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Abstract

It is suggésted that the transfer of electrons within,the.biologioal
eTectron transfer chain is,subjéttkto the ]aws‘of eTectrochemfcal
kinetics,'when membrane-bound e]écthon carriers.are-involved.b Conse-
quently, small tight]y,boond'molecn1ar comp]ekes of tno or more
e1ectroh.transfer proteins of differént_nedox-potentiaj within an
energy>transducing membrane, which accept electrons from a donor at‘
one membrane surfaoevand donate it to an acoeptor at thé other, may be
regarded as.real and.funotioning mo]ecular redox elements, whfch convert
the free energy'Of e]eotrons into electrochemical energy. Especially,
fhe transfer of an electron from excited-chlorophyi] to an e]éctron
acceptor can be ]ooked upon as an e]ectrochem1ca1 ox1dat1on of excited
ch]orophy]] at such a comp]ex In th1s reaction the e]ectron acceptor
complex behaves like a po]ar1zed e]ectrode, in which the e]ectrochem1ca]
potent1a1 grad1ent is prov1ded by a grad1ent of redox potent1a1 of its
constituents. - : L |
Calculations and quaiifative considerations show that this concept
leads to a consistont understanding of both primary and secondary
reactions in photosynthesis (e]ectron cabtnhé, delayed light emission,
'ion'thansfer, energy conyersion)fand.can-also be applied to oxidative
_phosphorylation. Within the proposed concept, 1onvtransfef'and the
deve]opment of ion‘gradienfs havé-to he considered as nesults'Of
l"e]ectrochem1ca] act1v1ty-—not as 1ntermed1ates for energy conversion.

.For energet1c reasons, a non steady state, per1od1c energy coupllng

mechanjsm_1s pos tulated which functions by periodic changes of the
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capacity of fhe‘(e1ectrocnemfca]1y)icnérged-energy.transducing membrane,
during which capaciiive surpius energy is released as chemical energy.
Enerdy transducing membranes may fhus be considered es electrochemical
parahetric.energyAtransformers This concept exp]a1ns active per1od1c
conformation changes and mechanochem1ca1 processes of energy transduc1ng
embranes as energet1ca11y essent1a1 events, wh1ch trigger energy con~
verSJOn according to the pr1nc1p1e_of var1ab1e parameter energy trans-
formers. | | |

The.e]eCtrochemical approach presented here hes been suggested and
is supported by -the observation,fthét wfth'respeCt to electron capture
and‘cqnuersion of excitatibn energy into electrochemical energy, fhev
behaviour of excited chlorophyll at suitable solid state (semiconductor)
e]ectrodes-islvery'sihi]ar to that of'ch]orpphyll in photosynthetic

reaction centers.

| Introducfion
~The present study started with an inuestigatien of the mechanism in
photosynthesis by which electrons from excited ch]orophyl]bmolecules are
d'effectivefy cantUred. Thisvprocess‘is especially remarkable in that (a)
electron.transfer occurs from the shortlived excitéd sing]et stace of
chlorophy11' (b) it occurs with h1gh quantum eff1c1ency, and (c) that
reverse react1ons of the reduced acceptor with the ox1d1zed ch]orophy]]

mo]ecu]e are effect1ye]y suppressed.' In these respects-chlorophy11 sen-

sitized reactions in photosynthetic reaction centers are clearly different
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from}chlorbphy]] reactions in homogeneous solutfen: It is true that
excited ch]orobhy]] a in a homogeneous so]ution can reduce suitable
cdmpounds'tn an electron transfer reaction This has been shown, for

1 How-

examp]e, to occur with ch]orophy]] a and’ qu1none in 1sobutano1
ever, the longl1ved ch]orophy]] tr1p]et state is involved in this
e]ectron transfer react1on, and the resu1t1ng reduced 1ntermed1ate
(sem1qu1none) 1s reoxidized by ch]orophy]] in a d1ffus1on controlled
- reverse reaction. | | J |
| In an attempt to exp1a1n the unusua] features of the primary
e]ectron capture process in photosynthes1s, the hypothes1s was made that
the e]ectron trans fer react1on of exc1ted ch]orophy]] in photosynthes1s
may be an e]ectrochem1ca1 ox1dat1on of excited chlorophyll at an acceptor
wh1ch acts like an anod1ca11y po]ar1zed e]ectrode in that it captures
the e]ectron in a grad1ent of e]ectrochem1ca1 potent1a1 |

Exper1ments designed te test this hypothes1s were successfu] in
~ that they shOWed‘that.exCited»chTOropn&1] mo]ecu]es can be oxidized in
e]eetroehemical.reections wnen so]fd state systems with suitable energy
band structure are chdsen as e]ectrode's.2 'In_Our experiments, single
crystals of semiconductors (e.g., Zn0) with a large'energy‘gap were
used'Whichvprovided a condUction,band for electron capture,'which coin-
- cided energeticaI]y Withfthe excitation level of ch}orophyll. Excited
.chibrbphyll was found toiexenange elettrons with the conduction band,ot
the semiconductor; When the semiconductor was used as an eiectrode'in
an electrochemical cell and a small positive voltage (+Od5 Vd]t) was‘

app]1ed these e]ectrons could be conducted away from ox1d1zed ch]oro—

phy1l and a reverse react1on of the e]ectron prevented
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F1gure 1 shows, as an example, a spectrum of the electron current,
which is injected by exc1ted bacterloch1orophy]1 1nto a single crysta]
'sem1conductor electrode.. In Figure 2 the dependency of the photocurrent
on the e]ectrode potent1a1 1s dep1cted

Interesting]y, there is.still a positive phbtocUrrent, when the
externe] potehtial is discbhhected. In'thfs case there'is still a small
e]ectrochemicdl potential'gradieht.ih the e]ectrode surface, which pro-
duces a directed electron current. Under these cohditions,ebhotochemica]
energy of chlorophyll redox reactiohs is converted ihte electrochemical
energy. . | |

The quantum_efficiency of e]ectroh capture from chlorophyll a was

_estimated,to reach 2.5% under fhvoréb]e conditiohs. In the breeehce of
suitable reducing agehts the quantum.efficiency exceeded.]o%.

These electrochemical investigations have shown in particular that
photochemical redox reactith'can be'controlled wfth the help of elec--
trOdes{ Electrons can effectively be captured from the excitation level

- of chiorophy]]; and_uriidirectional- electron flow can befproduced when' an
e]ectrbchemica] potential graeieht Within a so1id‘state acceptor syStem
is prov1ded to transfer the accepted e]ectronsaway from ox1d1zed chloro-

'phy]]t This has to occur in a time wh1ch is comparable with the lifetime
of the exc1ted mo]ecu]e. The relaxation time for an electron in a semi-

- conductor electron acceptor is sufficiently short to meet thié condition.

Are Electron Transfer Reactions in Biological Electron Transfer Chains

vSubJect to the Laws of E]ectrochem1stry?

E]ectrochem1ca1 react1ons of -excited ch]orophy]] mo]ecu]es were

found to be very s1m1]ar to react1ons of ch]orophy]] in photosynthet1c
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.reaCtion centers. EXeited cﬁ]orophyl] mOTecaTes at a positive]y pola-
r1zed sem1conductor e]ectrode stimulate a un1d1rect1ona1 e]ectron flow
with h1gh eff1c1ency, act as photon powered pumps for the transfer of
e]ectrons from a donor to the acceptor e]ectrode, i.e. they are ab]e to
convert exc1tat1on energy 1nto electrochemical energy. ’

o These results prompted the suggest1on that chlorophy1l react1ons
ih'photosynthes1s may be'cons1dered and described as e1ectrochem1ca1
reactions. f | -

A closer look at the energy schemes of photosynthesis (Fig. 3)v

confirms'this asstption: Most of the electron transfer molecules
~ within the e]eetrdn transfer chain are-membrane-bound, and appear to
exist'ih a well defined arrahgement. ‘EleCtron'transfer reactions, hoW—
ever,'in which hehbrane—BoUhd‘e]eetron transfer mo]ecuies are involved,
will in genera] be'accompanied by the appearance of electric botentia]s;
- for it cannot be expected that statistical charge compensatlon w1th1n the |
membrane will be suff1c1ent1y fast Electric potent1a]s, of course,

contribute to the free energy of electrons,
d6 = (ng, + Fy)dn | | o | | - (1)

(ucp = chemical potential, F = Faraday constant, y = electric potential,
dn = number of moles) and thus influence the rate (and equilibrium con-

stants) of electron transfer reactions:
k ~ exp (-AG/kT)

Consequent]y, it-is necessary to app]y e1ectrochem1ca1 k1net1cs to des-

. cribe e]ectron transfer reactions w1th1n b1o1og1ca1 e]ectron transfer

chains.
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Small Asymmét}ic Comp]exeé of E]éctron TranSfer Proteins as Fundamental

Units for Energy Conversion

If e]ectrbn‘tranéfér reactions from excited chlbrophy]] molecules
afe'electrochemical oxidation reactions analogous to the typg’investi-
gated at semiconductor electrodes, the»photosynthetic eTectron acceptor
system Sh¢u]d‘behave like a polarized e]ectrode—-that ié, it has to pro-
_Vide two main properties: |

a) The acceptor system has to héve a'soTid-state-]ike structure,

in'which’accepted electrons can spatially be transferred
- away from oxidized chlorophy1];‘ |
" b) it has to provide a’‘gradient of electrochemical potential in
| which the electrons can be captured and transferred at a

sufficiently high rate to prevent a reverse reaction.

