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Abstract 

It is suggested that the transfer of electrons within the biological 

electron transfer chain is subject to the laws of electrochemical 

ki neti cs, when membrane-bound electron carriers 'are involved. Conse­

quently, small tightly bound molecular complexes of two or more 

electron transfer proteins of different ~edox potential within an 

energy transducing membrane, which accept electrons from a donor at 

one membrane surface and donate it to an acceptor at the other, may be 

regarded as real and functioning molecular redox elements, which convert 

the free energy of electrons into electrochemical energy. Especially, 

the transfer of an electron from excited chlorophyll to an electron 

acceptor can be looked upon as an electrochemical oxidation of excited 

chlorophyll at such a complex. In this reaction the electron acceptor 

complex behaves like a polarized electrode, in which the electrochemical 

potenti al gradi ent is provi ded by a gradi ent of redox potenti a 1 of its 

cons ti tuents . 

Calculations and qualitative considerations show that this concept 

leads to a consistent understanding of both primary and secondary 

reactions in photosynthesis (electron capture, delayed light emission, 

ion transfer, energy conversion) and can also be applied to oxidative 

phosphorylation. Within the proposed concept, ion transfer and the 

development of ion 'gradients have to be considered as results of 

electrochemical activity--not as intermediates for energy conversion. 

For energetic reasons, a non steady state, periodic energy coupling 

mechanism is postulated which functions by periodic changes of the 

III 
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capacity of the (electrochemically) charged energy transducing membrane, 

during which capacitive surplus energy is released as chemical energy. 

Energy transducing membranes may thus be considered as electrochemical 
,1\ 

parametric energy transformers. This concept explains active periodic y 

conformation changes and mechanochemical processes of energy transducing 

membranes as energetically essential events, which trigger energy con-

version according to the principle of variable parameter energy trans-

formers. 

The electrochemical approach presented here has been suggested and 

is supported by -the observation,that with respect to electron capture 

and convers i on of excitati on energy into e 1 ettrochemi ca 1 energy, the 

behaviour of excited chlorophyll at suitable solid state (semiconductor) 

electrodes is very similar to that of chlorophyll in photosynthetic 

reacti on centers. 

Introducti on 

The present study started with an investigation of the mechanism in 

photosynthesis by which e,lectrons from excited chlorophyll molecules are 

effectively captured. This process is e'specially remarkable in that (a) 

electron transfer occurs from tbe shortlived excited singlet state of 

chlorophyll, (b) it occurs with high quantum efficiency, and (c) that 

reverse reacti ons of the reduced acceptor with the oxi di zed ch 1 orophyll 

molecule are effectively suppressed. In these respects chlorophyll sen­

sitized reactions in photosynthetic reaction centers are clearly different 
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from chlorophyll reactions in homogeneous solution: It is true that 

excited chlorophyll! in a homogeneous solution can reduce suitable 

compounds;n an electron transfer reaction. This has been shown, for 

example, to occur with chlorophyll'! and quinone in isobutanol. l How­

ever, the longlived chlorophyll triplet state is involved in this 

electron transfer reaction, and the resulting reduced intermediate 

(semiquinone) is reoxidized by chlorophyl1+ in a diffusion controlled 

reverse reaction. 

In an attempt to explain the unusual features of the primary 

electron capture process in photosynthesis, the hypothesis was made that 

the electron transfer reaction of excited chlorophyll in photosynthesis 

may be an electrochemical oxidation of excited chlorophyll at an acceptor 

which acts like an anodically polarized electrode in that it captures 

the electron in a gradient of electrochemical potential. 

