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Flash-induced redox changes of cytochrome 5-563, cytochrome f and plastocvanin (PC). and the clectrochromic response from
chloroplast suspensions in reducing conditions (added dichlorophenyldimethylurca. exogenous quinol. anaerobic) were measure]
in the time range 0-20 ms by deconvoluting absorbance changes at appropriate wavelengths. No response attributable to
cytochrome h-559 was observed. Various dimethylbenzoquinels with different substituents on the 6-position of the benzene ring
gave similar kinctics for these processes. There was no significant effect on cvtochrome b-363, £ or PC kinctics of adding
nonactin to dccay the transthylakoid clectric potential difference. These data. together with comparable data for proton
deposition, were used in a parameter optimisation procedure, the Inverse Method, 1o produce rate cocefficients for some of the
partial reactions vccurring when cytochrome f is oxidised by plastocyanin and quinol is subscguently oxidised by cytochrome b /f
complexes. Models such as the Q-cycle or semiquinone (SQ) cycle were used to formulate differential equations describing the
time-dependencies of various forms of the cytochrome b/f complex containing reduced or oxidised cytechrome f. Rieske centre,
cytochrome b-563, and so forth. The Inverse Method minimised the error between data and corresponding model predictions by
adjusting parameter values. A model with the two 5-563 cytochromes not directly connected clectronically was unsatisfactory;
Q-cycle and SQ-cycle models could not be diffcrentiated by the available data. A Q-cycle model gave a close match in all
respects between data and model predictions using 8 rate coefficients. The following average. reduced rate-coetficients (s ')
were estimated for the chloroplast cytochrome b /f complex under the conditions used: & p (between evtochrome f and POC)
2000; Ky (reverse) 220 kyy (between quinol and Ricske centre) 2000 A&y, (between eytochrome h-563 (high potential) and
quinonce at n-sites) 380; kg, (reverse) 150. The Rieske centre and eytochrome [ appeared to be in rapid cquilibrium. with an
cquilibrium constant of about 3, Rieske positive to f.

——— Introduction
Abbreviations: cytochrome h-S63(L.H). with low or high standard

reduction potential: DCMU, 3-(3 4-dichlorophenyD)1,1-dimethylurea:

DQH ;. durogquinol: EC. electrochromic shift (in absorption spec
trum due to an clectric field), F. standard reduction potential:
FeS(* ) or R, Rieske iron/sulphur centre (oxidised), Hepes, N-2-hy-
droxyethylpiperazine-N-2-cthancsulphonic acid: kyp. App. cte re-
duced rate-coefficients as defined in the text: n-site. site assumed 10
bind PQ in a b/f complex near the stroma side of the thylakoid
membrane; PCC* ). plastocyanin (oxidised). PMS. phenazine metho-
sulphate; PMT, photomultiplier tube: PQ(H ). plastoquinone ol
PQH( ™), plastosemiquinone (cation); PQH3" | plastoquinone di-
tion; PQ", plastoquinone radical anion; PQ? . plastoquinone dian-
ion; PS I, PS 11, Photosys:em I, II: Pr-BQH ., 6-propyl. 2. 3-dimethyl-
benzoguisiol; P700C* ), reaction centre (oxidised) in PS 1. p-site. site
assumed to bind POH;, on a b/ f complex near the inside of &
thylakoid; SQ, semi-quinone: (F)RH. (F)IR™H, (FIRp "H, (FIRH " n,
(F)RHn =, (FIR*H n, (FIR"Hn ", (F)IRp" H n, forms of the cy-
tochrome b/ f complex in states of oxidation or reduction explained
in Appendix 1: 3H; . AH_ . extent of proton uptake at n-sites. or
deposition at p-sites.

To understand the operation of the cytochrome b /f
complex in chloroplasts. details are needed of the
reactions involving plastoquinone, plastogquinol, the
Rieske centre, cytochrome f. plastocyanin and the two
b-cytochromes, b-563 (low potential) and b-563 (high
potential). These reactions take place in or near at
least four locations on the b/f complex: the so-called
p- and n-sites (Q, and Q, sites). near the Ricske
centre and near the cytochrome f subunit.

In addition, there are indications of another site,
producing the "G’ signal [1]. which, however, is said to
be abscent from chloroplasts. Another possible compo-
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nent assaciated with the 5 /)7 comiplex is low-potential
cvtochrome £-559: though detected in redox ttrations
of isolated »/f complexes (2], we shall conclude (Dis-
cussion) that it ¢es not turn over in flashes given in
reducing con-divons.

Various data cxist for some of the reactions associ-
ated with the cytochrome b/f complex, in a large
variety of «onditions. and in ntact celis [3.4]. hetero-
cvsts [S), isolated thylakoids [6-9], reconstituted sys-
tems in solution [10] or in vesicles [11]. and isolated
b/f complexes [12,13]. Because available data are scat-
tered and not casily comparable. and with chloroplasts
do not show satisfactory detail of the kinctics of cach
of cytochrome b-563, f and PC turnover, our aim has
been to measure as many as practicable of the electron
and proton transfer reactions with standardised chloro-
plast preparations, and to develop a quantitative ki-
nctic description of light-induced c¢lectron transfer be-
tween the two photosystems. Some results have already
been reported [14,15],

The Rieske centre has a meagre optical spectral
response between the oxidised and reduced states
[16.17) and its kinctics following a flash have not vet
been observed. However, the response of cytochrome f
can be used in models to make inferences about that of
the Rieske centre (Discussion).