~

These two eSsenfia] condi tions appear to be satiSféctorily fu]fi]]éd,
if ft is éssumed that the mo]ecu]eslof ﬁhe'photosynthetic electron transfer
chain,iﬁAChloroplasts'whiCh aCcéptvthe;electron from eXcited-Ch]orophyll
'(Y,vPQ,.Qyt.bs?;fof'PS.II} IX, Fd for PS I; Z, Fd (?)‘in_thrdmatpphores)
(see Fig. 3) are aggregated in a so]fd staté-type complex within the
o membréne; An asymmetric complex of redox molecules of different redox

“poteniial, 1inkéd by bands énd Suitable ligands, which could decrease or

remove activation barriers should actually provide solid-state-Tike
electron transfer properties as well as an e]ectrochemica] potential
gradient (which would be identical with a gradient of the‘redoX potential
df its constituents). In the photosynthetic.electron aﬁceptor systeh,
on]y the very ffrst é]ectron acceptor molecules have to be bound tightly
tovmee;.the requirement of‘répid e1ectron.capture,from excifed,ph10f05

phyli; ‘E1éctron.transfer t6 and betweén subsequeht electron transfer
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mo]ecuTes can still be.dominated by'activation.berriers.

Figure 4 shows schematica]iy how'eTectron transfer molecules of
different redox potentia1 can be thought of as fdrming e complex, in
a membrane which prov1des an e]ectrochem1ca] potent1a] grad1ent and
» e]ectron1c propert1es adequate for the capture. of electrons from ex-
cited Teve]s of chlorophyll. As a part of the membrane it should behave -
1ike'ance1ectrode,bat whfcn'eXcited‘Ch]orophyll could be oxidized fn_an
electrochemical reaction. | B

In a'11mittng'case,‘the eTectrode properties cf the nrimary com-
plex (A + B in Fig. 4)’cou1d'be brovided by a singTe, espeCia1]y adapted
eTectron transfer nrotein. It cou1dvcapture e]ectrons from the excita-A
tion level of 5 ch]drophy]T molecule uith a suitable tigand'at a lower
- redox potentfa] and equi]ibrete the e]ectrons spatialty away'from’the
ch]orophy]] to a redox center (_;g_ metal ion) of a h1gher (positive)
redox potent1a1 ' |
The app]lcat1on of e]ectrochem1ca1 concepts suggests, further, that

ccmplexes of b1o1og1ca1 e]ectron,transfer_prote1ns, whlch are or1ented
,within:an energy transducing membrane, able to okidize a suitable elec-
tron donor (e.g. exc1ted chlorophy]]) of ]ow redox potential and to
reduce an electron acceptor (A) of h1gher redox potent1a1 at the oppos1te
side of the. membrane, may be looked upon as the basic energy convert1ng
units in biological electron transfer chains: -FrOm a phys1co—chem1ca]-
and electrochemical point of view such comp]exes (see F1g 5) constitute
rea] funct1on1ng mo]ecu]ar electrochem1ca1 redox e]ements, which are
'ab]e to convert directly the free energy ga1n from the redox reaction
Ch1* + A —>Ch1* + A” into an electrical potent1a1 accord1ng to the
~ relation: o | l | o

e_.nF( ; ()
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with respectdto their fUnctionai properties;}these molecular redox
eiements‘are identical to macroscopic eTectrochemiCal redox eiements; in
" which electron transport from an anode to a cathode is warranted by an |
eieotrie eonductor within the proposed molecular redox elements,
-'e]ectron transfer from the anodic to the cathodic side of an energy
transduc1ng membrane is 51mp1y prov1ded by the e]ectron transfer pro-
perties of the electron carrier comp]eX»and the p0551b1]1ty for the
utilization of the e]ectrochemical energy is warranted by the membrane
vitself. It prov1des a re51stance for the jon transfer which w111 c]ose '
the eiectricai c1rcu1t of the redox element (see Figs. 5 and 6).
| ‘The'recognition&thatreiectron transfer across membrane-bound elec-
~ tron transter cOmplexes'may be coupled directiy with the liberation of
' e]ectroohemica]fenergy according to relation (2) considerably simplifies
the concepts ofvenergy conversion in energyltransducing membranes (see
be]ow) An 1nterest1ng conclusion can 1mmediate1y be drawn, name]y
that for the production of e]ectrochemica] energy by the proposed redox
elements, it 1s unimportant whether pure e1ectron carriers or hydrogen |
carriers are involved in e]ectron exchange reactions (see relation (Q)).
Consequently, the liberation or uptake of-ions (protons) may be (at
least in part)‘]ooked uponvas secondary effectsvduring energy conversion.

Nith‘respect to the important role that complexes of electron
transfer proteins play in this redox element hypothesis, an example of
the type of eiectron earrierscomplex,;which is sqpposed to provide the
'structura]vproperties'for the function as mo]ecuiar_redox e1ement,
should be given: A series of eomplekes of ditferent electron carriers,
representing ]imited segments oflthe‘reSpiratory'ehain; have been des--

'cribed§a5&$pecia]1y interesting is cytochrome oxidase,IWhich is tightly
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bound'to mi tochondri al structures, resists physical separéiion into
subcomponents, but eonteins.heme_groupsvwith distinct kfnetic_proper-
ties. The portion that is unreactive with HCN has been designated as
cytochrOme ags and,the'portion_that,reacts_with cyanide as'cytochrome_a3.

The electron transfer sequence,
cytochrome oxidase
cytochrome ¢ —» [cytbchrome a —> cyt a3] Ff—>'02

has been established (for reference see 3b)'and'it,has been suggested
that the functional unit of cytochrome oxidase consists of four a-heme

> In the present mode]

units, two a3?heme units plus six Cu atoms.
qytochrome oxidase, when properly arranged in the energy transduc1ng

membrane, upon accept1ng e]ectrons from cytochrome ¢ and donating them

- to oxygen, behaves as an e]ectrochem1ca] redox element and converts

energy accord1ng to relation (1). The fact that cytochrome ox1dase has

been founo to be the s1te of phosphory]at1on may support this hypothesws,

»espec1a11y as there is evidence that cytochrome ox1dase can undergo

redox react1ons at both membrane surfaces

The concept of a solid state-like e]ectron transfer mechanism and

- a rapid'equi]jbration of electrons within”sma1] comp]exes of biologiea]

electron carriers, which -are prépoSitions for the operationpOf the

' redox elements, is espeeia11y supported by»thebinvestigations of R.J.P.

Williams.®

Is the Redox Element Hypothesis Consistent with Experimental Data from

Photosgnthesisé

1) Construction of the photosynthetic membranes and the reaction centers
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Accord1ng to F1gure 6, the e]ectrochem1ca1 react1on of exc1ted |
ch]orophy]] would occur at the 1nterface between a membrane bound

:oraentedve1ectron acceptor complex and an e]ectrolyte.- At.the electro-

Tyte side, bound or'so]ubTe electron donors should provide the regenera-

tion of ch]orophy]]
| The electron acceptor comp]exes have to be constructed of consti-
tuents of different redox potent1a1 (wh1ch, in.a 11m1t1ng case, can

_a]so be built together 1nto one e]ectron transfer prote1n) The

electron acceptor.comp]ex of photosystem II (PS II) can be thought of as

being constructed of the carriers Y,ﬁPQ,'cyt b6.,;,‘that of PS I of the
unknoun'primary acceptor~Xvand of membrané—bound ferréddxin The exis-
tence of the 1atter w1th1n the membrane has been recent]y verified. 7

It has a]so been shown that this membrane-bound ferredox1n can be photo-

reduced at ]1qu1d n1trogen temperature In photosynthet1c bacteria, an

e]ectron acceptor comp]ex could be constructed of Z and possibly also
of membrane-bound ferredox1n (Tn noncyc11c electron transfer).

