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Flash-induced redox changes of cytochrome h.563,  cy'.ochromc .f and plastt~yanin (PC). and the elcctrochromic response from 
chloroplast suspensions in reducing conditions (added dichlorophenyldimclhylurca, cxogcmms quinoL anaerobic) were measurer7 
in the time range 0-20 ms by deconwduting absorbanec changes at appropriate wavelengths. No response anributable to 
cytoehrome h-559 was observed. Various dimethylbenzoquimqs with different substitucnt~, on the h-positinn of the benzene ring 
gave similar kinetics for these proccsscs. Thcrc was no significant effect on cytochrome b-563,  i" or PC kinetics of adding 
nonaetin to decay the transthylakoid electric potential diflcrencc. These data. together with comparable data for proton 
del~sition, wcrc used in a parameter optimisation procedure, the Inverse Method, to produce rate ct~efficients for some ~f the 
partial reactions occurring when cytochromc f is oxidised by plastocyanin and quinol is subsequently oxidiscd by cytochromc h / [  

complexes. Models such as the Q-cycle or semiquinone (SO) cycle were used to h~rmulatc dilfcrcntial equations describing thc 
time-dependencies of various forms of the cytex:hrome b / [  complex containing reduced or oxidiscd cytochrome f.  Ricskc centre, 
cytoehrome h-563, and so h*rth. The inverse Method minimiscd the error between data and corresponding model prcdictionn by 
adjusting parameter values. A model with the two h-563 eytochromes not directly eemnected electronically Was unsatisfactory; 
Q-cycle and SQ-cyele models could not bc differcntialcd by the available data. A O-cycle model gavu a close match in all 
respects between data and model predictions using 8 rate coefficients. The following average, reduced rate-eoelficicnts (s ~) 
were estimated lor the chloroplast cytt~:hrome b / f  complex under Iht_ c,,ndilions used: k l~, (holy, ten cytochromc f and P(') 
201111; kl, I_ (reverse) 22(1: k o r  (between quinol and Rieske centre) 200; k Hu (bctv, ccn c~tochromc b-5~3 (high potential) and 
quinonc at n-sites) 38(k k~) H (reverse) 150. The Ricske centre and cytochrome ]" appeared to he in rapid equilibrium, a, ith an 
equilibrium constant of about 3, Ricskc positive to [. 

Abbreviations: cyt~chrome h-5h3(LIIL '.~ith Iov. or high standard 
reduction l'mlentiak D('MU. 3-t3.4.dichhm~phenyl)l,l.ttimclhylurea: 
DUll:, duroquinoh EC. eleclrochromic shift (in absorption spec 
Irum due to an clecuic fieldL E.~, swandard reduction potential: 
FeS( " ) or R, Rieske iron/sulphur centre (oxidised); ttepe,,. N-2-h}- 
droxyclhylpiperazinc-N-2-cthanesulphonic acid: kH,, /' rt-, etc.. re- 
duced rate-coefficients as delined in the text: n-site, site assumed tn 
bind PO in a h / J  complex near ttae stroma side of ~.he thylakoid 
membrane; PC( ~ ), plastocyanin (oxidiscdk PMS. phcnazinc metbo- 
sulphate: PMT, photomulliplier tuh¢: PO(tt2), plastoquinon¢ l-till: 
POH(* ), plastosemiquinone (cation): PQft~ ' ,  plastoquinone di-,'a 
tins; PO , plastoquinone radical anion; PO-' , plastoquinonc dian- 
ion; PS 1, PS I1, Pholosys;em L I1: Pr-BOH :, 6.propyl, 2.3-dimethyl- 
benzoquinol: P700( ~ ), reaction centre (oxidised) in PS I; p-sile, site 
assumed to bind PQH, on a h/J"  complex near the inside of a 
thylakoid; SQ, semi-quinone; (F)RH, (F)R ~ !t. (I-~Rp ~ /L (FJR/t n, 
(F)RHn , IF)R* H n. eF)R " Hn , ( n R p  ~ t t  n. forms of the cy- 
tochrome h / f  complex in states of oxidatkm ~r reduction explained 
in Appendix I: J H ~ ,  A H ~ ,  extent of proton uptake at n-sites, or 
deposition at p-sites, 

Introduction 

To unders tand the operali , ,n of  the cylochrome h / f  

complex in chloropktsts, details arc needL.d ¢,f the 
reactions involving plastoquinone,  plastoquinot, the 
Ricske 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 h / [  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 am~ther site, 

producing the 'G '  signal [1]. which, however, is said to 
bc absent from chloroplasts.  Ano the r  possible compo- 

Corlespundcnce: A.B. Ih~pc. Su'h~,l of  Biological Sciences. Flmdcfn 
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ncnt assc~ciatcd with the, h/f  co-:plcx is low-potential 
cylochromc b-559: though detected in rcdox titrations 
of istdated t~/] complexes [2]. wc shall conchldc (Dis- 
cussion) that it ~ ~cs not turn over in flashes given in 
reducing c~mlit,ons. 

Variou,,, data exist for some of the reactions associ- 
ated ,vith the cytochromc h/f  complex, in a large 
variety of ~.,,ndilions. and in intact cells [3.4], hctero- 
cysts [5], isol~:ted thylakoids [6-9], reconstituted sys- 
tems in solution [I0] or in vesicles [I 1]. ~md isolated 
b/J" complexes [I 2,13]. Because available data arc scat- 
tcred and not easily comparable, and with chloroplasts 
do not show satist~lctory detail of the kinetics of each 
of cytt~'hromc b-563, ] 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 dcvclt~p a quantitative ki- 
netic description of light-induced electron transfer be- 
tween the two photosystcms. Some results have already 
bccn reported [14,15]. 

The Ricske centre has a meagre optical spectral 
response between the oxidised and reduced states 
[16. t7] and its kinctic~ lifllowing a flash have not yet 
bccn observed. Howcvcr, the response of cytochromc f 
can bc used in models to make inferences about that of 
the Ricske centre (Discussion). 

The two b-563 cytochromes have rcduced-minus- 
oxidiscd spectra with the same [18], or narrowly sepa- 
rated [12] peak wavelengths. Despite this closeness of 
properties, from experimental findings and theoretical 
considerations it is clear that the component returning 
a rcdox signal under most conditions is cytochrome 
b-5(~3 (high potcntiaD. The arguments are presented 
later. 