The two h-563 cytochromes have reduced-minus-
oxidised spectra with the same [18], or narrowly sepa-
rated [12] pcak wavelengths. Despite this closeness of
propertics. from experimental findings and theoretical
considerations it is clear that the componcent returning
a redox signal under most conditions is cytochrome
h-563 (high potential). The arguments are presented
later.

Data have been obtained that lead to the average.
flash-induced, decor oluted redox responses of cy-
tochrome f, cytochrome h-563, PC and the slow clec-
trochromic (EC) bandshift signal at 520 nm, both in the
presence and absence of the ficld-reducing ionophore
nonactin. The signal-to-noise ratio was appropriate to
show detailed kinctics in the time range 0.1 to 20 ms
after a single-turnover laser flash. The “Inverse Method”
was used to produce kinetic parameters that were
optimal with respect to the differences between data
points and corresponding model predictions. As well as
the new data for cytochrome b-563, cytochrome f, PC
and the slow EC signal. new and comparable data for
proton deposition were also used in this procedure.
This approach extends and refines carlier modelling
attempts [15]

Material and Methods
Pea chlor .plasts were prepared as previously de-

scribed [14]. Thylakoid suspensions were made by os-
matic shock: injecting concentrated chloroplasts into 5

LAMP @

PMT

Fig. L Expeiimental set-up used to measure flash-induced ab-
sorhance changes at up to & waveengths, in i suspension of th-
ylakoids: C. cuvette with 18 mm pathlength and containing 10 ml of
suspension (composition in Methods) S, Uniblitz 25 mm diam.
electronic shutters; IF. interference filters, in sets of four, mounted
on a stepper motor-driven wheel which rotated 90° after each flash;
SWPF. short-wave pass Corring blue-green filters: PMT, Thorn-EMI
type 9658B photomultiplier tubes with 8 dynodes in use; light-emit-
ting diodes (LEDY) orowided steady light equal to that of the
measuring beams to the photecathodes while the measuring beams
were shuttered ofi: the LED's were extinguished in synchrony with
the shutter opening; faser flashes were reflected downward into the
cuvette with a 45¢ mirror.

ml of dilute buffer made of (mM) 10 KCI, 3 MgCl,, 10
Hepes /KOH (pH 7.8), followed by the addition of § ml
of 660 sorbitol, 10 KCl, 3 MgCl,, 10 Hepes /KOH (pH
7.8). such that the final [Chl} was 20 M. These solu-
tions had been initially bubbled with N,. The final
suspension also contained 10 wg/ml of glucose oxi-
dase, 10 uM DCMU, 400 uM duroquinol (or other
quinols and concentrations as specified) and 5§ mM
glucose. After mixing. there was no further siirving.

Experiments were done in an eight-wavelength spec-
trophotometer outlined in Fig. 1. Each of the two
measuring beams, of four possible wavelengths sclected
sequentially by the interference filter carriers, was
shuttered on for only a short time (c. 100 ms) before
data collection started, to minimise turnovers not due
to the flash. The interference filters (Omega Optical,
USA) were of 1 nm bandwidth. The flash, of duration
15 ns and energy at the cuvette of up to 10 mJ, was
from a YAG laser with Q-switching, modified for fre-
quency-doubling to S32 nm, and Raman shifting to 685
nm with a high-pressure hydrogen tube; near the cu-
vette, which had a reflecting base, the laser beam was
expanded to above 10 mm. We used a larger than usual
cuvette to cnhance the signal-to-noise ratio.



With 10 mJ flash cnergy, about 80 photons were
incident per chloroplast reaction centre. Halving thys
energy did not alter the results, so the flash was satu-
rating. The PMT’s were partly protected from laser
light with BG-18 (Corning) sk. - t-wavc pass filters. The
flash produced an artifact which obscured the chloro-
plast kinetics for about 50 us.
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Data from a two-channcl, analogue amplific; with
response time-constant of about 10 us went to a two-
channel analogue-to-digital converter: integer numbers
from the latter were accumulated in wavelength-re-
lated arrays for a number of flushes at usually 0.2 Hz.
Deconvolution of the data at wavelengths 520, 554, 564
and 575 nm to produce the separate contributions due
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Fig. 2. Primary data for the absorbance changes vs. time in . at the wavelengths (a) 564, (hi $75.(¢) 854, (d) 26 ¢} 704 nm: the dashed portion

of the last is the assumed time-course (obscured by strong fluorescence) starting from - 32 units {fully oxidised PTOOL, the composition of the

suspension medium is given in Material and Methods. () 1s the neutral red-dependent signpal at 330 nm. re. €+ NRJ-{ - NK). representing

proton deposition: [NR] was 20 u M. external buffering was from S mM Hepes, KOH (pH 7.5) The signalks are averages of several expenments

with fresh suspensions. cach set being repeated with several chioroplast preparations: up to 1300 flashes were gren at cach wavelength, The