Experiments designed to test this hypothesis were successful in 

tha't they showed that excited chlorophyll molecules can be oxidized in 

electrochemical reactions when solid state systems with suitable energy 

band structure are chosen as electrodes. 2 In our experiments, single 

crystals of semiconductors (~., ZnO) with a large energy gap were 

used which provided a conduction band for electron capture, which coin­

cided energetically with the excitation level of chlorophyll. Excited 

chlorophyll was found to exchange electrons with the conduction band of 

the semiconductor. When the semiconductor was used as an electrode in 

an electrochemical cell and a small positive voltage (+0.5 Volt) was 

applied, these electrons could be conducted away from ox.idized chloro­

phyll and a reverse reacti on of the electron prevented. 

il 
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Figure 1 shows, as an example, a spectrum of the electron current, 

which is injected by excited bacteriochlorophyll into a single crystal 

semiconductor electrode. In Figure 2 the dependency of the photocurrent 

on the electrode potential is depicted. 

Interesti ngly, there iss ti 11 a pasi ti ve photocurrent, when the 

external potential is disconnected. In this case there is still a small 

electrochemical potential gradient in the electrode surface, which pro­

duces a di rected electron current. Under these condi ti ons, p·hotochelTii ca 1 

energy of ch 1 orophyll redox reacti ons is converted into e 1 ectrochemica 1 

energy. 

The quantum efficiency of electron capture from chlorophyll ~ was 

estimated to reach 2.5% under favorable conditions. In the presence of 

sui tab 1 e reduci n·g agents the quantum effi ci ency exceeded 10%. 

These electrochemical investigations have shown in particular that 

photochemi ca 1 redox reactions can b·e controlled with the help of e 1 ec­

~.rodes. Electrons can effectively be captured from the excitation level 

of chlorophyll, and.unidirectiona,' electron flow can be produced when an 

electrochemical potential gradient ·within a solid state acceptor system 

is provided to transfer the accepted electrol1$away from oxidized chloro­

phyll. This has to occur in a time which is comparable with the lifetime 

of the excited molecule. The relaxation time for an e.lectron in a semi­

conductor electron acceptor is sufficiently short to meet this condition. 

Are Electron Transfer Reactions in Biological Electron Transfer Chains 

Subject to.the Laws of Electrochemistry? 

Electrochemical reactions of excited chlorophyll mOlecules were 

found to be very similar to reactions of chlorophyll in photosynthetic 

.' 
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reaction centers. Excited chlorophyll molecules at a positively pola­

rized semiconductor electrode stimulate a unidirectional electron flow 

wi th hi gh effi ci ency t act as photon-powered pumps for the trans fer of 

electrons from a donor to the acceptor electrode, i.e. they are able to 

convert excitation energy into electrochemical energy. 

These results prompted the suggesti on that chlorophyll reacti ons 

in photosynthesis may be considered and described as electrochemical 

reactions. 

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

confirms this assumption: Most of the electron transfer molecules 

within the electron transfer chain are membrane-bound. and appear to 

exist in a well defined arrangement. Electron transfer reactions. how­

ever. in which membrane-bound electron transfer molecules are involved. 

will in general be accompanied by the appearance of electric potentials, 

for it cannot be expected that statistical charge compensation within the 

membrane will be sufficiently fast. Electric potentials. of course. 

contribute to the free energy of electrons. 

(1) 

(llch = chemical potential. F = Faraday constant. 1jJ = electric potential, 

dn = number of moles) and thus influence the rate (and equilibrium con­

s tants) of electron trans fer reacti ons: 

k '\, exp (-t.G/kr) 

Consequently. it is necessary to apply electrochemical kinetics to des­

cribe electron transfer reactions within biological electron transfer 

chains. 
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Sma 11 Asymmetri c Complexes of El ectron Tran's fer Protei ns as Fundamental 

Units for Energy Conversion 

If electron transfer reactions from excited chlorophyll molecules 

are electrochemical oxidation reactions analogous to the type investi­

gated at semi conductor electrodes, the photosyntheti c electron acceptor 
. " 

system should behave li-ke a polarized electrode--that is, it has to pro­

vide two main properties: 

a) The acceptor system has to have asolid-state-like structure, 

in which accepted electrons can spatially be transferred 

away from'oxidized chlorophyll; 

b} it has to provide a g~adient of electrochemical potential in 

which the electrons can be captured and transferred at a 

suffi ci ently hi gh rate to prevent a reverse react; on. 