Data have bccn obtained that lead to the average, 
flash-induced, decor 'olutcd rcdox responses of cy- 
toehr~mc ,f, cytochrome h-563, PC and the slow clec- 
trochromic (EC) bandshift signal at 520 nm, both in the 
presence and absence of the field-reducing ionophore 
nonactin. The signal-to-noise ratio was appropriate to 
show detailed kinetics in the time range ft.1 t~ 20 m~ 
after a singlc-ttJrnovcr laser flash. The "inverse Method" 
was used to produce kinetic parameters that wcrc 
optimal with respect to the differences between data 
points and corresponding model prediction::. As well as 
the new data fl~r eytochrome b-5fi3, eytochrome ] ,  PC 
and the slow EC signal, new and comparable data f~r 
proton deposition wcrc also used in this procedure. 
This approach extends and refines earlier modelling 
attempts [15], 

M a t e r i a l  and  M e t h o d s  

Pea ehlo~ ,plasts were prcparcd as previously de- 
scribed [14]. Thylakoid suspensions were rnadc by os- 
motic shock: injecting ctmcentrated chloroplasts into 5 
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|:i~. 1. E',~pciJmenlul set-up used t(~ measure  flash-induced ab- 
sorb,race changes at tip to ~ ~vtl'v~zJengl!ls. ill a suspension of  th- 
ylakoids: C, cu,.,cnc with 18 mm palhlength and containing 1() ml of 
~uspcnsion (composition in Methods): S, t/nibliv~, 25 mm diam. 
electronic shuttcr.~; IF. interlercnce tilters, in sets of fimr, mounted 
on a slopper m~tor-drivcn wheel which rotated q0 ~ after each flash; 
SWPF. short-wave pass C'orr~ng blue-green filters; PMT, Thorn-EMI 
type gh58B photomulliplier lubes with 8 dynodes in use; light-emil- 
ling diode,, ( I U O ' s )  nr~widcd steady lighl equal to that of the 
measuring beams to the phot¢cathodcs while the measuring beams 
were shuncred off: the LED's  were exting, uishcd in synchrony with 
the shultcl  OpClling; laser flashes v, ere reflected downward into Ihe 

cuvet:e wilh a 45 ~' mirror. 

ml of dilute buffer made of (mM) 10 KCI, 3 MgCI 2, 1(I 
H c p c s / K O H  (pH 7.g), followed by the addition of 5 ml 
of 6611 sorbitol, 10 KCI, 3 MgCI 2, 10 H e p e s / K O H  (pH 
7.8), such that the final [Chl] was 20 #M.  These solu- 
tions had been initially bubbled with N 2. The final 
suspension also contained It) / zg /ml  of glucose oxi- 
dase, 10 # M  DCMU, 400 ~,M duroquinol (or o ther  
quinols and concentrations as specified) and 5 mM 
glucose. After mixing, there was no further s~irring. 

Experiments were done in an eight-wavelengt:, spee- 
t rophotomctcr  oatlincd in Fig. 1. Each of the two 
measuring beams, of four possible wavelengths selected 
sequentially by the intcrfcrcncc 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 cuvcttc of up to 10 mJ, was 
from a YAG laser with Q-switching, modified for fre- 
quency-doubling to 532 nm, and Raman shifting to 685 
nm with a high-pressure hydrogen tube; near the cu- 
vettc, which had a reflecting base, the laser beam was 
expanded to alx)ve 10 mm. We used a larger than usual 
cuvettc to enhance the signal-to-noise ratio. 
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With  10 mJ flash energy, about 8(1 photons  wcre 
incident pe r  chloroplast  react ion centre .  Halving th;s 
energy did not a l te r  the results, so the  flash was satu- 
rating. The  PMT' s  were partly protected from I'tser 
light with BG-18 (Coming)  sh. , t-wave pass filtcrs. The 
flash produced an artifact which obscured thc chloro- 
plast kinetics for about  5(1 #s .  

Data  from a two-channel ,  analogue amplifit:; with 
response t ime-constant  of  about IO ~s  went to a two- 
channel  analogue-to-digital  converter:  integer  numbers  
from the latter were accumuhtted in wavelength-re-  
lated arrays for a number  of  flashes at usuall.~ (1.2 Hz. 
D c c o n v o l u t i o n  ~)f t h e  d a t a  a t  wavclength~ 52tL 554 ,  5~~4 

and 575 nm to produce the scparatc  contributions duc 
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Fig. 2. Primary data for  the absorbanee L'hange~, ,.s. t ime in m~. at Ihe wavelengths (a) 50~4. (b) ~75. ( 0  5~4. (d) 520 re) 7(14 nm: the dashed p~rti~m 
of  the last is the assumed time-cour~e (obscured by strong fluore,,cence) starl ing from -- 32 units ~full~ oxidized PT[~)t. lh¢: composition o l  the 
suspension medium is given in Material and Methods. ( D t s  the neutral red-dependent  ',tgnal at 530 nm. to. t * NRb-( - NR). reprc~cntinv 
prolon deposition" [NR] was 20 p.M. external buffering wa,, from 5 mM I l e p e s / K O I t  (pl-! 7.5) The ,,ignaN are a~crage~ of ,e~eral c~pertmct~b 
with fresh suspensions, each ,~l being rep¢.ated with several chiotopla,,I preparation,< up h~ 13|~t fla',hc', wcrc g, ten at eac:h ~avclcngth. I hc 
A / D  converter  ~as  p rogrammed to perform IlIO0 ,,amplings at 2"~ ~ intervals with u,,ually 12~ repeats a! t).2 I t / .  Ihe ht,,et fla,,h tv,:turring al f, m', 

on the time axl~. 
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to the electrochromic shiii at 5-kL cyt,~chrome .t at 554. 
cyt~mhromc b-563 at 564 and P(" a: 575 nm w:ts done 
by a method similar to that of KL" "t al. [10] with a 
4 × 4  matrix, after ~,uhtraction ,,i ~,,mall) ~,peclr~ll 
changes at these wavelengths ,!:L :o P7(~). This was 
done using dala t~btained at "/~' ..ql. where other 
components  contributed nt:gli~,ibk ,b::t., %a,lcc changes. 
Data from the wavelength 55t; nm was ti..-luded in a 
5 × 5 matrix to check for a po,:,ihl,- signal due to 
~.yt(~hrome 3.559. If methyl vtoh~!,en ~.et. + used as ;in 
electron acccplor fi~r PS I. as in ;,'.e r, I .  ' 5  ~.ignificant 
absorbancc changes at 520-57:: ~.',< dr, to :~ flash-in- 

duced redu~'tion, were difficult to dec(-nvolute. Methyl 
viologen was Iherefi)re omitted from the susp::askm 
medium.  That PS I turnovers were ,or  :.';,:ii,-H:,hed was 
s h . ~ n  by the equal sizc of  the fast a,~.i : low EC signals 
with or without added acccptor: pre:~. .:eably traces of 
oxygen were sufficient to accept elect~',ms. 