An aggregat1on of chlorophyll molecules. in the react1on center
wou]d be unfavorab]e for the eff1c1ency of e1ectron capture, as charge
m1grat10n across the aggregates would have to part1c1pate wh1ch needs
act1vatjon energy.8 Consequent]y, only single or a few ch]orophyl]
m01ecu1es shou]d be present-1n the react1on center (visualized as square
in Fig. 6), wh1ch will cons1st of a sma]] pr1mary e]ectron acceptor
"comp]ex w1th a few attached ch]orophy]] mo]ecu]es and poss1b1y a donor.
Reaction centers of a mo]ecu]ar weight of 40,000 have been isolated. 3
The. observat1on that they still funct1on is cons1stent w1thxthe pro-
posed concept1on of the electron capture system in photosynthes1s, as.

‘are the X-ray stud1es by w Kreutz ]0

OE .\l

w
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2)’ Eleetron capture, continuous e]ectron'flow, and quantum efficienqy

The function of the electron acceptor comp]ex, to capture electrons

- from exc1ted ch]orophy]] molecules w1th h1gh quantum eff1c1ency and to

generate a continuous e1ectron f]ow, rests on the ex1stence of an
electrochemical potent1a1 grad1ent (grad1ent of redox potential). The
time constant for the e]ectron capture will be determ1ned by the e]ec-
tron1c structure and the solld state propert1es of the acceptor comp]ex
It should be noted that an e]ectron equ111bratwon in an asymmetric com-
plex of biological electron transfer.moiecu1es cannot be described on

the basis of a semiconduction or hopping.mechanism_fOr'e]ectron transfer,
since this'wouldeprekuppose the'existence of a peribdicity-df molecules
or bonds. For the cemplicated electron acceptor cqmp]ex in photosyn-
‘thesis the only qualitative statement that can be made is that the
potential energy lU(x) of the e]ectrone Wi]] decreeee with 1ncreasing
distance (x) from the ch]orophy]] (see Fig. 4). In a simple approx1-
mat1on, the potential energy d1str1but1on U(x) can be looked upon as a
superposition of»the‘dtstr1but1on of redox potential W1th1n the electron
~acceptor complex A(x) and a coulomb potentia]vV(x), arising from .a

charge sepanation (separation of the electron from chlorophy11):
U(x) = A(x) - e%/ex

The prbbabi]ity W for finding the electron of the excited ehlorophyll
within the electron acceptor comp]ex (vo]ume VAC) can be calculated by _
app1y1ng the semi- quantum mechanical Wenze1 Kramers- Br1110u1n approximation: ]]7'
| '.; y o ' cl“d
W= W fw.(x)dv = flw(x ) [“dv _; JT:‘}?T‘

Vae e
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Wherefp(x) deScnibes_the~momentum of fhe electron in the x direction.
: - ‘ 2 1 2 : _ 2
p(x) =t [ 2m (E - A(x) = J (4)
:To.obta{n'a high probability fon capturing e]ectrons‘from excfted chloro-
'ph&]] there are eSsentia]]y’two'possioilffies‘(See re]ations-3 and 4):
One wou]d be to provwde a very b1g electron acceptor over wh1ch electrons
can equi]1brate Th1s poss1b111ty is obv1ous]y not utilized in photosyn-
thes1s, since veny small reaction center preparat1ons still funct1on in
- eTeetnon eeptune. The second possioility,,wnich is more.like]y for
electron'eapture‘in photosyntheéis,'ié é'decneasevof the total energy
of thé electron within the electron'acoeptor'comblex, which decreases
the momentum of the e]ecirondp(k)oand eaptureslthe electron fn.thé’ooten-
.tiaTTdip ¢f7thé electron acceptor'(Fig} 4). This release of é small
amount‘of_energy will be.the.eéeential'Sfep for the electron capture,.
and canboe stimu]ated:by any intenection of the e]éctron with the
electron acceptor comp]ex in whi ch 1t loses momentum (__g by vibra-
t1ona1 exc1tat1on) Th1s 1nteractlon ‘must have a relaxation time
..shorter than the lifetime of excited eh]orophylld |
'This type of electron capture from excfted chlorophyll at an elec-
tron acceptor comp]ex to wh1ch chlorophy]] is bound w111 be very effi-
c1ent and would not need act1vat1on energy It wou]d thus be compat1b1e
w1th exper1menta1 observat1ons that, in photosynthes1s, e]ectron capture
- is. effect1ve down to 1 degree Kelvin. 12 v
Avcont1nuous e]ectron'flow_w111 be provided by the etlectrochemical
gnadfénf within tne'ooeepfor eomp]ex:__ln a ca]cu]étion, however, it has

_to be.eons1dered;that“e]ectric potentiaisfwi117appear as amconsequence‘
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of e]ectron transfer In the mathemat1ca1 treatment, the Po1ssonv

equat1on has to be comb1ned w1th the Nernst- P]anck equat1ons, and

suitable boundary cond1t1ons.havevto be chosen to-account for electron

.« exchande reactions at the surfaces. As a resu1t, space charge limited
electron transfer is to be expected at higher electron injection rates.
Consequentiy; the internal resistance (Ry) of the e]ectron acceptor |

comp]ex can be assumed to be ohmic.only to a first approximation.

3)  The production of a primary elecfric potential

| FWitnin the discussed ejecirochemica]vconcept;dthe de]ocalization
of captured electrons inafhe‘eiectrochemical potential gradient.of:the
e]ectron‘aCCepcor ¢dmb1ex iS”inevitabTy connected with the appearance
of an e]ectricvpotentia]-at the reaction center. The appearance of the
potent1a1 will occur w1th the t1me constant character1st1c for the cap-
ture of e]ectrons from exc1ted ch]orophyl]--that is, it will have a time
constant of at least 1078 sec. | | |

14

13 were able to relate

HOT. Wit and‘assoc1atess and others,
518 nm absorption changes toAthe appearance of an electric fie]d'across the
photosynthetic membrane. The rise time of this 11ght induced field was |
found to be shorter ‘than 2 x 10~ 8 |

Th1s resu]t strongly supports the suggested view of the pr1mary

A _ e]ectron capture process in photosynthes1s ,f1rst1y, it shows that a
charge.separation'actual]y takes place; secondly, the fast rise time of
the field can only be'satisfactorily'understood when some kind of solid
state electron transfer isiinvolved;,and thirdly,-an electron transfer_

| which bui]ds up an'electric‘fie]d will occur'only when a driving force

(an electrochemical gradfent) ispprovided.
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The 6bsekvationlof an electric field in the thylakoid membrane is
strong justification for the initial statement that electrochémi;a].
kihetics has to’be épb1ied to eléctrbn'transfer in photosynthesis.

The development of an electric field across the thyTakoid membrane

as a consequence of the electrochemical oxidation of excited chlorophyll

is determined by.the affinities of the eléctfon donor (excited”chlorof .
phy11l, Ch1*) and a pdtentia? determining electron aCceptor A (e.g.,
ferredox1n) within the membrane or the e]ectro]yte at the oppos1te side

accord1ng to the e]ectron transfer react1on

*

Ch1* + A —;> oh* A

The maximum electromotive fofcefwhich could bevgenerated‘shou]d be:

| With a = 1in the theoréticé] case of eqﬁf]ibriuﬁ and réversfbi1ity.
Becéusé-of jrreVersib]e componenté in the electron captufe reaction,lthe
-pfoportiqnality factof will be smaller than unity. Introducing fhe
_actfvifies of participat%ng cpmponents and assuming that the activity

of excited ch]orbphyll is proportional to the 1ight intensityv(IL)_the»
following ré]atibn for the geperated electromotive force can be obtained:

€ - ol LK fomt W
_ “'fE a nF Acp* 3

= A+ B In IL (IL > 0) (5)
_Thus, the electr1c potent1a] at the thy]ako1d membrane shou]d show a
logar1thm1c,dependency on the light jntens1ty ThlS re]at1on should be

valid, provided jon flux across the membrane is negligible and regenera-

tion bf the reaction center is not rate-limiting (opén circuit condition).
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4) Energy storage and energy conversion: membranes as parametric

energy transformers

Accord1ng to the present concept, the separat1on of the exci ted
e]ectron from the react10n center ch]orophy]l occurs by an e]ectro-

chemical ‘potential gradient within the electron acceptor complex. As

_a.consequence, energy’ts primari]yjstored in. the form of free energy

of anpé]eEtron behind the activatidn'barrier, formed by the_primary
e]ectrOn‘acceptdr.of‘lower:redok potentiai, which prevents the electron
from a reverse reaction wath the oxidized ch]erophyll (Fig. 4). E]ectro-
chemical;considerations have jed to the conclusion that a membrane-bound
electron transfer comp]ex,hwhich is able to produce an anodic oxidation
and a cathodic reduction of redox agents'at‘opbbsjte membrane sides, may

be considered as a real electrochemical redox element which generates

an e]eetrombtfve force according-to relation (2).