A/D converter was programmed to perform 1000 samplings at 25 u~ intervals with usually 125 repeats at 0.2 Hz. the laser flash occurring a1 5 ma
on the time aus.
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to the clectrochromic shifi at 520, evtochrome f at 554,
cytochrome h-563 at 564 and PC ¢ 575 nm was done
by a method similar to that of Ki.” -t 4l [10] with a
3% 4 matrix. after subtracoon ol (small) spectral
changes at these wavelengths oo to P700. This was
done using data obtained at 7 .m. where other
components contributed negligible abseehance changes.
Data from the wavelength 555 nm was i.~luded in a
§ %S matrix to check for a posiible signal due to
wytochrome h-559. If methyl violopen were used as an
electron acceptor for PS L as in 2efs 14 ' significant
absorbance changes at 820-577 1va Qe Lo s flash-in-
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duced reduction, were difficult to deccenvolute. Metnyl
viologen was therefore omitted from the suspeasion
medium. That PS 1 turnovers were not enashed was
shuwn by the equal size of the fast a:ii low EC signals
with or without added acceptor: pre-u;..eably traces of
oxygen were sufficient to accept electrons,

Reference spectra for the redos. changes in ab-
sorbance of cytochrome f, cytoctaone 5-563. PC, P700
and the EC shift were kindly provide.i by P Rich
(personal communication). further epectra were ob-
tained from purificd PC and 5/f complexes in the
laboratory of G. Hauska. The relative contributions of
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TABLLE T

Relatti v extinenon cocffictents jor the decons oluted ¢oonponents e e
measuring wa - clengthn

In calculatng the oitent of oxidation or reduction. the tollowing
extinction coetficients (mM ' em ') were used: for avtochrome
h-S63(HD at S63 nm. 16.2[12): eytochrome £ ut 354 nm. 13 {1112} PC

- . . at S75 nm. 4.16 [10]; P700 at 704 nm, 6 (calculated trom the vadue (4
o - at 700 nm)
[N
B .
= Wavelength, nm Component
r o 1 ot h-563 ot f PC EC
520 =~ (L0348 0.068 0,258 i.000
854 0.165 LA {1668 6073
" 564 1,000 —-0.210 0.837 0.070
- : 575 -0.135 —230 LI - 0010

quinone. Reduction gave stable trialkyiguinols. They
were dissolved in acidic DMSQ to make stock solutions
of 200-250 mM.

Time (msec)
Fig. 3. (continued).

Results

the electrochromic shift at the above wavelengths were {a) The deconrolution of the separate components

also estimated from literature data [19.20] and ous own
measurements of the relative nonactin-dependent sig-
nal ait 1-2 ms after a flash. Togcther, these figures
were used to construct the relevant matrix. The relative
cxtinction coefficients adopted for the 4 X 4 matrix arc
given in Table I. The values adopted for the relative
and absolute extinction coefficients do not differ signif-
icantly from those used by Rich et al. [10] nor, except
for cytochiome h-563, from those tabulated hy dc Wolf
<t al [11].
2.3-Dimethyl-6-alkyi-1.4-benzohydroguinones were
~,nthesised by a Fries rearrangemeut of 2.3-dimethyl-
phenyl esters followed by reduction of the carbonyl
group and oxidaticn by dichromate to the 1.4-benzo-

Fig. 2 shows the primary data used in deconvolu-
tions, (a-¢). or dircctly in modelling {proton deposi-
tion, f). The data are averages of signals from several
chloroplast suspensions from each of several prepara-
tions on different days. Fig. 3 (i.e.. the circles: the
fitted curves are discussed below) shows the deconvo-
luted data representing the flash-induced responses of
cytochrome b-563, cytochrome f and PC. together with
the slow EC cignal. This last was obtained from the
difference in deconvoluted EC signals without and with
2 uM stigmatellin. Addition of 2 uM nonactin caused
only minor differences in the kinetics of cytochrome
b-563. cytochrome f or PC. Compared with carlier
published traces and data for cytochrome b-563 kinet-

Fig 3. Deconvoluted data (circles) representing flash-induced redox changes in (a) ovtochrome 5-563 (reduction upwards). (b) cytochrome f

toxidation upwards) and (c. inset) PC (oxidation unwardsk: (d) is the time-course of the slow clectrochromic signal and (¢} that of proton
Jeposition, obtained with procedures described in the text or the Fig. 2. legend. The y-axes in{a)-(c) have the units of moel/mol b/ f complex,
the x-axes have units of ms. The slow phase of the EC signal was scaled to a {ast phase of 1.0 while the proton deposition was normalised to the
same maximum as given by the model: 0.9 means 1.8 H ™ deposited per aytochrome b/ f. The data in the shaded arci of the inset to (¢) are the
circles in the main diegram. and were used in modetimg. Only the first 7 ms of data were used in Inverse Method parameter optimesation, to
achieve convergence of the solution otherwise skewed by the increasing divergences in the 7-20 ms range. especially in tae cytochrome f data.
However. the solution was extended to 20 ms as plotted. The full lines are the predicted time-courses obtained from model Q-cycle 2 using the
optimised rate-coefficients: kyp. 1880 kpp. 248, kp. 7.3-10% kpg. 24107 k. 1250 ko 3492 Kgp. 3050 kg 5657 ', The dashed line tor
cytochrome h-563 is for a fixed k, of 557 ' (sec Discussion). The data used were derived from those n Fig. 2 with some smoothing (1 value from
3 points separated by 25 us. averaged at each 100 us: y ={y, |+ v+, ;)/3) to give a more manageable 200 data points. The simulated EC
signal was calculated (cf. Ref. 24) from solutions for the time-variations in species representing charge separated across the thylakoids:

EC(520) = exp( - 350)-{dH; +([FRU a}+[F RH n]+{FR"H n])/2+[FRHn }J+[F" RHno ]+[FR" i ]}

where the first term represents a decay with a rate coefficient set equal to that obsenved for the fast phase (+ stganatellind, the second. the fully

delocalised charge associsted with OH-left on the n-side after proton uptake. the third group represents electrons on cytochrome h-563(H)

halfway across the membrane and the last group. clectrons on species with a radical PQ bound to n-sites. Jt is clear that the slow EC phase
decays sfower than the fast phase { + stigmatelilin).
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ics (see. for example. Refs. 6.15), its reduction was
faster (¢, ., <1 ms, compared with 1.5-3 ms). This is
duc to more careful preparation of stable DQH , solu-
tions. and to the proper allowance being made for the
EC contribution and the PC signal: in the past the PC
contribution at 575 nm has been wrongly included in
the subtraction AA . ,~1 A5 used to calculate dfcyto-
chrome b-563].

The deconvolution produced negative values for
[PC "] at times greater than approx. 2 ms, followed by a
slowly-rising portion (inset, Fig. 3c). The latter trend
was clearly due to its slow reduction of P700* (Fig. 2¢).
Thus, between flashes, some PC was in the oxidised
state. hrowever, the general shape is that expected of
PC: rapid oxidation (not resolved) and re-reduction by
cvtochrome f which has a complex time-course be-
cause some b/f complexes have double turnovers.
These aspects are closely matched by the models dis-
cussed below. when the changes in [PC 7] in the shaded
arca of Fig. 3 (c. insct) arc taken as the relevant data.

A check that the behaviour of the cytochromes was
being reasonably deconvoluted was provided by experi-
ments (not shown) in the presence of stigmatellin,
which prevents the reduction of oxidised cytochrome f
or Rieske centre in the evtochrome b /f complex. The
expected results were observed, namely absence of
reduced cytochrome 5-563 and almost no re-reduction
of oxidised cytochrome f.

Because the reduction kinetics for cytochrome b-653
now appeared faster, we repeated the experiments
reported carlier [15] on the effect of quinol concentra-
tion: the rate-coefficients generally increased with [Pr-
BQH,] as found before with DQH ,, but all the rates
were correspondingly greater (not shown). The differ-
ences were not due to a different quinol being used
(see (b) below). The rate-coefficients for re-reduction
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Fig. 4. Rate-coefficient, k... for the re-reduction of oxidised cy-
tochrome f. as a function of the concentration of propyl benzo-
quinol. This coefficient was estimated from the time to return from
the peak to half-pcak values. Conditions were approximately as for
Fig. 2. except that the degree of anaerobiosis was not so complete.

TABLE TI

Models used in conjunction with the incerse method for data fitting

Model No. No. fittable  Distinguishing
Niame Egns. parameters  features
Q-cyele 1 15 8 Fast e transfer between haems

[f* Jcalc as fraction of holes
(fast f o R equilibrium)

SQ-cyele 118 8 as above plus

PQ~ can reduce b(H) directly

Q-cycle 2 15 8 k. @ other k values

f + R equilibrium explicit

SQ-cycle 2 17 3 as Q-cvcle 2 plus

PQ "~ can reduce b(H) directly

Q-cycle 3 11 7 k. = other k values

otherwise as Q-cycle 1
SQ-cyele 3 14 9 as SQ-cycle 1 but no direct
b(L): b(H) interaction

of flash-oxidised cytochrome f are shown as a function
of [Pr-BQH,] in Fig. 4. The maximum extent of oxida-
tion did not appear to depend on [quinol].

(b) The effect of different quinols

6-Propyl-, -decyl- and -heptadecyl-2,3-dimethylben-
zoquinol behaved similarly to duroquinol (tetramethyl-
benzoquinol). 2,3-Dimethyibenzoquinol promoted litile
flash-induced cytochrome turnover compared with the
other quinols. Though the possibility cannot be ex-
cluded that the scveral quinols cach acted directly as
the reductant for oxidised b/f complexes, the similar
rate-coefficients for the four effective quinols suggest
that they acted as mediators in reducing the pool of
PQ, and that PQH, was the immediate electron donor
to h/f complexes as concluded previously [14]. Using
much greater flash rates, Rich et al. {21] showed that
DQH, became the reductant for b/f complexes.

{c) Modelling, and the Inverse Method

Two generic models were considered: the Q-cycle
[22]) and the semiquinone (SQ) cycle [23]. Preliminary
modelling of the Q-cycle has already been attempted: a
step-wisc model, without kinetic characterisation [24],
and a kinctic model [15]. One of the present models
(Q-cycle 1) is similar to the latter: a second (Q-cycle 2)
included cytochrome f as well as the Rieske centre.
Several SQ-cycle models were tried, with the common
property that the species PQ™ could traverse the mem-
brane and reduce either of #-563(L) or (H). In models
SQ-cycle | and 2, the haems were in addition cun-
nected electronically with fast, irreversible transfer
from L to H. In model $SQ-cycle 3 the haems were
unconnected within their subunit (cf. [25]). Features of
these models are summarised in Table 11.