Reference spectra for the r~'d~ ,. changes  in ab- 
sorhancc o! c~,tochrome J', cyt(~:!,t oc:? 6-563. PC, PT00 
and the E(" shift were kindly provid~,i by P A t  Rich 
{personal eommunicat ion);  furth,.~ ,:pcetra were ob- 
tained from purified PC and h/f complexes  in the 
laboratory of G. Hauska.  ] h e  relative contributions of  
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Fig. 3. (continued I. 

the electrochromic shift at the above wavelengths were 
also estimated from literature data [19.201 and ore own 
measurements of the relative nonactin-dependent sig- 
nal at 1-2  ms after a flash. Together, these figures 
were used to construct the relevant matrix. The relative 
~t inct ion coefficients adopted for the 4 × 4 matrix are 
given in Table !. The values adopted for the relative 
and absolute extinction coefficients do not differ signif- 
icantly from those used by Rich el ai. [10] nor, except 
for cytochtomc h-563, from those tabulated by dc Wolf 
,:t al. t1 l]. 

2,3-Dimet hyl-6-alkyl- 1,4-benzohydroquinones were 
".:,.qthesise~l by a Fries rearrangement of 2,3-dimethyl- 
phenyl esters followed by reduction of the carbonyl 
group and oxidation o.~ dichromate |o  the 1,4-bcnzo- 
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TABI. IL I 

I~ t ' l t7 / l l  ¢' I ' t l l t l l ' t l O # l  ICN~f [ i f t l ' l l l ~  t,+ir [Jl(' dl't'q.ql# t l ] N h ' I ]  t , I#liTltI/h'llf~ ¢1[ [ / h '  

hq cali&li~ilqlg the i:Meril ol llxltlaliOll or lUductiuil, lhc hlllO~Mllg 
cxtinction coclticicnl~ lmM I cut I t  V,+.'r/' ll'~ud: hlr c)hIctlroihc 
h-56311l) al 5~-1 nm. 16,.2 [ I  21: cHochr,  m~: [ al 5S4 nm, I~ I IILI21: P (  
at 575 nm. 4. Ill [lilt: P7IXI at 704 nm, N1 (calculaled ironl II'lc '~alLlc f A 
at 7|Xi nm) 

W;=~ clcngth / nm ( ' .mponcnt  

cyt b-563 c)t t P(" E(' 
520 - (LII38 (I.{~.~ {L2~  I.(~Ni 
554 O.165 I.II(KI O.~8 0.073 
564 I.(XI(I -0.2111 0.~27 0.070 
575 -0.135 -(L23(t I.(I(XI - O.(llO 

quinone. Reduction gave stable trialk+vlquinols. They 
were dis~lvcd in acidic DMSO to make stock solutions 
of 2(~)-250 mM. 

Results 

(a) Fhe decom'olutton of the separate components 
Fig. 2 shows the primary data used in deconwJu- 

tions, (a -eL or directly in modelling (proton de~)si-  
tion, f). Thc 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 cur~es are d i~us ,~d below) shows the deconvo- 
luted data representing the flash-induced responses of 
cytochromc b-563, cytochrome f and PC. togcther with 
the slow EC signal. This last was obtained from the 
difference in deconvoluted EC signals without and with 
2 /xM stigma|tilth. Addition of 2 /~M nonactin caused 
only minor differences in the kinetics of cytochrome 
b-563, cytochrome [ or PC. Compared with earlier 
published traces and data for c3'tochrome 6-563 kinet- 

Fig 3. L~convoluted data (circle*,) rcpre~nl ing fla*,h-induced redo~t change~ in la) cytochrom¢ b-563 (reduction upv~ard~L (b) cytochromc t" 
toxidatwon ulm'ards) and (c. i n~ t )  PC" to, ida| ion u~)~ard~l: (d) i*, the time-couP, e of the *,hr~ eh:ctt¢~chromic signal and (c) that of prottm 
deposition, obtained with procedures described in the te~t or the Fig. 2. Icgemt The }-a~c~, in t ab(c )  ha~¢ Ihc units of mol /mol  h / f  complex, 
the x-axe~, ha',e unit*, of ms. The slo~l, p h a ~  of the E(" *,ignal wa~, ~-aled to a fa,,t phase of It). llhilc Ih¢ proton dcl'~)sition wa*, nornlahsi:d to the 
same maximum as given by the model: (10 means 1.8 | t "  del~l'~ited per o, t~ 'htom¢ h/# .  The data in the ~hadcd area o| the ins¢l In (c) arc the 
circles in lhe main diagram, and were is~d in modelling. Onll  the first 7 m~ of data vlcr¢ u~cd in Inxcr~ Method parameter oplimt~<ltton. Io 
achieve convergence of the *,olutiou othel-*i~ skewed by the incrca*,ing divergence*, m the 7-20 ms range, especially in the cl, lochrorne ] data. 
tlowever, the solution ,~a*, extendc:d to 20 ms as plotted. ~ full line*, are the predicted time-court*, obtained from model Q-cycle 2 using the 
optimized rate-cllcfficients: krl>. 18811: k i, F. 248. h tu-- 7.3-104: k r-u, 2.4-10": k ol * , l ~ ;  k t, o. .Mg: kou. 305: ,t => 5f~ s L The dashed line tor 
cytochrome h-563 is for a fixed it o of 5 s - = (see Discussionl. The data used wcrc derived from tho<~ in Fig. 2 v, ith ~ m e  ,;moothing ( t value from 
3 points separated by 25 p.s. averaged at each 100 l~s: y = ( ~i. ~ + v~ + y . .  ¢ l /3 )  to give a more manageable 200 data points The ~imulated EC 
signal was calculated (cir, Rcf. 24) from solutions for the timc-*,ariations in species representing charge separated across the Ih~,lakoids: 