For a steady state_e]eetron_transbort from anode to cathode aeross.
the electron transferreomplex'(internal resistance R ), the electric
circuit has to be closed by an ion flux across the membrane ih Fig. 6
a schemat1c arrangement of the proposed l1ght dr1ven redox element
w1th1n.the thylakoid membrane is shown, as well as the positions of
channels for ion transferb(resistance'Ri) and conversion of electro-
chemi cal energy (wbrk-reSistance RC).' Also the membrane capacity is
depicted in Fig. 6b, which is an important barameter for the electro-
chem1ca1 dynamics of the redox element system

For a steady state operat1on, a s1mp]e corre]at1on between 11ght
induced electron transport (i), theﬁe]ectromotive force (€ ) of the

redox e]ement;hthe interna] resistancev(Re) of the electron transfer

_complex, the membrane potential (y), the charge of the membrane -and
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membrane parameters, like resistanceforion,transferl(R{) and work resis-

tance for enérgy conversion_(Rc) is provided (Fig. 6b):

. €-iR = g
b= €-1R = TEER Tog - (6)

~ The free energy of the electrons which have been éaptdred in'the'é1éttr6n‘
acceptor comp]ex is availab]é_in two forms: : u |
| a) for reduction prdcésses that'generate.hoiecu]es with Tow redox
;-:poteniia] (e.q. NADPH)'at thé caihodic membrane . surface, and
“ b) as e]ectroéhémicaT énergy4of'the redox ‘element, which can‘agdinA
_ be.éonvefted intoIChemicaT'energy, and would be avai]éb]eﬂfok
- _phosphorylatioh.

In principle, the distribution of energy into these .two forms can
eééi]y'be controlled by providing potentiéi determinfng ejectron acceptors
. with'sﬁitab]e‘réde potentiaTS (see'fe]atioh 5). In this cdnnection it
‘shoqu, however, also be considered that an eiécfric pptential; in turn,
will 1hf1uence_theuva]uevof redox pOtentiais of membréne;bound electkohq
trahsfék_mo1ecu]és. This is visualized in Figure 7, where the;elettron
acceptor comp]éx of PS 1 (asshmed to_be constructed of an unknown primary
acceptbr X and membrane-bound ferredoxin) is depjéted_in the free energy
'_scheme. If the.so]ubTe ferredoxin at‘thé cathddic_membrane side -is ré-v
moved,'éiéctrons wf]] accumuiate at the membrane-bound férredoxin, which
will become the potential detérmining1acceptor for the generation of an
e]ecfrica].potentiaT (¥Y). As a consequencé of this, accordihg to
relations (1).and (2), the redox potential of membrane-bound ferrédoxin
wi]] décreése’andvapproach the redox bdténtia] of the primary acéepior X.

'Photosystém I'shpuid théréfoke;bgfab]e to reduce soluble electron
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acceptors'with'redox ootentia1s up to aporoXimate]y -600 mv. (This is
in accordance w1th exper1menta] data, obta1ned by B. Kok and others
with methy]v1o]ogens JS) | .

The rate at which electrochemical energy is be1ng turned over at
the membrane can be obtained by mu1t1p1y1ng the terms in equat1on (6)
by the: f}ux of transferred currents (e]ectron current i, ion current ii,
.1C); "In the resulting equation the considerat{on_of the timejdependent
term %? (‘%_sz) is_essentia].' It considers a possible non;steady-state'
way"of converting'energy;;nahe]y by changing the amount of capacitive

v energyfwhich is stored:in the energy-transducing'membrane.

2. _ .2 (R Ri) g

s o il = 1 ¢,2 o
€ iR = L Ry rae (g0 (7)

c

The first term in th1s equat1on is the energy wh1ch is produced by the
11ghtfdr1ven redox element (Fig. 6). The second term descr1bes the
energy which is dissipated in transferring electrons through the elec-
tron transfer chain. fhe third_term describes the energy required'to
_pumo:fons across the membrane'and to drive endothermic e]ectrochemical
reactions in suitab]e membrane channels ‘The last term 15 especially
_1nterest1ng in that it shows that capacitive: energy ‘can be stored and |
’ re]eased 1n the membrane-by a change of membrane parameters like geo—

_metry (g) dielectric constant (e) or memb rane potent1a1 (w);.
oM _d L 2 ='avid'e' M dg, W d

A rap1d structura] change w1th1n the energy transduc1ng membrane (change

' of g,;e) could eas11y be st1mu1ated, after a certain (cr1t1ca]) membrane
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pofeﬁfia] (¢ ) has deve]oped If the.change decreaéed'the membrane
capac1ty C (g,e,w) th1s would tr1gger the release of a correspond1ng
amount of capac1t1ve energy w1th1n the membrane (accord1ng to re]at1on'
7). Prov1ded there is a chem1ca1 react1on to consume;the capacitive
sﬁrpTstenergy WTfh a time conétant which is\shqff compared with.the

time cohsfant_for{fhe dfscharging'df the membfahe'capacity by reverse

of eiectkon and ion trahsfer (%-<< RC), capacitive electrochemical

energy wou]d be converted 1nto chem1ca1 energy.

In order to dec1de whether a steady state or a non-steady state
(per10d1c) mechanism of energy coupling is 1nvo]ved in energy conver-
sion at ehergy;transducihg membranes, some generai aspects of electro-
chemical coupling should be cons{dered, In energy cbnversienfmechanisms,
in which free energy'of moiecules_(AG)vis converted in a-sieady state

‘manner into electrochemical energy'(¥an) and this again 1n£o another
_energy form (chemfcal'energy, mechanical energy), it is 1mbortant to
distinguish between efficiency of energy conversion.( = % of energy
converted in the overall proéess) ahd power eutput (energy eenverted

per unitAtime). The electrochemical energy of a fuel cell or a battery
theoretfca]]y can be converted with almost 100% efficiency when the
energy is drawn only at‘ah infinitesimally'émall time fate (this means

' R.)

Tow power output, low ion current.over very high'work resistance RC, ;

(see Fig. 6b). If it is desired, however, to get as much electrochemical
energy converted. as possible per timev(maximal power‘output), the ex-
ternal work resistance has to be adjuéted (matched) to the internal

(Roxt =

Ripng 5 R R.’/ (R; + RS) = R, in Fig. 6b), which can be shown by
simple calculations (differentiation of equation 7 without last term).

<)
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In this case, ha]f of the energy is d1ss1pated at the internal resis-
~tance of the potent1a1 generating source. The eff1c1ency of energy
conversion at the_externaihwork resistancef1s only 50%; the power
genereted, however,vreaches'its,maximum;valso 507,

“There is, however, an essential difference between fuel cells and
batteries; on the one hand, énd'energyetransducing membranes which
proddce e1ectrochemica1 energy_as'anlintermediate,von‘the other. If
the electric wires connecting anode and cathode of a battery or a fuel
cell are disconnected, the electrochemica1 energy remains'stored in
the element. It is therefore possible to convert energy at a slow rate,
but with.high eff1c1enoy On the other hand the e1ectrochem1ca1 energy
wh1ch is stored at an energy- transduc1ng membrane is rather rap1d]y

vd1scharged accord1ng to an exponent1a] law:

o
(il

Cwoze

=
1]
Nof—
o
-
N
ey
o+
j
I
N~

R‘,'C"‘= resistance, capacity of membrane

because the enerngtransdncing membrane fé sufficiently permeable for ions.
The most effective way , therefore, to convert electrochemica] energyratv
an energy-transducing membrane is to do it at a high rate,_1n order to
dcompete effectively w1th the d1ss1pat1on of electrochem1ca1 energy.

This conclusion can be clarified by examining the case of noncycTic‘
.electron'tranSfer in phdtosyhthesis‘ Light- induced e]ectron transfer
and reduct1on of NADP will proceed regardless of whether photophosphory-
1at1on occurs_or whether it is inhibited by Tack of ADP. As.e]ectro-_

‘ chemical energy cennot be-cqntfnuonsly accumulated and stored, an

energy conversion mechanism, which-utilizes electrochemical energy for
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vfphosphory]atfon, should be'functioning in:SUChfa-uay that it-provides‘
the h1ghest poss1b1e power output and ut111zes the cont1nua1]y generated

:electrochem1ca1 energy at the h1ghest poss1b]e rate | |
- A steady state mechanism of e]ectrochem1ca1 coup11ng appears there-“ .