TABLE 111

Optimised parameters from the incerse method

The parameters are reduced rate-coefficients: that is. they are referred to unit concentration in cach case and have the units s ' The quantity 3
is related to the sensitivity of the integral error to changes in the parameter. Its sign is not relevant to the conclusions. but a small value relative
1o the parameter value indicates a firmly-established result. The quantity Z[p) is the i~tegral error as defined in Appendiy 2. Generally. the
differential equations were seeded with parameters likely to enable the solution to reach a global minimum error. @ is the fraction of holes
(electron deficits) that are in cytochrome £, the remainder being assumed to be on R, the Ricske centre. a was optimised by seeding with a likely
value and finally varying its size to find the minimum error. keeping the other parameters fixed. with a repetition of the process if necessary

Parameter Q-cvele 1 (1) Q-cycle 2¢3) SQ-cycle 31)
(s’

kgp 2250 (48) - 2074(-9)

kpr 209 (1) - 565(23)

kQR 73(0.3) 305 (-4.6) H-0.1)

kor 26500 (— 17000 - SRMNH2500)

kg - - 200(-12)

kyo 407(-32) 350 (0.7 1.3-10% (6300)
kou 170(-232) 135(-1.3) 28107 (- 4 10Y)
ks 9n (=~ 2.4) SH~17 26011

@ 0.72 - 0.70

kep - 1880 (13 -

kpp - 250 (4.3 _

ke - 7.3-10% (7000)

Ker - 24108 39-10h

AH (max) 04 0.4 0

1lp} 6.0-10 ° 67-10 ° 7110 °

Example equations and initial conditions for Q-cycle
1 are detailed in Appendix 1. Solutions to the equa-
tions were repeatedly obtained with systematic varia-
tion in the 8 or 9 kinetic parameters, until an integral
of errors, related to the differences between the exper-
imental data and the model at 0.1 ms intervals, was
minimised. This procedure is known as the Inverse
Method [26) and is described in Appendix 2.

Fig. 3 shows a comparison between the predictions
of one of the models and the experimental data (de-
convoluted from those in Fig. 2) when the Kinetic
coefficicnts had been so optimised. These coefficients
are shown in Table 111, together with the residual error
integral. A measure of the sensitivity of the solutions to
variations in particular parameters is given by the rate
of change of the error integral with respect to that
parameter (A in Table 11D,

Discussion

(a) The qualitative meaning of the results

When flash-activated, we assume all P700 is rapidly
oxidised. PC reduces P700* 75 in a short time, after
which the remainder of P700™ is reduced in a millisec-
ond time-scale. This slow phase is probably unphysio-
logical (sec Ref. 27 for a recent summary). The decon-
voluted PC response, which has not previously been
clearly observed in thylakoid preparations. is fully con-
sistent with fast oxidation by P700*. followed by reduc-
tion by cytochrome f combined with continuing slow

oxidation by remaining P700°". An estimated 0.9 PC’
per P700 is available for reduction. just after the flash.
The cytochrome f signal. of which the oxidation phase
is now revealed in clear detail. reflects the balance
betwcen fast electron abstraction by PC* and slower
replacement by quinol. An effect of added ionophore
on cytochrome f oxidation rate obscrved by Delcsme
(Ref. 27, intact cells) would not be expected in our
experiments, since the membrane voltage would not
have been discharged quickly cnough by the 2 uM
nonactin uscd. Tne chloroplasts were between the “slow
oxidation' state and ‘fast-oxidation™ state [27], with a
t, .~ of 200 us for cytochrome f oxidation.

It is quite clear that the speed with which the
oxidised high-potential acceptors in the b/f complex
and PC* arc reduced depends on the quinol concen-
tration. We¢ continue to observe, with the latest means
of deconvoluting for the cytochrome h-563 signal, that
much less than one haem is reduced. per complex. The
electron distribution is assumed to favour PQ ™ at the
n-sites. Oxidation of cytochrome 6-3637 is mostly ac-
counted for by this (but see below).

(b} Quantitatire conclusions from the modelling

General: Several hitherto unspecified Kinetic coeffi-
cients emerge from the modelling. The Int2rse Method
was adopted as a reasonably objective substitute for
repcaied. trial and error parameter optimisation (cf.
Ref. 15), and also returns a measure of reliability (3)
for each coefficient.
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Using model Q-cycle 1. the optimised value for &y,
was large (10°=10% s ') compared with & . ko kon
{107-10% s '), as concluded previously [15] and it was
omitted from model Q-cvcle 2. Q-cycle models sug-
gested a ratio between Ky, and &,y of 2.4 henee the
couples h-563(H)/h-563(H)" and PO-/PQ arc sepa-
rated in reduction potential by JAE = 253
In(kyo/kon) =22 mV: thus if £, for b(H)/BH) " is
—~ 15 mV [28]. that for PQ,/PQ ~is +7 mV.

In the same way, for the couples PC*/PC and
cytochrome f/cytochrome /7, AE = 50 to 60 mV (PC
positive to cytochrome f): Joliot and Joliot [4] found a
difference of 41 mV under oxidising and single-flash
conditions, but concluded that the equilibrium constant
was variable. depending on clectrostatic interactions
between the components. The value 30 mV for a
cytochrome f-PC adduct was recently found {29).