EC(5~))~exp(-35~l.{atl; +([rRII nI+IF'RH n]*[Fk'tt n])/2+[FRitn ]+i F'Rtin ]*[FR't~n ]} 

where the first term r e p r e s e n t s  a dec .a ) '  w i t h  a rate coefficient set equal to that ~hscr~cd for the | a * , l  p h m , e  ( -, ~l;,.matcllinl. the second, the fu l l~ ,  

tk-localised charge a*,~v.:ialed v, i ih Oi l - le f t  on the n-side after proton uptake, the third group repre~nts el¢ctrgns on ~tochromc h-Sh3{tl) 
halfway acrtr~s the membrane and the last group, electrons on speci¢~ v, i th a radical PQ hound to n-sites. I t  is clear tl-,at the slob E(: pha~  

decal ~, sh~,,er than the fa,t phase ( + stigmate.lhn). 
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its lsce, for example, Rctk 6.15), its reduction was 
faster (tL, ., < 1 m~, compared with 1.5-3 ms). ]'his is 
due to more careful prcparatinn of stable DQH_, solu- 
tions, and to the proper alh)wancc being made for the 
EC contribution and the PC signah in the past the PC 
contribution at 575 nm ha~ been wrongly included in 
the suhtraction A,4~,3-JA ~75 usc(t to calculate dlcyto- 
chrome b-563]. 

The deconvolulion produced negative values for 
[PC +] at times greater than approx. 2 ms, followed by a 
slowly-rising portion (inset, Fig. 3c). The hitler trend 
was clearly due to its slow reduction of PTOI) + (Fig. 2e). 
Thus. between flashes, some PC was in the oxidised 
state, t[owcvcr, the general shape is that expected of 
PC: rapid oxidation (not resolved) and re-reduction by 
cytochromc f which has a complex time-course be- 
cause some I , , / f  complexes have double turnovers. 
These aspects arc closely matched by the mt~dels dis- 
cussed below, when the changes in [PC ~ ] in the shaded 
area of Fig. 3 (c, inset) arc taken as the relevant data. 

A check that the behaviour of the cytochromcs 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 Ricskc centre in the cylochromc b / f  complex. The 
expected results wcrc observed, namely absence of 
reduced cytochrome b-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 earlier [15] on the effect of quinol concentra- 
tion: the rate-coefficients generally increased with [Pr- 
BQH:]  as found before with DQH 2, but all the rates 
were correspondingly greater (not shown). The differ- 
enccs were not due to a different quinol being used 
(see (b) below). The rate-coefficients for re-reduction 
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Fig, 4. Ratc-c~efficicnt. k.,,o, for the re-reduction of oxidiscd ~-3'- 
tochromc f ,  as a [unction of the concentration of propyl benzo- 
quinol. This coefficient was estimated Irom the time to return from 
the peak to half-peak values, Conditions were approximately as for 

Fig. 2. except that the degree of anaerobiosis was not so complete. 

TABL[', 11 

J/odcl3 u*cd itt ¢ oujtlnctiott with the int'er~'e method ~ r  data fitting 

Model No. No. fittable Distinguishing 
Name Eqns. parameters  features 

O-cycle 1 15 S Fast e transfer between haems 
[ f~ ] calc as fraction of holes 
(last jr ~ R equilibrium) 

SO-c$clc I 15 8 as above plus 
PO can reduce b(H) directly 

Q-cycle 2 15 8 kul" :~ other k values 
J ~  R equilibrium explicit 

SQ-cycle 2 17 8 as Q-cycle 2 plus 
PQ-  can reduce bi l l )  directly 

Q-cycle 3 I 1 7 k o t  ~ other k values 
otherwise as Q-cycle I 

SQ-cycle 3 14 9 as SQ-cyele I 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 duroquinoi (tetramethyl- 
benzoquinol). 2,3-Dimethylbenzoquinol promoted little 
flash-induced eytochrome turnover compared with the 
other quinols. Though the possibility cannot be ex- 
cluded that the several quinols each 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 2 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 z became the reductant for b / f  complexes. 

(c) Modelling, and the h:t'erse 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-wise model, without kinetic character)sat)on [24], 
and a kinetic 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 b-563(L) or (H). in models 
SQ-cycle 1 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 I1. 



21 

TABLE Ill 

Optimi,~ed parameterg from thcim erse method 

The parameters are reduced rate-coefficients: that is. they a re  referred to unit concentration in each case and ha~.e the unit,, '~ I r h c  qua~l i l  3 .J 
is relaled to the sensitivity of the integral error to change'; in the parameter. Its sign is nol relevant to the conclu,dons, bat zJ small ".aluc rclati',~: 
to the parameter value indicalcs a firmly-cstahlishcd rcsull. The quantit~ l[p] is Ihc i-tcgral error a,, dclincd in Appendix 2. Gcncralb. the 
differential equations were seeded with parameters likely to enable the solutio~ to reach a g loba l  minimum error, o is the Iraclion of holes 
(electron deficits} that are in cytoehrome [, the remainder being assumed to be on R, the Ricskc centre. ,  was optimised by seeding with a likely 
value and finally varying its size to find the minimum error, keeping the other parameters fixed, v, ith a rcpctilion of lhc process if necessa~' 

Parameter O-cycle 1 (.l) O-cycle 2 (A) SO-cycle 3 ~ ..11 
(s i) 

kRp  2 2 5 0 ( 4 8 )  - 21171( 91 

k p a  21~ t i l l )  - 5~5 (235 

k o x  74 (0 .3 )  31)5 ( - 4 .6)  40  ( - 15. I ) 

k o L  2651~1 ( 17000} - 88(~) 1251M)) 

k t .  o - - 2 0 0 ( -  121 
k) t  o 407  ( - 3 .2)  350  (11.71 1,3- I11" 1030155 

k o H  1 7 0 ( - 3 2 )  1 2 5 ( - I . 3 1  2 , 8  II) " ~ ( - 4  10 ~) 

k't) 9fr ( - 2.4) 56  ( - 1.71 2~)0 ( I I 1 
0 .73  - (),715 ot 

k vP - 1880 ( 13 ) 
k vr - 250 (4.3) 
kRr 7.3- 1114 ,1718N55 
kFR 2.4-11) ~ ( I .9"  115a5 