These two essential conditions appear to be satisfactorily fulfilled, 

if it is assumed that the 11l01ecules of the photosynthetic electron transfer 

chain in chloroplasts which accept the .electron from excited chlorophyll 

(Ys PQ,.cy t.b
6

: .• forPSII; X, Fd for PS I; Z, Fd (?) inchromatophores) 

(see Fig. 3) are aggregated in a solid state-type complex within the 

membrane. An asymmetr'ic complex of redox molecules of different redox 

potenti a 1, 1 inked by bands and sui tab 1 eli gands, which could decrease or 

, remove activatio'n barriers shouldactucilly provide solid-state-like 

electron transfer properties as well as an electrochemical potential 

gradient (which would.be identical with a gradient of the redox potential 

of its constituents). In the photosynthetic electron acceptor system, 

only the very first electron acceptor molecules have to be bound tightly 

to meet the requi rement of rapi d el ectron capture from excited ~h 1 oro­

phyll/~ El ectron. trans fer to and between subsequent electron trans fer 

11" 



-7~ 

molecules can still be dominated by activation barriers . 

. Figure 4 shows schematically how electron transfer molecules of 

different redox potential can be thought of as forming a complex, in 

a membrane, which provides an electrochemical potential gradient and 

electronic properties adequate for the capture of electrons from ex­

cited levels of chlorophyll. As apart of the membrane it should behave 

like an electrode, at which excited ~hlorophyll could be oxidized in an 

electrochemical reaction. 

In a 1 imiting case, the electrode properties of the primary com­

plex (A + B in Fig. 4) could be provided by a single, especially adapted 

electron transfer protein. It could capture electrons from the excita­

tion level of a chlorophyll molecule with a suitable ligand at a lower 

redox potenti a 1 and equil i brate the electrons spati ally away from the 

chlorophyll to a redox center (~ .. : .. .9.. metal ion) of a higher (positive) 

redox potenti a L 

The appli cati on of electrochemical concepts suggests, further, that 

complexes of biological electron transfer proteins, which are oriented 

within an energy transducing membrane, able to oxidize a suitable elec­

tron donor (~. excited chlorophyll) of low redox potential and to 

reduce an electron acceptor (A) of higher redox potential at the opposite 

side of the membrane, may be looked upon as the bas i c energy converti ng 

units in biological electron transfer chains: From a physico-chemical 

and electrochemical point of view such complexes (see Fig. 5) constitute 

real, functioning molecular electrochemical redox elements, which are 

able to convert directly the free energy gain from the redox reaction 

Chl* + A ~ Chl+ + A- into an electrical potential according to the 

re 1 at; on: 

E = (2) 
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With respect to their functional properties, these molecular redox 

elements are identical to macroscopic electrochemical redox elements, in 

. which electron transport from an anode to a cathode is warranted by an 

electric conductor .. Within the proposed molecular redox elements, 

electron transfer from the anodic to the cathodic side of an energy 

transducing membrane is simply provided by the electron transfer pro­

perties of the electron carrier complex;and the possibility for the 

utilization of the electrochemical energy is warranted by the membrane 

itself. It provides a resistance for the.ion transfer which will close 

the electrical circuit of the redox element (see Figs. 5 and 6). 

The recogni ti on that electron trans fer across membrane-bound e 1 ec­

tron transfer complexes may be coupled directly with the liberation of 

electrochemical energy according to relation (2) considerably simplifies 

the concepts of energy conversion in energy transducing membranes (see 

below). An interesting conclusion can immediately be drawn, namely 

that for the producti on of e lectrochemi ca 1 energy by the proposed redox 

elements, it is unimportant whether pure electron carriers or hydrogen 

carriers are involved in electron exchange reactions (see relation (1)). 

Consequently, the liberation or uptake of ions (protons) may be (at 

least in part) looked upon as secondary effects during energy conversion. 