When the FeS—cytochrome f interaction was mod-
clicd explicitly, kp;. and kyy appearcd to be large
(> 10% s Y, but not accurately determined. This indi-
cates a rapid equilibrium, as between the correspond-
ing components in yeast Complex HI {30]. The present
ratio A gy /k o suggests that AE = —30 mV (cyto-
chrome f negative to R). The parameter a used to
express the partition of the electron deficit between R
and cytochrome f in models Q- and SQ-cycle | was
(.73: this gives a AF,, of —25 mV. Literature values
for E, tor R/R" [31} and for cytochrome f/cyto-
chrome f* [19.29] would suggest a difference of +350
to +60 mV. Our findings may more accurately reflect
the in vivo conditions.

The models, except for SQ-cycle 3. predicted a
proton uptake per flash from well-spaced turnovers of
(.4 per P700, which is rather less than observed [32],
but in conditions where more double turnovers in
cytochrome b /f complexes were expected. It was not
possible to distinguish between Q-cycle and SQ-cycle
modecls where the hacms were connected. SQ-cycle 3,
and any Q-cycle model in which the haems were not
internally electronically connected. gave a poor predic-
tion of observed [32] proton uptake and cytochrome
h-563 reduction: on those grounds, and for the reasons
given in (¢) below, we believe such models can be
ncglected.

The data using stigmatellin were also treated by the
Inverse Method and models Q-cycle 1 and 2. Parame-
ter optimisation was consisient with a value of k,, of
(.1-0.4 s~ ' with added inhibitor; stigmatellin was with-
out significant cffect on the size of kyp. ket poorly
estimated rate-coefficients make it difficult to say
whether the cquilibrium between cytochrome f and
the Rieske centre was affected.

A parameter representing the dissipation of the
one-clectron reduced state of the b/f complex, k.,
was originally introduced into the models because it
was thought that the plastoquinone radicals produccd

15bH) = Q* +7
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Fig. 5. Schematic of the cytochrome b /f complex with the median

rate-coefficients indicated from the parameter optimisation proce-

dures in the present report. Halicised numbers are reduction poten-
tials in mV. others. reduced rate-cocfficients iu's .

at the n-sites were unbinding with a rate-coefficient of
about 5 s ' [32,33] and hence bleeding off the elec-
trons on cytochrome b-563(H). The optimised value for
this paramecter is, however, as high as 100 s™'. We
know of no mechanism in the simpler Q-cycle models
that would support this rate of dissipation without also
reducing the ability to take up protons. If a fixed &, of
5 s~ ! was used, the optimisation fit to data for cy-
tochrome b~ was poor (Fig. 3a, dashed line), while
other components were still adequately predicted.

As scen from Fig. 3, model Q-cycle 2 was able to
predict the general form of nearly all the data ob-
tained, especially in times of 0-10 ms. In addition,
when [QH2] was varied in the model, rate-coefficients
comparable with those in Fig. 4 emerged, giving a
further test to the model. A different initial condition
with double (to 4) the number of PC per P700, altered
only one rate-coefficient in model Q-cycle 1; as ex-
pected, kpp was about halved.

The relatively well-determined kinetic coefficients
and reduction potentials from this work are sum-
marised in Fig. 5. The kinetic parameters that have
been  established by the Inverse Method for cy-
tochrome f oxidation by PC* (for example) cannot
generally be compared with literature values because
the latter are second order; in thylakoid experiments,
absolute concentrations of PC, or of PQH,, are un-
known.

(¢c) The accuracy of the deconrolution procedure
Several considerations suggest there are no major
problems with the deconvolutions. In the reference
spectra, there may be contributions to the signals in
the 500~600 nm region from the Rieske centre, but
they should be small [17}. We used the spectrum of
cytochrome b-563(H) for deconvolution, and omitted
cytochrome b-563(L) from several models, since proba-



bly only the high potential form contributes to the

obscrved signal. Reasons for this belicf are as follows:

0O cytochrome 5-563(L) did not give any reduction
signal in experiments of Nitschke et at. [12]; this
cytochrome was cither not reduced or the clectron
was rapidly passed to cytochrome b-563(H) and
further.

1 The relative reduction potentials and scparation
distance of the high and low potential cytochrome
b-563’s suggest theoretically a very fast transfer, in
fact a kinetic coefficient of about 10% s~ ' [15]}.

O There is evidence of direct electron transfer be-
tween the corresponding haems in the mitochon-
drial cytochrome b/c, complex [34].

The electrochromic contribution was taken as a lin-
ear function of membrane p.d. at each measuring
wavelength. This is more likely to be an acceptable
approach for small p.d. values, whereas it was not for
PS bacteria, where A¥ of several hundred millivolts
were considered [35], and quadratic cocfficients were
necessary.

Are there other chloroplast components vyielding
signals of significance? We tested for cytochrome b-559
and found no significant flash-induced signal whatever
in the deconvolution; further, whether we used a2 4 X 4
matrix or 5 X 5 matrix did not significantly affect the
shape of the cytochrome f and b-563 signals. That no
kinetic signal originating from the cytochrome b/f
complex is found for cytochrome b-559 is not necessar-
ity surprising; a signal seldom appears for PS-H-related
cytochrome b-559 during the turnover of that system in
physiological conditions.

