observed in the present experiments, because
extensive signal averaging was necessary. It was,
however, observed in phosphorylation experi-
ments in which ATP synthesis was directly and
continuously monitored in the reaction cuvette.
There, the inhibition by antimycin appeared to
develop after a lag of several flashes [64]. The
simulation model predicts that with a blocked
cytochrome b-563 oxidation and with fully prere-
duced cytochrome b-563, it is still possible to
reduce the high-potential components on the
oxidizing side of the photosystem completely. That
this does not occur is also explained by antimycin
inhibition of electron transfer from ferredoxin to
the plastoquinone pool.

It should be realized that an antimycin binding-
site elsewhere than on the cytochrome bf complex
does not imply that a Q_-site (where cytochrome
b-563 is oxidized by a semiquinone) does not exist,
nor does it imply that oxidation of cytochrome
b-563 should not be (indirectly) inhibited by anti-
mycin. Our results are best explained by assuming
the existence of an antimycin-sensitive component
in the electron pathway from ferredoxin to the
quinone pool, but this pathway may involve (‘re-
ductant-induced’) oxidation of cytochrome 5-563
(see below).

Electron transfer from ferredoxin to the quinone
pool

A question of interest is whether oxidation of
ferredoxin yields plastoquinol, or perhaps a semi-
quinone radical (as in the mechanism proposed by
Chain [42] to explain reductant-induced oxida-
tion). Because it is not possible to block flash-in-
duced reduction of cytochrome 5-563 by imposing
very reduced conditions on the ferredoxin (as in
the experiment in the presence of dithionite), we
conclude that cytochrome b-563 does not equi-
librate with the ferredoxin or plastoquinone/
plastoquinol redox potential. This implies that,
under ‘normal’ conditions, cytochrome b-563 at a
given site equilibrates only with a single step in
the two-step redox couple quinone/ quinol.

As a result of our method of redox-poising
(with NADPH and oxygen via ferredoxin) we
cannot evaluate reductant-induced oxidation of
cytochrome b-563 (as in the proposal by Chain
[42]) on the basis of the discrepancy between the
apparent kinetics of reoxidation of cytochrome
b-563 and ferredoxin. After each flash, there is a
redistribution of electrons between the (reduced)
ferredoxin, the (oxidized) quinone pool, the fer-
redoxin-NADPH oxidoreductase and the
NADP*/NADPH couple, but the redox changes
of the latter two components were not resolved in
these experiments.
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