'fore to be unfavorable for energy convers1on during phosphory1at1on

In ox1dat1ve phosphorylat1on 50% of the energy ava1]ab]e from the e1ec-

tron transfer react1ons reappears in the form of pure chemlca] energy

of ATP 3Ceven though some parts of the e]ectron transfer cha1n do not
contr1bute to-phosphorylat1on. _Bes1des, a cons1derab1e amount of

_energy WOuidvhave to be‘supplied for mechanochemicalmand'osmotic'“

,enéégy,3¢. o . . , v ‘_

It is 1mportant to note here that the chem1osmot1c mechamsm]6

.(wh1ch assumes that e]ectron transfer by asymmetr1c proton translocat1en
is generat1ng a proton -motive force wh1ch dr1ves a proton current over

a revers1b]e ATPase-for ATP format1on) has to be ]ooked upon as a
spec1a1 case of such a steady state e]ectrochem1ca1 energy convers1on

mechan1sm (P M1tche11]7

has compared this mechanism. w1th that of a
'fuel ce]] based on proton transfer ) This chem1osmot1c fue] ce]] |
however,‘wou]d have the unfavorab1e attribute of_dlscharg1ng itself
3 rather rapidly and-of'having oniy a limfted Capacity'to storedenergy;f
'and wou]d have to be operated near max1ma1 power output cond1t1ons
vhUnder these cond1t10ns, the chem1osmot1c mechan1sm cou]d only exp]a1n -
: energy convers1on w1th 50% eff1c1ency, and wou]d therefore be unab]e "' g ‘
'.to exp1a1n phosphory]atlon ‘ |
The 11m1tat1ons of a steady state mechan1sm for convers1on of

' e]ectrochem1ca1 energy do not app]y to a non- steady state per1od1c

mechan1sm (as indicated by the lTast term in ‘relation 7) of converswon:




circuits.

91

of electrochemical energy into chemica] energy"of ATP. ' Such a time-

dependent, per1od1c mechan1sm of energy convers1on is extremely
1nterest1ng in many ways. »Genera11y, the principle of the suggested
osc1]1at1ng mechanlsm of energy‘conversion’(whfeh'involves periodic
changes of the membrane. capac1ty) can be summarized in the fo]]ow1ngbr
W y When an energy absorb1ng system (1n the present case; chem1ca1
reaction leading to ATP) is su1tab1y_coup1ed to an energy storage

element (charged membrane) whose ve]ue is made to vary in a

proper- way (confermation changes leading to changes in membrane capa-

city);,energy'may be extracted from the source which drives the energy
storage e]ement'(e]ectroehemical redox elements) and transferred to the -
enérgyfabsorbtng system (chemical reactions 1eadfng.to ehemica1 pro-
ducts)(see Fig. 8). | . | |
Energy transduc1ng or. amp11fy1ng systems wh1ch are based on such
a principle are called variable parameter,ror parametric.energy trans-
former, or amp]ifier. The principle of operation df these parametric
energy'trandecers nes-first‘ : described: by Lord Raﬂe1gh 18 yho
used a mechanical model. Their operation can easily be visualized with
the help of the simple example of a child on a swing. By lifting his
weight up and down with a period two times that of the swing, thus

varying the effectlve ]ength of the ropes (parameter), it pumps energy

to increase the amp]1tude of the swing. In more recent times, the

principle has been successfully app]ied for electronic and microwave
19-21 Capacitances, inductors, ferrimagnetic materials,
semi conductor devices, ferro-electric materials and electron beams

(kinetiC'energy) have been applied or suggested as variable energy
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storage'e1ements,::In,these energy:storinggelements'a'parameter-is
IJusually not periodica11yvchanged by external interference (1ike in

- the v1brat1ng condenser amp11f1er) | Rather, the fact is utilized_that'
parameters (g;g,; the capac1ty of a d1ode) may not‘be rea11y constants,
but may depend on the amount of stored- energy In these systems the
change of the parameter is a]ready guaranteed by the non]1near behavior’
of the e]ements |

‘The application. of the prlnc1p]e of parametr1c energy coup11ng to

an e]ectrochem1ca1_system Tike an energy transducing membrane is a
stradghtforWard matter. 'To'determine'the exact mode of its operation
in energy transduc1ng membranes, however, carefu] theoret1ca] and ex-
perlmental 1nvest1gat1ons w111 be needed. It is 1mportant to note
that both the energy Which is utfiized tor performing the conformation
changes (parametric changes) and the pure'capacftiVe'energy can be
. supplied from the same e]ectrochem1ca1 source (redox‘elements) in the
-energy transduc1ng membrane, and that this dual function wou]d s1mp1y
result from a nonlinear dependence of the membrane capacity on the
. stored energy. | | |
| .The most interesting aspect of thebelectrochemical parametric
energy transformat1on mechan1sm is that 1t is in agreement w1th much
.1mportant exper1menta] data:

1) Conformation changes and performance of mechanical work - during
energydcycles, which have_been reported for mitochondria,
ican'be,Tooked7upon as_periodic changes of the membrane capa-

city, whfch‘trigger.the conversion of capacitive energy'into

'h,;_chem1ca] energy accord1ng to the pr1nc1p]e of a parametr1c

venergy transformer

22,23 .
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2) The'parametr1c mechan1sm of energy convers1on can be reversed
(ATP - conformat1on changes > e]ectrochem1ca1 energy); conse-

quent]y, ATP should be able to trigger conformat1on changes.

.The parametric energy transformation mechanism makes a bridge be-
tween'concepts 0f-e]ectrochemis£ry and membrane structure dynamics,
: prdvides an energetie'exn]anation for its interrelation, and a pheno-
meno]og1ca] bas1s for mathematical calculations. The electrochemical
parametr1c energy conversion mechan1sm is therefore compatible w1th the

22,23, in that conformation changes

conformat1on change hypothes1s,
are 1mportant factors in energy conversion. There are, however, essen-
tia]'differences{ The ehemiCa] energy of electron transfer reactions
is not stored primarfly in the energy of conformation change, as the
conformation change hypothesis assumes, but energy is stored as electro-
chem1ca] energy of a charged membrane ('hich can underge some confor-
matlon changes as a resu]t of charg1ng), and conformat1on changes tr1gger
convers1on of electrochemical energy. Therefore, conversion of energy
shou]d be fnhibited, if charging of the membrane is sufficiently sup-
pressed, for example by leaks in the membrane, which act as short
circufts. | | | |

v Thus, according to the considerations presented here the following
mechan1sm ]ead1ng to ATP format1on is the most likely within the redox
element hypothesis (see Figs. 6, 8, and especially F1g. 2, in which the :
variation of capacitive energy with changes in the'membrane potential |
and membrane conformat1on dur1ng the energy conversion cycle is depicted).

E]ectrochem1ca] reactions at electron transfer comp Texes lead to the

deve]qpment of an electric potential at the energy transducing membrane
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(accord1ng to relat1ons 2 and 3) and to a charg1ng.of the membrané capacity
(Re can be very small). The charging may 1nyo1ve structural changes of

the membrane: C =.Ca(g,e;w) and Teads to'an‘energized membrane (path 1 >
2 in Fig. 9). When the potentiaJ is-sufficient1y.hfgh, a sudden
struetural'change (change}of e, g) within the membrane (transition to
energized twisted configuration) (2 > 3 in Fig.vg) will decrease the
membrane eapacity and trigger the release'of'capacitive energy as
chemieal energy‘AGC; for (ATP) (3 > 4); then the orwg1na] membrane
capacity is reestab1ished (4 + 1) and a.recharg1ng can occur. For
energetic reasons (effective charg1ng of the membrane capac1ty to pro-
vide the poss1b1]1ty of parametr1c energy conversion), it has to be
assumed that the membrane resistances R and R are re]ative]y high.
Ton. transfer across  the. membrane shou]d predomlnantly occur as a result
of the var1at1on of the membrane capac1ty (conformat1on change) and may
be cons1dered as composed of a capac1t1ve ion transfer wh1ch recharges
the membrane (ic'= %% ) and an ion transfer which resu]ts from the
chemical reactions leading to ATP. ’

- The reverse of the capacitive energy conversion mechanism is indi-
eated'in Figure 9. The oresence of an energy rich ehemica] agent (ATP)
will tr1gger an increase of the membrane capac1ty (1 >2"). To gain. |
the energy, wh1ch is needed as capac1t1ve energy, at the membrane poten-
tial wj,chem1ca1 energyﬂof ATP is utilized (2' > 3') and, after the
origina1 membrane'capacity is reestab]ished (3" > 2), the membrane is
in an:Unstable_energizedvstate, and is discharged by drivtng ion and

‘e]ectron transfer in the reverse d1rect10n 2 - 1).

| The amount of capacity change and thus of conformat1on change in-
'vo]ved in the parametr1c energy convers1on.mechan1sm is difficult to
' }

!
i
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prédiﬁt, as 1t‘wj11vdépend on the special mode of operation and the
charécteriéfic properties of»the membrane. SimpTé estimates; which
‘ comparé the capacitivé eﬁergy of a chafgéd:membrgne,unit with the
energy:of an. ATP molecule, show that once a membrane is charged,
périodicrcapacity changes of as Tow as a few percent and less would
be sufficient to maintain.bhosphoryTétibn. it is interesting to note
‘thét éﬁefe is a lag in ﬁhosphory]ation tovbe expected after the onset
and tefmination ofvéTectron tranéfer aCtivityT whjch\wi]] be deter-
‘mined by the time réquféd_fo charge or discharge.the energy trans-
ducing membrane. Specuiations on the chemical reaction which utilizes
the surplus capacitive energy of the charged membrane in its energized

(twisted)‘conformation (3 in Fig. 9)'and.1eaas to ATP synthesis, are
| beyond the scope of these investigations.