With respect to the important role that complexes of electron 

transfer proteins play in this redox element hypothesis, an ~xample of 

the type of electron carrier complex, which is supposed to provide ~he " 

structural properties for the function as molecular redox element, 

should be given: A series of complexes of different electron carriers, 

representi ng 1 imi ted segments of the respi ratory chai n, have been des­

cribed.3a ''!specially interesting is cytochrome oxidase, which is tightly 
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bound to mitochondrial structures, resists physical separation into 

subcomponents. but contains heme groups with distinct kinetic proper-

ties. The portion that is unreactive with HCNhas been designated as 

cytochrome a3, and the portion that reacts ,with cyani de as cytochrome a3. 

The electron transfer sequence, 

cytochrome oxidase 

cyto.chrome c ~ [Cytochrome a ~ cyt a3 ] ~ 02 

has been estab 1 i shed (for reference see 3b) and it has been suggested 

that the functional uni t of cytochrome oxi dase consi s ts of four a-heme 

units, two a3-heme units plus six Cu atoms. S In the present model 

cytochrome oxidase, when properly arranged i nthe energy transducing 

membrane, upon accepting electrons from cytochrome c and donating them 

to oxygen, behaves as an electrochemical redox element and converts 

energy according to relation (1). The fact that cytochrome oxidase has 

been found to be the site of phosphorylation may support this hypothesis, 

especially as there is evidence that cytochrome oxidase can undergo 

redox reactions at both membrane surfaces. 

The concept of a solid state-like electron transfer mechanism and 

a rapid equilibration of electrons within small complexes of biological 

electron carriers, which are prepositions for the operation of the 

redox elements, is especially supported by the investigations of R.J.P. 

Wi 11 i ams. 6 

Is the Redox Element Hypothesis Consistent with Experimental Data from 

Photosynthes is? 

1) Constructi.on of the photosyntheti c membranes and' the reacti on centers 
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According to Figure 6/ the e lectrochemi ca lreacti on of exci ted 

chlorophyll would occur at the interface between a membrane-bound 

or1entedelectron acce'ptor complex and an"electrolyte. ' At the electro­

lyte side, bound' or soluble electron donors should provide the regenera-

ti on of chlorophyll. 

The electron acceptor complexes have to be constructed of consti­

tuentsof different redox potential (which, ina limiting case, can 

also be built together into one electron transfer protein). The 

electron acceptor complex of photosystem II (PS II) can be thought of as 

being constructed of the carri'ers Y, PQ, cyt b6 ... , that of PS I of the 

unknown pri mary acceptor X and of membrane-bound ferredoxi n. The exi s­

tence of the latter within the membr~ne has been recently verified'? 
, ' 

It has also been shown that this membrane-bound fer~doxin can be photo-

reduced at 1 iqui d ni trogen temperature. In photosyntheti c bacteri a, an 

electron acceptor complex could be constructed of Z and possibly also 

of membrane-bound ferredoxin (in noncyclic electron transfer). 

An aggregati on of chlorophyll molecules. in the react; on center 

would be unfavorable for the efficiency of electron capture, as charge 

migration across the aggregates would have to participate, which needs 

acti~ation energy.8 Consequently, only single or a few chlorophyll 

molecules should be present in the reaction center (visualized as square 

in Fig. 6), which will consist of a small primary electron acceptor 

complex with a few attached chlorophyll -molecules and possibly a donor. 

Reaction centers of a molecular weight of 40,000 have been isolated. 9 

The observation that they still function is consistent with\thepro .. 

posed ~bnception of the electron capture system in photosynthesis, as 

are the X-ray studies by W. Kreutz. lO 

I 
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2) Electron capture, continuous electron flow, and quantum efficiency 

The function of the electron acceptor complex, to capture electrons 

from excited chlorophyll molecules with high quantum efficiency and to 

generate a continuous electron flow, rests on the existence of an 

electrochemical potential gradient (gradient of redox potential). The 

time constant for the electron capture will be determined by the elec­

tronic structure and the solid state properties of the acceptor complex. 