. . l i t  n (max)  11.4 0.4 0 I 

I [p]  6.0-  115 5 6 . 7 . 1 0  ~ 7 . 1 . I 0  

Example  equa t i ons  and  initial condi t ions  for Q-cycle 
1 a re  de ta i led  in A p p e n d i x  1. Solut ions  to the  equa -  
t ions  were  repea ted ly  ob ta ined  with sys temat ic  varia- 
t ion in the  8 or  9 kinet ic  pa r ame t e r s ,  unti l  an  integral  
o f  errors ,  re la ted  to the  d i f fe rences  be tween  the  exper-  
imenta l  da ta  and  the  mode l  at 0.1 m~ intervals,  was 
min imised .  Th i s  p rocedure  is known as the  Inverse  
M e t h o d  [26] and  is descr ibed  in A p p e n d i x  2. 

Fig. 3 shows  a compar i son  be tween  the  predic t ions  
o f  one  of  the  mode l s  and  the  exper imen ta l  da ta  (de- 
convo lu ted  f rom those  in Fig. 2 ) w h e n  the kinetic 
coeff ic ients  had  been  so o p t i m i m d .  T h e s e  coeff ic ients  
a re  shown  in Table  111, t oge the r  with the  res idual  e r ror  
integral .  A m e a s u r e  of  the  sensit ivity o f  the  so lu t ions  to 
var ia t ions  in par t icu lar  p a r a m e t e r s  is given by the  ra te  
o f  change  of  the  e r ror  integral  with respect  to that  
p a r a m e t e r  (A in Table  l iD. 

Discussion 

(a) The qualitative meaning of  the results 
W h e n  f lash-act ivated,  we a s s u m e  all P700 is rapidly 

oxidised.  PC reduces  P700 ÷ 75% in a shor t  t ime,  af ter  
which the  r e m a i n d e r  o f  P700* is r educed  in a millisec- 
ond  t ime-scale .  Th i s  slow phase  is probably  unphys io-  
logical (see Ref .  27 for a recen t  summary) .  T he  decon-  
vo lu ted  PC response ,  which ha s  not  previously been  
clearly observed  in thylakoid p repara t ions ,  is fully con-  
s is tent  with fast oxidat ion by P700 ~. fol lowed by reduc-  
t ion by cy tochrome  f comb i ned  with con t inu ing  slow 

oxidat ion by remain ing  P70II ' .  An es t ima ted  0.9 P C '  
per  P700 is available for reduct ion,  just  after  the  flash. 
The  cy tochrome f signal,  of  which the  oxidat ion phase  
is now revealed in clear  detail ,  reflects thc  balance  
be tween  fast e lec t ron  abs t rac t ion  by PC + and  slower 
r ep l acemen t  by quinol .  An  cffeet of  added  ionophore  
on cy tochrome f oxidat ion rate obscrvcd by D e k s m e  
(Ref .  27, intact  cells) would not  be expected  in our  
exper iments ,  s ince the  m e m b r a n e  vol tage would not  
have been  d ischargcd  quickly e n o u g h  by the  2 ~.M 
nonac t in  uscd.  The  chloroplas ts  were be tween  the "slow 
oxidation" s ta le  and  ' fast-oxidation" s tate  [27]. with a 
tt ,  _. o f  21~) .as for cy tochromc f oxidat ion.  

it is qui te  clear  that  the  speed  with which the  
oxidiscd h igh-potent ia l  acceptors  in thc  b / f  complex 
and  PC* arc  reduced  d e p e n d s  on the  quinol  concen-  
t rat ion.  Wc con t inue  to obscrve,  with the  latest  m c a n s  
of  deconvolu t ing  for the  cy tochrome b-563 signal,  that  
m u c h  less t h a n  one  h a e m  is reduced,  per  complex.  The  
e lec t ron  dis t r ibut ion is a s s u m e d  to favour PQ at the  
n-sites.  Oxida t ion  of  cy tochrome b-563 is mostly ac- 
coun t ed  for by this  (but  see  below). 

(hi Qttantitatice conchtsions from the modelling 
Genera l :  Several  h i ther to  unspec i f ied  kinetic coeffi- 

c ients  e m e r g e  from the modell ing.  The  ln; ,erse M e t h o d  
was adop t ed  as a reasonably objective sobs t i tu te  for 
repea led ,  trial and  er ror  p a r a m e t e r  opt imisa t ion (ef. 
Ref.  15). and  also r e tu rns  a m e a s u r e  o f  reliability ( J )  
for each coefficient.  
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Using model O-cycle I. the optimised value for k o t ,  
was large ( 10 ~- IiI ~ s ~ ) compared with kou.  k up, koH 
(l()Z-103 s m). as concluded previously [15] and it was 
omitted from model Q-cycle 2. Q-c)'cle models sug- 
gcsted a ratio between kH( ~ :rod / ' ,m of 2.4: hence Ihc 
couples b-563(H)/h-5631H) and P Q = / P Q  arc sepa- 
ra ted in reduct ion  po tcn l ia l  by ..IE,, = 25.3 
In(kn,) /koH) = 22 mV: thus if E,,, for b(FD/b(H) is 
- 15 mV [28]. that for P Q , / P Q , , ~  is + 7 inV. 

In the same way, for the couples P C ' / P C  and 
cytochrome f /cy tochrome .f ' .  i E,,, = 511 to 611 mV (PC 
positive to cytochmmc f ) :  Joliot and Joliot [4] found a 
difference of 41 mV under oxidising and singlc-flash 
conditions, but concluded that the equilibrium constant 
was variable, depending on electrostatic interactions 
between the components. The value 30 mV for a 
cytochromc f-P( '  adduct was recently fotmd [29]. 