(d; Control of a Q- or SQ-cycle

Volz and Rumberg [36] have suggested that the
second electron from PQH, oxidation may be trans-
ferrable to R* under some conditions: the electron
path through the h-563 cytochromes not being initi-
ated, the cycle that would lcad to proton uptake near
n-sites is prevented. It was suggested that the process
of ‘linear’ electron transfer of both electrons from
PQH, would be favoured when cytochrome f was in
an oxidised state. Such a process has been inferred
from experiments with subchloroplast particles [11}.
Rich [37], howevcr, has argued that protonmotive Q-
cycle operation of the cytochrome b/f complex is the
norm. Further experiments are underway to test the
idea in chloroplasts.
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Appendix 1

Model Q-cyele 1: solving for the variables

1. The reactions
(similar 10 those in Ref. 15):

Awp
PC 4+ RH == PC+R" H

l‘|'l<
ko A
PQH,+R H-——— Rp " H—— RH n+IH

Ay Ay,
RH n&==2RHn ——— RH+PQ

I‘l_‘ll

Ay
PC"+Rp He==PC+R p H

PR

.. Aot .
R'p"H——R"H n+2H

L) A
R"H ne==R Hn —— R "H+PQ

Aon

Arr
PC'+RH nz==—=PC+R"H n

AI'R
. kar .
POH.+R"H n—"—Rp"H n

A‘)l
—ZLRL H n+2H;

Ao

RL H n—"LRH+POQH.-2H,

Ay Ap
Rp"H n=Rp 'Hn —— Rp' H+PQ

0H

[
PC + RHn ==PC+R" " Hn

'K
Ao .
POII, + R"Hn ——— Rp " Hn

A
. RH+2H,, 4 POH, ~2H;

A form of the cytochrome b/f complex such as
represented by, for example, Rp* H™n has the follow-
ing meaning: the complex has its Ricske centre re-
duced and its cytochrome b-563(H) reduced: it has
PQH; bound at the p-site and PQ bound at the n-site.
The “H” in such forms should not be confused with
“H ", a hydrogen ion.

2. The differential equations
Vi A ey b a4 ) F A2 OV vt Y+ vy)
v‘.': = Agpyy ¥ A pp(2- v )y kgt knovYutko ¥is
Fa= Kpd v = Appl 2= v )y~ koryaya thkpyg
Vi kol vt v kgoya+ ko yis
Vo= KorYays = Aoy = kgpyyva + Kpr(2=y))yvg+hkpys
Vo =Ko ve— KioYe + Ko ¥s ~ kgpyy vy + kpp(2- v, )y
¥o= kor(vs+¥o+ vis+ v
¥o= koY, — Yulkon + k) = Kge¥ by + kpg(2- ¥ )y
Vumhgpvov Kpp(2= v v, - Kot Yo
Y= ko vy + Kon¥n = kno¥+ kppd vy

= Rek(2- ¥ )0 - kor Yavi
YKoV = Yalkon + kn) = Korya ¥ + k gy va

Reg(2 vy
Yiz=horY YKoy Hhpo)+ honvas
~‘.'n =Koy R oXs
V= hpovi ko vis
Vis = kpoyie = ¥isthon + kg + kp)+ kora v

Notes:
1 The total PC is taken as 2 per P700; hence [PC] =2
- {PC*].

2 [yt b-5637 1=y, + ¥+ ¥+ 2y 5

3 Other observables such as AH7 from the table
below.



3. Equation variables and initial ralues (per P700) just
after a flash

Variable Form initial value
number

Y1 [PC*] 0.9

¥a [RH] [6/f1/1P700]
v [R*H] 0.0

Vs [PQH,] 60"

Ve [Rp*H] 0.0

Yo {RH n} 0.0

¥, 4H} 0.0

Yy [RHn "} 0.0

Yo [R*p*H] 0.0

Yio [R*H™n] 0.0

Vi [R*Hn"] 0.0

Y12 [Rp*H™n] 0.0

Yia [RL™Hn] 0.0

Yia AH; 0.0

Vis [Rp*Hn"] 0.0

* This equals 1.0 in our chloroplasts, grown in moder-
ate (200400 umol Av m~2 s~ ') illuminance [38].
" PQ pool fully reduced.

Appendix 2
The Inverse Method

The inverse method is a technique developed to find
the optimal rate coefficients in kinetic equations from
given experimental data. Two basic approaches, called
the discrete and the continuous functional, arc de-
scribed by Nowak and Deuflhard [26]. We summarise
the continuous functional approach here.

Consider a system of chemical reactions which can
be modelled by a system of n nonlinear. ordinary
differential cquations depending on g parameters,
Pis-+s Py ViZ,,

vo=L0yip). dg=Ll...n o s=1,.., q. (A2.1)
given a set of initial conditions y, (0), i=1,...,n. Let
us denote the solution of (A2.1), using the bold nota-
tion, as the vector y(¢, p).

The idea behind the inverse method is to find the
best possible set of parameters so that the solution fits
the experimental data measured over m time intervals
ty,..., 1, Here two problems are likely to arise:

(i) As noted in Appendix 1, in connection with
[cytochrome b-5637], one may be confined to measur-
ing combinations of the variables y,, instead of of the
individual variables y,,....y,.

(ii) The second one may arise if all the variables
cannot be measured.
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The solution to the problem (i) is obtained by creat-
ing a new set of variables §,..... 5, in terms of the old
Vis---2 ¥, so that cach of the new variablcs may be
mdwndudlly mcasurcd After rcwntmg the equations in
terms of ¥,..... ¥, the hats.”, are dropped so that the
modificd cquahons will acquire the form (A2.1).