~ The éroposed parametric enerqy coupling mechanism could give an
‘enérgetic and dynamic explanation of the_cohp]icated interrelations of
e]ectrochemica],'structuré], mechanical and cHemica]vproceSSes in biolo-
gical mémbranes. Theoretical invesfigatiohs‘of this mechanism are

needed, for which the mathematical formalism that has been developed

“1'fdr_é1ectronic app]_ication24 will be useful.

~5) "So-called" solid state effects

A serieé of solid state effects have been repokted by investigators
of photosyntheéis, and any complete model of photosynthetic processes

‘must account for them. These effects, mostly measured with dried

12,25,26 hjgh 1jghf-induced |

27

ch]oroplasts, comprise photoconductivity,

12 27

po]éfizabifity, thermocohductivity,

- 28,29"

thermoluminescence,

microwave
29,30 '

absorption, and microwave Hall effect.



'7;26— _
Hypotheses on the ex1stence of sem1conductor propert1es in
.'ch1orop]asts and the1r poss1b1e role in ‘photosynthesis have been put
ﬁorward in the last three decades by a number of investigators.- 31-33
It ‘has been assumed by most of these authors that.chlorophyll aggreQ
gates in the ch]oropTast are responsible for solid state-eftects,.and
nUMerous mode] exper1ments w1th 1ayers of ch]orophy]] have been made :
to test th1s idea. 34-37 |

Accord1ng to our e]ectrochem1ca] cons1derat1ons, a  mechanism in
which-hole or electron m1grat10n across a layer of aggregated chloro-
phy]}‘participates‘in'the energy'couvers1on process of photosynthesis
' wa]d.restriot‘efficiency.‘ COnsequent]y,'there is no reason to assume
that semiconductor'propert{es of ch]orophyll iﬂ_!ixg are essentia]
processes in photosynthesis. = | |

Moreover, the primary proposa] ‘that electrons can. easily be de—
1oca]1zed within the we]] organ1zed e]ectron acceptor comp]ex {or holes
in a donor comp]ex), is comp]ete]y adequate to exp1a1n the reported
solid state effects. .Electrons (or holes) injected by reaction center
chlorophyll into such e]ectrou'carrier complexes, would be mobile there
- and could be accelerated by externa]]y app11ed electric fields. Conse—
quent]y, illumination of the ch]orop]ast w11] produce ch]orophy]] sensi-
* tized photoconduction, as electrons can be transferred across the
thylakoid membrane (provided ion conduction is not rateh]imitfng) and
microwaves should be absorbed'by the semifree electrons. sTheSe'effects
should have a very short rise tfme of faster than 1078 sec1oorrespondfng.
-to_the‘rabid electronicapture by the eTectron acceptorﬁcomplex. The

-4

decay time should be sTow (107" sec to several sec), as the electrons
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are capfuked'in the complex and their consumption will be determined
by reatfidns in the e1ectf0n transfer chain, thch will release them
froh the membrane, or by reverse reactions by thermal actiVation

(thérmb]uminescence,‘delayed'light).

6) Delayed light emission, electron transport and electric potentials

in photosynthesis

- "EiectrOns, which have beeh injected into the electron transfer
compiéx, and the remaining hole (oxidized chlorophy1l or an oxidized
e]gctron-donér),-have a éhanée to récombine in a reverse reaction and
to,pkbduce'emission of delayed Tight’(Fig. 4). In/deséribihg the rafe
cohétant for the reversé reaction of an electron, it has to bé con-
sidéréd-thét, depending on the polarity, an electric potential will
1ncreasé or detrease the necessary activation energy. This is visualized
in Figure 10 for a potentia] that decreases éctivation energy.

: When A(x)'wvis the electric potential at the position of a certain
eiectron éarrie?.within the membrane (point x) from where the thermal
. activétion should occur, n(x) .the‘probability of finding electrons
" there, and p(x) the.probabi1{ty that chlorophyll is oxidizéd,»the inten-

sityiqf_de]ayed light emission (from this carrier) may be desCribed as:

I () = k(x) n(x) p(x)
with -
: |
() = kg exp | - gF (86,(x) - 2(x) F-y) | (8)
where AGA is the free energy of activation without potential.
With relations (5) andv(6),'conséquent1y, the intensity of delayed
light emission from a certain electron carrier in a steady state condi-

tion (point x in complex) will be:
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Iy () = plx) n(x) K, exp [1% (86, (x) - A(x)F(A*8 1n IL-iRen] |
| o (9)
It isvtherefore dependent on the carrier from which the e]ectron is acti-
| vated ( (x), A(X)), on the probab1]1ty of f1nd1ng an electron there
n(x), the 11ght 1ntens1ty (I ) and the e]ectron f]ux (i) w1th1n the
e]ectron transfer chain, wh1ch is dependent on membrane properties (Ri’Rc)
aecording'to refatidnv(G).‘ The de]ayed ]1ght em1ss1on (accerding to
re]at1on 9) w1]] increase when the e]ectron transfer (1) ts~decreased
by 1nh1bit1on, or when phosphory]at1on or ion transfer is inhibited
(R”vRF»;'w). On the other hand the em1ss1on of delayed light should
decrease when the latter act1v1t1es are enhanced (add1t1on-of ADP or use
of detergents) | |
' The rise and decay of delayed ]1ght em1ss1on should go para]]e] to
the deve]opment and decay of the potential at»the electron acceptor
complek. The generation of the'e1ectric potentia1 within the_complex
will be initially determined by the reaction constant of the electron
capture process, which should be faster than 1078 sec, and.subseduent]y,
be influenced the e]ectrochemica] activity which.1eads to a charging of
| the membrane and to a steady state s1tuat1on
The decay of de]ayed ]1ght emission after termination of 1]1um1-
nat1on will be determ1ned by the discharge of the membrane capaCJty,

which'may be assumed to fo]Towvan exponentia]-]aw:;

Ot

v =v ‘pLexp(-R%) =w|. (] ‘.F‘C""('p‘t‘)‘....)‘

If th1s decay funct1on of the membrane- potent1al is 1nserted in relation

'(?), the- tota] decay character1st1c of the delayed. 1lght is obta1ned
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-The'fihst term.of the sehiesﬁyields fhe steady state relatibn (9), the
,second descr1bes the decay of de]ayed light 1mmed1ate]y after stopp1ng
111um1nat1on (t << RC n(x t) p(x t) const)

IbL(x,t) - -IDL(X;t=0) exp [} F%!(l(x)'F-(A+B In IL'i°Re)'ﬁ§J_ o (]0)

It fo]]qu a first order reacfion which, interestingly, has a mean relaxa-
tion time that decréaSeé with increasing'intensity of preillumination (IL).
Very recently, kinetic exberiments oh de]ayedAlfght emission from

Chlorella pyrénoidoéa have been performed by C. Bdnaventura and M.
38

Kindergén. These invéstigatorsvresolvéd a fast exponentially decaying

Compohent, Which actually showed a relaxation time that decreased with

-increasingblight intehsity ’(W.=50.1 mW/cm2 : t]/2 =9.57 ms; W=20.9

mW/cmz' : = 5.74 ms; W = 12 mW/en® : t]/2 =3.3ms). Asimilar

1/2
11ght intensity dependency of-the fast exponential decay of de]ayed

39 These experi-

light has also been found with ch]oroplasts recent]y
menta] results are con51dered as an essential support for the app11ca- ‘
b1]1ty of e]ectrochem1ca1 concepts of photosynthes1s, as they explain
theéf'kinetics wfthout the need for special assumptions (see relation 10).
Artificial ion gradﬁents produced at photosynthetic membranes can
generate diffusion potentials n(t) whibh.have to be added to the membrane
‘pofential (p) in'equatfons (6), (7) and'(8)-'¢ % " +'n(t) In this ex-
panded. form, these relations also describe the 1on gradient effects on

electron transfer, 1on transfer, energy conversmn40

em1ss1on.41 -46 Qua11tat1ve]y, they pred1ct an increase of delayed

and delayed 1ight

Tight émission; when the action of the-diffusion potentia] is paraT]e]'

to the photopotential, a-decrease when ii is antiparallel.. Furthermore,
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fhey show that a diffusion potential (e;gQ brotqn gradient potential) can
replacevthe photopctentia] in the discussed process of energy conversion
which 1eads to phosphory]at1on, and in the generation of ion transfer

A]though quant1tat1ve ver1f1cat1on of the der1ved relations has not
yet been poss1b1e, because of the lack of well controlled experiments,
it seéms that'they are able'to.describe the very complicated kinetics of
de]ayedllight emission, the inf]uence that various parameters exert, and
‘the effect of-artificial'ion'gradients on electron transfer, ion transfer,
phosphory]atlon, and delayed light em1ss1on in a- con51stent and qualita-
tively correct way.