When the FcS-cytoehromc )" interaction was mod- 
elled explicitly, kn~ v and k t l  ~ appeared to bc large 
( > 105 s '), but not accurately determined. This indi- 
cates a rapid equilibrium, as bclwecn the correspond- 
ing components in yeast Complex III [31)]. The present 
ratio kRv/kTq ~ snggcsts that dE,,, = -311 mV (eyto- 
chrome f negative to R). The parameter  a used to 
express the partition of the electron deficit between R 
and eytochromc f in models Q- and SO-cycle I was 
0.73: this gives a .IE,, ol - 2 5  inV. Literature values 
for E m for R / R "  [31] and for eytochrome f / cy to -  
chrome f '  [1q.29] would suggest a difference of +50  
to +60 inV. Our findings ntay more accurately reflect 
the in vivo conditions. 

The models, except for SO-cycle 3. predicted a 
proton uptake per flash from well-spaced turnovers of 
0.4 per P7()0, 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 SO-cycle 
models where the hacms were connected. SO-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 
b-563 reduction" on those grounds, and fi)r the reasons 
given in (c) below, wc believe such models can bc 
neglected. 

The data using stigmatcllin were also treated by the 
Inverse Method and models Q-cycle 1 and 2. Parame- 
ter optimisation was consistent with a value of k() R of 
0.1-0.4 s-~ with added inhibitor; stigmatellin was with- 
out significant effect on the size of kH,, kp~:: poorly 
estimated rate-coefficients make it difficult to say 
whether the equilibrium between cytochrome f and 
the Rieske centre was affected. 

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

PC 

4OO 

-15 b(H)~_ 
FAST I 150 

-Ho b("L)..~, 

2 2 0 ~ ,  f ~ R ~  

__--~ Q-;  +7  

FAST 
I 

~ Q H 2  

2 H  ÷ 

Fig. 5. Schematic of the cyt(u:hrome h / f  complex with the median 
rate-coefficients indicated from the parameter  optimisalion proce- 
dures in the present report. Italiciscd numbers  are reduction [mlen- 

lial~ in mV. others, reduced rale-et)effieienl,; i,J s I 

at the n-sites were unbinding with a rate-coefficient of 
about 5 s ' [32,33] and hence bleeding off the elec- 
trons on cytochromc b-563(H). The optimised value for 
this parameter  is, however, as high as 100 s -n. 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 k o of 
5 s ' was used, the optimisation fit to data for ,.5,_ 
tochrome b -  was poor (Fig. 3a, dashed line), while 
other  components  were still adequately predicted. 

As seen 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, k vR was about halved. 

The relatively well-determined kinetic coefficients 
and reduction potentials from this work are sum- 
mariscd in Fig. 5. The kinetic parameters  that  have 
been established by the Inverse Method for cy- 
tochromc J' oxidation by PC + {for example) cannot  
generally bc 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 o f  the deconvohttion 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 50(I-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- 
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bly only the  high potent ia l  form con t r ibu tes  to the  
observed  signal. R e a s o n s  for this  bel ief  are  as follows: 
[] cy tochrome b-5631L) did not  give any reduct ion  

signal in e x p e r i m e n t s  of  Ni tschke et at. [12]; this  
cy toehrome  was e i ther  not  r educed  or the  e lec t ron  
was rapidly pas sed  to ey tochrome b-5631H) and  

fur ther .  
[] T h e  relative reduc t ion  poten t ia l s  and  separa t ion  

d i s tance  o f  the  high and  low potent ia l  cy tochrome 
b-563's  sugges t  theoret ical ly  a very fast t ransfer ,  in 
fact a kinetic coefficient  o f  abou t  l0 s s ~ [15]. 

[] T h e r e  is evidence of  direct  e lec t ron  t rans fe r  be- 
tween  the  c o r r e s p o n d i n g  h a e m s  in the  mi tochon-  
drial cy tochrome  b /c  I complex  [34]. 

The  e l ec t roehromic  con t r ibu t ion  was  taken  as a lin- 
ear  func t ion  of  m e m b r a n e  p.d. at each m e a s u r i n g  
wavelength .  Th i s  is more  likely to be  an acceptable  
app roach  for small  p.d. values,  w h e r e a s  it was not  for 
PS bacter ia ,  where  A~" o f  several  h u n d r e d  millivolts 
were  cons ide red  [35], and  quadra t i c  coeff ic ients  were 

necessary .  
Are  the re  o t h e r  ch loroplas t  c o m p o n e n t s  yielding 

s ignals  o f  s igni f icance?  W e  tes ted  for cy tochrome b-559 
a n d  found  no s ignif icant  f l a sh - induced  signal wha teve r  
in the  deconvolu t ion ;  fur ther ,  w h e l h e r  we used  a 4 × 4 
mat r ix  o r  5 x 5 matr ix  did not  significantly affect  the  
s h a p e  of  the  cy tochrome  f and  b-563 signals.  T h a t  no  
kinet ic  s ignal  or ig ina t ing  f rom the  cy tochrome b / [  
complex  is found  for cy toch rome  b-559 is no t  necessa r -  
ily surpr is ing;  a signal  s e l dom appea r s  for PS- l l - re la ted  
cy toch rome  b-559 du r ing  the  tu rnover  of  tha t  sys tem in 
physiological  condi t ions .  

(d) Control of  a Q- or SQ-c)'ch" 
Volz and  R u m b e r g  [36] have sugges ted  tha t  the  

second  e lec t ron  f rom P Q H  2 oxidat ion may  be t rans-  
ferrable  to R ÷ u n d e r  ~ m e  condi t ions:  the  e lec t ron  
pa th  t h rough  the  b-563 cy toch romes  not  be ing  initi- 
a ted ,  the  cycle tha t  would  lead  to pro ton  up take  nea r  
n-s i tes  is p reven ted .  It was sugges t ed  that  the  process  
of  "l inear '  e lec t ron  t r ans fe r  of  bo th  e lec t rons  f rom 
P Q H :  would be favoured  w h e n  cy tochrome  f was in 
an  oxidised state.  Such a p rocess  has  been  infer red  
f rom expe r imen t s  with subchloroplas t  part icles  [11]. 
Rich [37], howevcr ,  has  a rgued  that  p ro tonmot ive  Q-  
cycle opera t ion  o f  the  cy tochrome bZ( complex  is the  
norm.  F u r t h e r  expe r i men t s  are  unde rway  to test  the  
idea in chloroplas ts .  
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Appendix ! 