To explain the solution to the problem (ii), let us
consider the ideal situation where all of the variables
(modified as above, if necessary) can be measured. Let
the experimental values be

(1.5 0t)) e (t, 2 (,)). =1, n, (A2.2)

that is, we have an m X n data points so that the (new)
variables y; in the model correspond to the measured
variables z,.

Turning to the more realistic situation, let us sup-
pose one variable, say y,.is not observable. In this casc,
we put the experimentally unknown values of y; at
t=1, equal to thec computed values of y, at 1=1¢,,
b=1,...,m. These computed valucs of y, at t =¢, arc
then assumed to be the measured values z; at t=t¢,,
Hence, using such a procedure for as many of the
non-observable variables as necessary and adding to
this set the set of all measurements, we obtain a
complete list of values for all the quantities in (A2.2).

Let us now return to the equations (A2.1) and
differentiate them with respect to each of the parame-
ters. Noting that the time variable and the paramecters
are independent, we get

—_ ., N
R AT

ap, ri\ , Op,  ap, )

i=1..... n, r=1..., q. (A2.3)

with the initial conditions

ay,
g((l):(). (A2.4)

Let us summarise (A2.1) and (A2.3) with the relevant
initial conditions as

y =Ky.p).
o= i% + 1 (A23)
y(0) = given,

yp(0)=0.

Note that y, is an n X g matrix.
Now, corresponding to (A2.5) are the equations
using the experimental data, viz.,

z=f(z. p).

- (A2.6)
z,="F2, +f,.
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with the initial conditions

2(0) = (W),

201,) ~ measared (00 CA22))0 b1 e _
) (AL7)

2,4t {1

it <00 hoab .

What is being in done in (A2.3) is to integrate the
muodcl equations using the given initial conditions over
the time interval 0 <7 =1, + 3¢, with Ar being a typi-
cal step size, whereas in (A2.6)-(A2.7). we integrate
the same set of eauations, using the experimental val-
ues at r=40 and at r=1, as initial values for the
intervals [0, 1,1 and [¢,. 1, ., ]. respectively.

Next. let the error vector be denoted by

e(1) - sr.p)- 21.p). (AZR)
The inverse method is based on finding the parameter
Vecer p so as o minimise the scalar-valued integral

”m

el X _/,'"'

A

e(r )' D) dr. (A2Y9)

where Dir) is i positive-definite weighting matrix and
the superscript T denotes the transpose. Symbolically.
we represent an integral of the form (A2.9) through

Hp]= e (A2.10)

In the present work, we have assumed that the matrix
D is the identity matrix in {A2.9) and clsewhere.

In order to minimise the error I{pl. onc needs to
integrate the cquations (A2.11 for various paramcters
and find the minimum. Difficuitics arise in deciding
which of the paramcicrs need o be changed and what
the respective incremients ouzht to be: the inverse
method can answer these giesijons. We shall now
describe the next step in using this technique.

In the ideal situation, the model answers and the
experimaental values would agree at ¢ =0 and at cach
t = t,, and the integral {Ip} v.ow i be zero. Because this
is unlikely to occur, we now find ti. parametric deriva-
tive of the crror e, ic..

epir) - N2, (0) (A211)
Nate thai the matrices y, and 2 are svalable through
the sofucdans of (AZ-{A270 i henee e (1) is an
1 X ¢ malrix.

Lot ey sow define two nev integrals using the nota-
ton A2 1N, The first one is

V] = op et (A2.12)

and this is a g-vector. The next onc is

Fp]=e,. e, (AZ.13)

and this is a g X g matrix. Now. the ordinary Gauss-
Newton iterative method tells us that in order to find
the kth increment dp* so that we arc following the
steepest descoent in going from [[p*] to I[p* + Ap*].
we must find the increment through

In[pA ]ka - l'[p‘ ] (A2.14)

In numerical work. it is found that the matrix 17 is not
always positive definite and hence the increment can
only be calculated approximately.

Returning to the problem at hand. we calculate /{p]
for an cducated guess of the initial vector p”. Then we
find the next value through

ph = pt - A dph (A2.15)

where A, are scalars to be found in the set
[1.1/2.....1/64]. The scalar is chosen at cach itcra-
tion so that

1Tp* + A, 304 ] = 1[p* ]+ Ia 0 [* ) apt. (A2.16)
This last procedure is described as the damping strat-
cgy by Nowak and Deuflhard {20].

If. after finding a Ap* through (A2.14), such a A,
cannot be found. then we are near a local minimum for
1[p]. To judge whether we are near a global minimum,
it is necessary to vary the initial guess of p* and repeat
the calculations.

In this papcr. we have provided the absolute values
of the integral I{p] in Tablc 111 and because the errors
arc very small. we have assumed that we are near a
global minimum. Also, the parameters p,,...,p, be-
come K yp. kpg. ctc.. which are the rate constants of
the relevant reaction equations. The final values of the
Ap* values are referenced as {4). If the number (1) is
positive (resp. negative). then the corrcsponding pa-
rameter is increasing (resp. decreasing) as the mini-
mum is approached. Thus each (1) provides a loose
mcasure of the likely error in the individual reduced
rate coefficients. It must be emphasised that this mea-
sure of the error should be viewed as a percentage of
the relevant parameter value rather than as an item by
itself.