The results which have been derived for delayed light emission support

and are cbnsistent with original ideas by Crofts,47 Amesz and Kraan,46

49

'Fleischmann,48 and Kraan and others, > who have proposed an influence of

membrane potent1a]s on de]ayed light emission.

7) -The coupling of electron transpprt with ion translocation and

phosphony]at1on R T | ’

For the operat1on of the proposed redox elements (Fig. 6) and'thus for
“energy convers1on, both electron transfer and ion transfer are essential.
' Howerer, the free energy df'electrOns'(photoactivated invphotosynthesis)
actua]iy provides the driving force for all energy conversion activities,
~ whereas ion reactions will have a'contro]Ting influence, where.they become
rate;liniting for the entire process Once exci ted ch1orophy1] can be oxi-
dized at the anode and a su1tab1e agent of h1gher redox potential reduced

"~ at the cathode and electrolytic charge transfer‘can be maintained from

cathode td anode across the mehbrane, the redox element will convert energy, -

regardless of what ions are involved;_,Consequently; from the appearance of
a ]ighteinduced pH gradient in chTorop]asts, it cannoi be-concluded.that.a

proton-motive force is an intermediate for phosphorylation (chemiosmotic

iu
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hybothesisls).: It-céhionTy be'tuncluded that protons are consumed or
]ibéréted during the spécial‘reddx.reactions involved in photosynthesis,
and that pfdtbns participate in maintaining the ion transfer across the
thylakoid membrane.f If-redox agents in photoSynthesis, which involve
protbnvexchange, would be replaced by simijér redox agents which do
not,.énergy convéfsioh and ion transfer should still occur according
to relations (2); (6) and (7). |
The deVeTopment 6f ibn gfadienfs'is.an fhevitéb]e consequence of
.e]ectrochemfca1 activity at the redox elements, as well as of speciffc
idn'tkansfer across the membréné. It‘may be regarded as a secondary
effectvwhich'arises because of rate-limited diffusion processes and
‘specific ion permeabilitfés acrbss.the membrane. Ioﬁ gradients tend
vto‘decrease the ]ight—induéed electromotive force (€) of the redox
e]ehent by_their‘cdhcentration-po]arization potentié] (wc). Another
type of polarfzation potential (wR) which ié also directed against the
bkigfné] e]ectfomdfive'forcé (€) can arise as a consequence of rate-
1imiting chemical reactfons in which poténtia] detefmfning‘redox
reactions at the membrane are ihvolvéd.. For qdantitative_éalcu]atiohs
of the e]ectfo]ytic jon transfer across the membrane and the arising
_conCentration gradienté, the electrolytic and membrane-specific trans-
~ ference nﬁmbers of participating ions have to be determined. Also,
correttions for wéter transference effects 5n ion hydration shells have
to be made which, fn addition to osmotic effects, can contribute to a
_sWe]]ing OE shrinking of membrane enc]osed volumes. The presented cal-
’ cu]étions and qualitative cohéiderations led to the conclusion that not

1),

a proton gradient‘(chemioémotic hypothesis but the electrochemical

energy of molecular redox elements, is ‘the primary energy-rich
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-intermediate for energy conversion.  The electrochemicai,activity of
lthe redok e]ements_then'charges the”energy transddcing membrane in .
which"chemica].energyvis produced by-a parametric energy conversion
mechanism These resu]ts are app]icable for both photosynthe51s and
ox1dative phosphorylation '} -

The concept which has been derived here appears ‘to be compatible
with experimental data, which-aiso-support Mitche]] 3 chemiosmotic
vhypothesisvand are;'at the same time; Cdmpatible-with resu]ts that
apparent]y do not Among these'are the observation of 1ight-induced

,'phosphoryiation in the absence of an adequate pH grad1ent,50°52

difficulties in exp]aining the stochiometry of ion transfer,s3 =55

50-52,56

' phosphory]ation activ1ty in sonicated ch]oropiasts, structura]

22,23 which support the

22,23

changes within energy transduc1ng membranes,
conformation change hypothe51s of phosphory]ation and differences
: in kinetic parameters between proton uptake and phosphoryiation (e.g.,
pH dependency57) | |

within the redox e]ement conception, ion transfer and accumula-
tion is determined by the kind of redox reactions involved, as well
as by the specific membrane permeabilities for ions. Predictions are
| only_possib]e'with a detailed knowledge of the corresponding parameters.
1 Furthermore, a proton gradient does not have tb'appearvas an inter-
mediate step forhphbsphOrylation; and membrane fragments will sti]i
| be able to synthesize ATP, provided the resistance for the bypass of
iontcurrents is high enough to allow sufficient charging of the mem-
~brane fragments.' Proton gradients (provided they arise as a result

" of electrochemical activity) and the hypothetica1 high energetic
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ihfénnedjate (X) leading to-phosphory]aiidn, should oﬁfy be looked
updn'as thé résu]t‘bf thé same basié phénomehbn—fthe operation of the
| redox é1éments. They will Consequéni]y show some similarities in
response. However, the u]fimate high énergetic intermediate is most
1ike]y‘the capacitive surplus energy of the charged energy transddcing
membkane.(which fs converted intb a chémica] prdduct), and there is no
keasoh to expect a‘strict para]]e]ismvin_the effect of agents on pH
gradfeh%lformation-ahd ATP formation. It might be interesting to note
that‘the_eTectrqchemical'ehergy of redox elements could be used to
produée'a profoﬁ gradient’ihvabwell determined way. This could be
accompTished with the help of a membrane which is asymmetrical in
its pefﬁeabi]ity for protons. Such a membrane would have properties
which ake equivalent to that proposed in ihe chemiosmotic hypothesis.
At the:present stage of experimental evidence, however, there is no

need for such an assumption.

8) ' Remarks on oxygen evolution'

"E]ettrochemicaT'kinetics has not only to be applied to electron
transfer in biological electron transfer chains, but also to‘ho1é
transfer, when membrane-bound carriers are involved. An example,

B whefevthis-seéms,to be necessary, are the reactions which lead to
| oxygen.evo]ution'in phoioéynthesis. In analogy to the mechanism of
electron capture, holes can also be rapidly captured from excited
ch]orophy]] by a SUitablf hOie acceptor complex (Mnf+;protein complex?).
Such a complex could capturé holes in subsequent steps and eventually

oxidize two molecules of water in the course of an energetically favor-

able: electrochemical reaction in which four holes are involved. Hole
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capture and reverse reacfions of hdles wou]d'be detérminedfby dynamics

s1m11ar to that of: e?ectron reactmons In part1cu1ar, it should be expected

that w1th every captured hole the probab111ty of a reverse reaction
is 1ncreased unt11 the hole acceptor system can be d1scharged during
oxygen evo]ut1on ’

App]1cat1on to ox1dat1ve phosphory]at1on The cbnceptsr' wh1ch

’have been deve]oped here ma1n1y for photosynthet1c systems can, w1thout :
difficulties, also be app11ed to ox1dat1ve phosphory]at1on with the
on]yvaifference that the prfmary electron dohor‘will be a grophd state

" molecule of Tow redox potential aﬁd'that the arrangement of eJectrbn  :

transfer molecules te complexes with redox element properties will be

 one particular to the respiratory chain.'.An important édvantage arises
from the fact that it is only of subordinant significante‘for energy
conversibn:whether there are electron carrier or hydrogen carrier
involved in e]ectrochemfcai reactions. There is ebnsequently no need
to postulate the existenee of ubiquinone between cytochrome p-and
cytbchrome Cy of the respiratory chain, as it has been done to enable

16

the application of the chemiosmotic concept™ to oxidative phosphory-

- lation.