Model Q-cycle 1: soh'ing ]or the carial,h's 

I. "[tic rctlctiolt.~" 
(similar to thoxe in ReE i5L" 

A rl, 
P ( "  # R I I  ~ . - ~  I ' ( ' + R  I1 

k,,< 
I 'OII,+R tl ' R p ' I I  ~'~L~RII n+2t l , ]  

Ii1,1 kl l  
R I I  I~:,~---------R]In - -  ~ R I I + P Q  

~)11 

/~ IH, 
P ( "  + Rp"  I t : ,  " P ( ' +  R " p"  II 

R ' p ' t l  ~u' , R ' I I  n 4 2 1 t p  

~" I1,) 
I ' l l  n .  ' R ' l l n  x~' * R ' 1 1 + P Q  

AI)II 

A 141' 
P ( "  + R t t  n _ ' - P ( ' 4  R+ I t  n 

#. i, R 

PQII:+R'II  n ~ ° r , R p ' l t  n 

/ ,or 
- - * R L  tl n+211¢; 

RL H n % " Z R t I ~ P Q t l ,  211,; 

/, tll~ /,ll 
Rp' l !  n .-----~ Rp' Iln ~ Rp" H+PQ 

1, I~F, 
P('" * R l l n  7 - - - ' P C + R ' I I n  

POl l ,  ~ R" fin , Rp " t in 

"~(jI 
, R I t + 2 1 1 p  + P Q i l  2 - 2 t t ~  

A fclrm of  the cytochromc b/j" complex  such as 
represented by, for example, Rp+ H n has the follow- 
ing meaning: the complex has its Rieske centre re- 
duced and its cytoehromc b-563(H) reduced; it has 
PQH ~ bound at the p-site and PQ hound at the n-site. 
The "H" in such forms should not be confused with 
"'H;, ", a hydrogen ion. 

2. The d(fferenlial equations 

VI : -- kl~l"¢l( )'? 4 )'~ + ~,',, ~ ) ' ~ ) 4  ~ I , R ( 2 -  ) ' l ) (  ~*'~+ V'I + )'10 + )'11 ) 

I : : :~  /~ RI,Vl) , + /~ 1,1~(2 I . ) v ~ + ~ ] ) ~ < , , + k l l U l l ~ ' i - k U l ) l  ~ 

)'~ -- kl~-1')'l)2 - /~  I'll( 2 -  " l ) / ~ - / ~ o 1 ¢  r e 4  + k D ) ' l l  

~l  =- - ~ O t l  I l l  I ~ + )'l~l -#- i'Ll ) + k I IO) '1~ + ~ O I  ) ' I5  

~' = ~" )R I~)4  -- ~()1 )"~ -- ~ RP)'I )"~ + k l 'R(2- -  Yl )Y'~+ ]l 1))'15 

~,> = kol ~.'~ - kl .)) ' , ,  + kouyu  - k RPJh r~, + k p r ( 2 -  )h ))'l~} 

)'~ = kl ) i (  l'q + )", + Y l z  + )'1", ) 

)'~ : k I I O ) " , -  ) s ( kO i i  + / D )  - k RI>)'I )'~ + h i ' R ( 2 -  )'1 ))'11 

-fq-=~;Rl'V: V~- h i 'R ( -  ) t ) ) * , -  k()l 3% 

)' lit : k() l  .V<I + k(.lll )'11 - k l lOYlU -i- kRl.) '  I v h 

- /~ I'R( ] - )'1 ) ) I o  - h e r  )'4)'llb 

. i l l  - ~ l i l ) ) ' l l -  ) ' l l l k l ) l l  + /~ !1 ) -  ]~ORJ'4Yll @ kl<l'J'lJ'r4 

/~ I'11( - I I ) J ' l l  

) 12 = ~¢71~ YIYlII-- ) ' l : ( k o I  + k i l o ) +  ~ Oi i ) ' i s  

)'1 ¢I = /(()1 )'13 -- k III).VII 

)'1 ~, ::: k l t O y l 2  - y i : , ( kO I I  4- hie I + k l ) ) -b  koRY4Yll  

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

- [PC'].  
2 [cyt b-563-] =y, ,+ym +.vl2 + 2yl3. 
3 Other observables such as AH~ from the table 

below. 
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3. Equation t'ariables and initial t'ah,es (per PTO0) just 
after a flash 

Variable Form initial value 
number 

Y l [PC + ] 0.9 
Y2 [RH] [b/f]/lP7ll0] ~' 
y~ [R + H] 0.0 
Y4 [PQH2] 6.0 ~' 
Y5 [Rp + H] 0.0 
y(, [RH -n] 0.O 
y7 AH~ 0.0 
y~ [RHn -] 0.0 
),,~ [R + p + H] 0.0 

Yt() [R+H-n]  0.0 
Yll [R+Hn - ] 0.0 
Y12 [R p+H-n ]  0.0 
Yt3 [ R L - H - n ]  0.0 
Y 14 A H ~ 0.(I 
Yl.s [ R p * H n - ]  0.0 

This equals 1.0 in our chloroplasts, grown in moder- 
ate (200-400 #mol  hv m -2 s - i )  illuminance [38]. 

h pQ pool fully reduced. 

Appendix  2 

The Inverse Method 

The solution to the problem (i) is obtained by creat- 
ing a new set of variablcs 33t . . . . .  S',, in terms of the old 
yt . . . . .  y,, so that each of the new variables may bc 
individually measured. After rewriting the equations in 
terms of .vl . . . . .  f,,, the hats, ~, are dropped so thai the 
modified equations will acquire the form (A2.1). 

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

( t  I , : , { t t )  ) . . . . .  ( t , , , .z , ( t , , , ) ) .  i - I  . . . . .  ,,, tA2.2)  

that is, wc have an m × n data points so that the (new) 
variables Yi in the model corrcspond to the measured 
variables z,. 