Summary
‘Electrochemical experimentsrwith excited chiorophyll have sugges ted
the stsibility that electron capture in photosynthesis may be an electro-
-ehemisal oxidation of Ch]orophyll'at a:suitab]e e]ectrohvaccebtor comp1ex~
wi th e]ectrodé properties. eThTSJStimu]ated‘an attempt to apply electro-

v chemical kinetics to biological electron transfer reactions, which led
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to the'conc]usion'that emati complexes of membrane-bound e]ectrcn
' transfer mo]ecu]es wh1ch ox1d1ze a su1tab]e donor on one membrane
~side and reduce an acceptor mo]ecu]e at the oppos1te side may be
Tooked upon as real e]ectrochem1ca1.redox elements. An analysis of
this ccncept and'applicaticn‘cf eiectrochemica] calculations showed
that it: | - |
_1)'is compatibie with the'preSent knowledge'abont the organi-
| zation of biological electron transfer molecules, tne
structure of energy tranéduéing membranes , and of pnoto?
eynthetic reactidn centers. | | |
2) wdd]dvekpiain'high qnantum'efficiency'and effectivity of the
| eTectron capture mechanism down to very low temperature.:
; 3) can exp1a1n the appearance of a fast, 1ignt-induced fie]d
| across the thy]ako1d membrane .b v
v4)f1s_cons1stent thh reported soi1d state effects which are
sensttizec.by Chicrcphyli bqt originate withﬁn the elec-
tron acceptor (or donor) éystem.
5) can exp]ainlthevdynamics of delayed tight emission and pro-
| vides a basis for the understanding and calculation of the
influence of.various.parameters upon luminescence and -
“electron capture.
6) is able to explain ion transfer and the development of ion
| grad1ents across the energy transducing membrane.
'~7) is ab]e to exp]a1n the conversion of photochemical energy -
into chemical energy and suggests}a time dependent para-
metric energy transduct1on mechanism as the most efficient

way for conversion of electrochemical energy (of redox
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' e]ements) into chemica] energy‘(Of,ATP);'

8) is.appiicab]e in the'same way toboxidative phosphorylation.
| 1t contradicts the chem1osmot1c hypo1;hes1s,]6 in that it
| 'states that: | o |
a) the basiC'structural and functional unit for the conversion
| of free energy of e]ecfrons'fnto electrochemical energy is
ﬁhat of a redox.element Af the proposed type.

‘b).proton gradients should on]y appear when the spec1a1 e]ectro-

| chem1ca1 redox reactions at the proposed redox elements
involve proton exchange, when protons are used_to ma1nta1n
e1ectrolytfc transfer.across‘the membrane, or when the
gradient is generated during phosphorylation.

- ¢) there is consequently no need for postp]ating Special arrange-
ments of hydrogen carriers to provide asymmetric proton
trans]ocat1on across energy transduc1ng membranes.

d) the energy convers1on mechan1sm of the chem1osmot1c hypothes1s
(proton current,over_revers1b]e_ATPase across membrane) gives
a smaller power output than the proposed capacitive energy
conversion mechanism:(parametricjenergy conversion princip]e)
~and suggests that it may be too inefficient_to e*pTain

energy conversion in respiration.

The. proposed concept of parametric energy conversfon is compatible
| 'wifh the conformation change hypothesis of energy-conversion22’23v'n
that it cons1ders active conformat1on changes as essent1a1 events

dur1ng the energy convers1on cyc]e 1t differs from 1t however,-as

conformat1on changes are not pr1mary reactions wh1ch store the chemical



ehergy-of.kedox reactions. Rather, their”main function is to trigger
| convefsidn}of éTethécheﬁica] energy by generating the variation of a
‘ barameter (capacity), which is the essential basis fof parametric
energy coup1ing; - i o |

" fhe'cohcept thét:has been developed here is only one of several
'poséible‘mechénismsﬁwhfch, in principle, could explain interrelation-
“ships between. electron transfer, membrane potential, and oxidative
phosphory]ationvih energyvt}aﬁsdQCihQ membranes (see’E; A. Liberman

and V. P. Skulachévss).

Its justification, hoWever, might be given
by the following points: |
| ~a) It is a simple one.
_ b);It is_ab]e to describe primény reactions (gég;, photosynthetic
| e]ectron‘capture)‘énd secondary reactions (e.g., energy con-
~ version) as well. | | |
c) The dynamics of reactions can be calculated in a straightforward
_ way by app]y{nngOncepts of e]ectrochemicai kinetics.
d) It 1ééds to a principle of energy coupling thét_has not yet

been suggested for biological membranes.

| The author is well aware of the fact that the proposed concept
;ouidfbé considerébfy.refined and é]éborated and will need further
elaboration and refinehenf. This, however, will only be sfgnificant
whehvthe basic princip]es‘that have been suggested can be'affifmed by
detailed surview of the ehormous amount of existing experimental data'
and‘by ﬁew experiments. This is far beyond the possjbility of a single
. inyestigator; Thérefore, a main‘aim of this papef has been to challenge

s

and to stimulate criticism.
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Figure Legends

fﬁjb;j:.' SpectrUm of e]estroh'surrénts'whfch arevinjecied by excited bac-
teriéchiofophyT]sihtolé single crystal ZnO-semfconducior_e]ectrode.
E]ecfrodé poténfiéT: +0.5 Vonv(méasured aéaihstisaturated calome]l
e]ectrode)ﬁf]éss thah a mono]ayer baéterioch]orophy11 deposited from

2

behzene; electrolyte: 1n KCI +-2.]0f M hydroquinone.

Fig.'Z. | Current-voltage dependency of photocurrents injected by bacterio-
| _chlorophy11. |

Fig. 3. ..Sfmh]ified.energyvschemevof photosynthesis in gfeen.p]ants and
-bacteria whjch‘shou]d visua]izefdistribution of membrane-bound and
soluble electron carriers: Carriers in squares indicate membranejbound
carkiers, in'dottedlsquafés indicafevcarrfers which are easi]y extract-

| ab]é*from'membrané érvhavévlittlé;knowﬁ behavidr. Ddttéd areas indicate

solution (electrolyte).

fjg;?é,_.iFree energy-potential scheme of én array of electron transfer

| mo]écu]és (A, B, C, ....) and chlorophyll (Ch]).
'a) when they do notlform a comp]éx (weak.interaction between molecules);
'b) when they'afé foﬁming a'tight_comb]ex (strbng interaction between

molecules).

fig;_gs _ﬁOJecu]ar fedox e]emenis as basic energy converting units in
'.enékgy_transtciﬁg'membfaﬁes. (A, B) = complex. of electron transfer
' carriers of different redox potential; Chl = ch]ordphy]]; RT, R2 =
reducing molecules; 0 = bxidjzing molecule. Dotted area: solution :
(e]ectrolyté); squafe: photosynthetic reaction'cehter.

a),scheme of redox'e]ement; b) free energy scheme.
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Figure Legends (continued)

Fig. 6. - Scheme to show how redox elements drive ion tkansfér and energy .
- conversion. | |

a) structural arrangement of redox-e]emenfs within the energy trans-
_duéing membrane: | | | ‘ | | ‘ o |
1) é]éctron'transfér éompTeXQ 2) chlordphy]1 (d§nor Qf'lbw redox
" ﬁoténtia]); 3) éhannelszr ion trénsféré' 4)'channe] for energy
: conVerS%oh (driving of endothermic eiectrochemicaT'reactions), |
b) cdrreSpqndingfelectr¢ChemiCa1 circuit diagram: _ie'= eiectron
;;trénsfer curfent; Rg = interna] fesistance of é]ectron transfer

. complex; . i = jon transfer currents; R; = resistance for

i'e

v
—te
1]

s
(]

“ion transfer; - current of ions during parametric energy con-

c
version; R. = work resistance, at which electrochemical energy
ié:tonvertible in.a steady state wayi,C = membrane capacity} the
stored electrochemical energy. ", can.be”converted if the

>rcapacity is changed periodicaiiy (by conformation changes of the

membrane) .

: fig;_Z-'; Ihf]uencé of membrane potential on redox potential of membrane-

_ bound é]ectron transfer_carriers. Sé]ected example: ETéctron acceptof
system éf photosys tem i in pfant phbtosynthesis. Chl = ch]orophyllg
X ='unidentified primary‘acceptok; FdM = membrane-bouﬁd ferredqxin;
ddftéd a\::rea_'= electrolyte. | )

'a)zgituation wheﬁ suitable acceptor (soluble ferredoxih)'isﬁprésent

: for reduction.
b) Whthoh]yfan acceptor-of much lower redox potential ‘is presént v =

methy]vfo]ogen).' Methy]Vio]ogen can be keddced:aftef.a sufficiently

high-potenfia] (y) has built up as a result of electron transfer to Fdy-
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- Figure ‘Legends (continued)

Fig. 8. ) Energy conversion and energy flow in parametric energy coupling.
Dotted arrows: reverse reaction. o _ '
Fig. 9. _Capacitive energyfpotentialfdiagram of a membrane which converts

energy by parametric energy coupling: . a) ideal case; b) real caée,
where.nonlinear behavior:bf,membrane énd uti]izatioh of capacitive
energy“for mechanical work‘is conSidered.‘ 1~ 2;!e1ectrochemica1
Charging of membrane; 2 -» 3, decréase.of capacity (conformafion’change);
3> 4,:ke1ea§e of surplus capacifive’energy as chemica]:energy; 41,
restoration_df original capacity (= conformation); 1-2" >3 +2(4)
> 1 reverseféonversion of éhemica] energy (ATP) into mechanical and

electrochemical energy.

‘Fig; 10. " Influence of membranebpotential on’dejayed light emission from
poiht x within the electron acceptor comp]exi ']).without potential;

2) with a potentia] which facilitates reverse reaction.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




g, ¥

TECHNICAL INFORMATION DIVISION
' LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

P ront |