Turning to the more realistic situatiom let us sup- 
pose one variable, say y3,is not observable, in this case. 
we put the experimentally unknown values of Y3 at 
t = t  b equal to the computed values of Y3 at t = t  h. 
b = 1 . . . .  , m. These computed values of Y3 at t = t b are 
then assumed to be the measured values z 3 at t = t h. 
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 parameters 
are independent, we get 

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, are 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 q parameters, 
Pl , ' - ' ,  P q ,  viz., 

Y,=f , (Ys:P. , ) ,  i , j = l  . . . . .  n; s = l  . . . . .  q, (A2.1)  

_L_" 

iq,, .~ af, ay h ~/ 

iCp~ h-  I ~)'t' ~p~ ~P" 

i = 1  . . . . .  n ,  r = l  . . . . .  q. (A2.3} 

with the initial conditions 

~ ( 0 }  = (A2.4)  O. 

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

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(t, 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 
t~ . . . . .  t,,. Here two problems are likely to arise: 

(i) As noted in Appendix 1, in connection with 
[cytochrome b-563-], 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. 

~, - fly, p). 

y'p = f~ Yp + fp, 

y(O) - given, 

yp(O) = O, 

(A2.5)  

Note that yp is an n × q matrix. 
Now, corresponding to (A2.5) are the equations 

using the experimental data, viz., 

i=qz .p ) ,  

~ =  fzZp +fp .  
{A2.6) 
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with the initial conditions and this is a q-vector. The next one is 

z(o) = >( . ) .  
z ( t . . . ) - , , w , t ~ m , ' d ( , ' t . ( . 1 2 . 2 ) ) ,  t, I . . . .  m .  

( A 2 . 7 )  
/ i , t l l  ~ :- (t. 

z , (b ,  ) n. t, :1 . . . . .  m 

~'.lqtt is hcing in done iu (A2.5) is to integrate  the 
moduml equatkms using the given initial condi t ions or, ' ,  
the time interval l) .<5 t ~ t,,, + A t .  with At  being a typi- 
cM step size. whereas  in (A2.6)-(A2.7L we integrate 
the same set of  equations,  using the experimental  val- 
ues at t = 0  and at r = t t, as initial values fur the 
intervals [0. t l] and [tt,. b,.  i l- rcspcctivcly. 

Next. let the error  vector bc denoted  by 

el i )  , ' , i t . p )  z(t.p).  ( A 2 . S )  

The inverse method is based till finding tile paranleter  
vcct,'q p s;o as to minintisc the scalar-valued integral 

#[~] L ["" ~,t,)'u(~),'(~),#,. (A2.';i 
,~ i 1 , 

where D~t) is a positive-definite ~vci~hting matrix and 
tile superscript 7 + denotes  the transpose.  Symbolically. 
wc rcp+esent an integral of  the term (A2.0) through 

l i p ]  :~ , . e . e .  (A2 .1U)  

In the present  work. we have assumed that the matrix 
D is the identiw matrix in ~,A2.9) and elsewhere.  

In order  to minimi~,c the er ror  I[p]. one  needs  to 
integrate the equat ions (A2.  t) lor wMous parameters  
and find the nfi1,.imum. Difficulties arise in deciding 
which of the paramci~.rs need to be changed and what 
the respective incr , .~ents  ou.2ht to he; the inverse 
method can answer these ql , '- . ions. V,;c shall now 
describe the next s tep ill usinv, this teclaniquc. 

In the ideal silt, alien, the model  answers  and the 
experimzntal  values would ag:~e at t - t) and at each 
t = b, and the integral lip] v.,~t,+ i he zero. Because this 
is unlikely to occur. ~c  lit;x,, find tL.- parametr ic  deriva- 
tive of lhe error  e. i.e.. 

%,, , )  ,,,,(t) z,,(~). (A2.11) 

NoIc lilai illC matrices Yo Ztl!tt /"t, :llu :~w,+iahle through 
the solt,,!;~:: ,.,f (A2..~.~-(;".2./; ,:~..i hence Opt/) is an 
n x q m::'.rix. 

l .d t  ~!s ~t~,'s' d e f i n e  t r e e  no,..: integrals using the nota- 
~tt~l~ b'~?.ln). The first one is 

I ' [ p ]  : ', ':,,, e ) .  ( A 2 . 1 2 )  

I'[p] ' % . % ) .  (A2.13) 

and this is a q × q matrix. Now. the ordinary Gauss-  
Newton iterativc me thod  tells us that in o rde r  to find 
the k th  incrcmcnt  .ap ~ so that  wc arc following the 
s teepest  dcs t cn t  in going from I[p~] to i[pk + A p l ] .  
we must find the increment  through 

I"[p'  ] . lp '  : - I ' [ #  ]. (A2.14) 

In numerical  work. it is fi)und that  the matrix !" is not 
always positive dcfini te  and hence  the  increment  can 
only bc calculated approximately.  

Returning to the  problem at hand.  we calculate /[p] 
fi~r an educa ted  guess of  the initial vector  p". Then  we 
find the next value through 

p ~ ' ' =  p~ + A ~ A p  ~. ( ,A2.15)  

where  A t are scalars to be found in the set 
[I. 1 /2  . . . . .  1/64]. The scalar is chosen  at each itera- 
lion so that 

/ [ p ; ' + A ~ , A p ' ] <  I [p~']÷~A~,l ' [p~]l.. lp ~'. (A2.16)  

This last p rocedure  is descr ibed as the damping  strat- 
egy by Nowak and Deuflhard [2i~]. 

If. after  finding a , l p  t through (A2.14), such a A~ 
cannot  be found, ther', we are near  a local min imum for 
I[p]. To judge whether  we are near  a global minimum, 
it is necessary to vary the initial guess of  p~: and repea t  
tile calcuhttions. 

In this paper+ wc have provided the absolute values 
oJ the integral l[p] in Tablc i l l  and because  the errors  
arc vcry small, we have assumed that  we are near  a 
global minimum. Als¢~, the pa ramete r s  lh  . . . . .  p ,  be- 
come kRv, k eR, etC., which are the rate constants  o f  
the relevant reactitm equations.  The final values of  the 
Jp~  ~,alues are re ferenced  as ( J ) .  If the number  C.I) is 
positive (rcsp. negativc), then  thc cor responding  pa- 
ralnctcr  is increasipg (resp. decreasing) as the mini- 
mum is approached.  Thus  each (,.1) provides a loose 
measure  of  the likely er ror  in the individual reduced  
rate coefficients.  It must be emphas i sed  that  this mea-  
sure of  the er ror  should be viewed as a percen tage  of  
the rclewmt pa ramete r  value ra ther  than as an i tem by 
itself. 