It should be noted that an electron equilibration in an asymmetric com­

plex of biological electron transfermo1ecu'les cannot be described on 

the basis of a semiconduction or hopping mechanism for electron transfer, 

since this wouldpresuppose the existence of a periodicity of molecules 

or bonds. For the complicated electron acceptor complex in photosyn­

thesis the only qualitative statement that can be made ;s that the 

potential energy .U(x) of the electrons will decrease with increasing 

distance (x) from the chlorophyll (see Fig. 4). In a simple approxi­

mation, the potential energy distribution l)(x) can be looked upon as a 

superposition of the distribution of redox potential within the electron 

acceptor complex A(x) and a coulomb potential V(x), arising from a 

charge separation (separation of the electron from chlorophyll): 

The probability W for finding the electron of the excited chlorophyll 

within the electron acceptor complex (volume VAC ) can be calculated by 

applying the semi-quantum mechanicalWenzel-Kramers-Brillouin approximation: 11 

w = Wo r w(x)dV 

VAC 

= Wo fr~I~~V 
VAC 

(3) 
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wherep(x) describes the momentum of the electron in the x direction. 

p(x) 

1 

= + [2m. (E _ ~(xl + :~)( l] 2" (4) 

To obtain a high probability for capturing electrons from excited chloro­

phyll there are essentially two 'possibilities (see relations 3 and 4): 

One would be to provide a very big electron acceptor ,over which electrons 

can equilibrate. This possibility is obviously not utilized in photosyn­

thes is, since very small reacti on center preparati ons s ti 11 functi on in 

electron capture. The second possibility, which is more likely for 

electron capture in photosynthesis, is a decrease of the total energy 

of the electron within the electron acceptor complex, which decreases 

the momentum of the electron p(x) and captures the electron in the poten­

ti a 1 di p of the electron acceptor (Fig. 4). Thi s release of a small 

amount of energy will be the essential step for the electron capture, 

and can be stimulated by any interaction of the electron with the 

electron acceptor complex;n which it loses momentum (~., by vibra­

tional excitation). This interaction must have a relaxation time 

shorter than the lifetime of excited chlorophyll. 

This type of electron capture from excited chlorophyll at an elec­

tron acceptor complex to which chlorophyll is bound will be very effi­

cient ~nd would not need activation energy. It would thus be compatible 

with eXperimental observations that, in photosynthesis, electron capture 

. is effecti ve down to 1 degree, Ke 1 vi n. 12 

A continuous electron flow wlll be provided by the electrochemical 
.; , ", " '.~ ~ 

gradient within the acceptor complex. In a calculation, however, it has 

to be considered that electri~ potentials will appear a~ a consequence 

'j 
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of electron trans fer. In the mathematical treatment. the Poi sson 

equation has to be combined with the Nernst-Planck equations, and 

suitable boundary conditions have to be chosen to account for electron 

exchange reactions at the surfaces. Asa result. space charge limited 

electron transfer is to be expected at higher electr.on injection rates. 

Consequently, the internal resistance (Re) of the electron acceptor 

complex can be .assumed to be ohmic only to a first approximation. 

3) The production of a primary electric potential 

Within the discussed electrochemical concept. the delocalization 

of captured electrons in the electrochemical potential gradient of the 

electron acceptor complex is i nevitab ly connected wi th the appearance 

of an electric potential at the reaction center. The appearance of the 

potential will occur with the time constant characteristic for the cap-

ture of electrons from excited chlorophyll--that is, it will have a time 

constant of at least 10-8 sec. 
.. 13 14 

H. T. Witt and associates, and others, were able to relate 

518 nm absorption changes to the appearance of an electric field across the 

photosynthetic membrane. The rise time of this light-induced field was 

found to be shorter than 2 x 10-8 sec. 

This result strongly supports the suggested view of the primary 

electron capture process in photosynthesis: firstly, it shows that a 

charge separation actually takes place; secondly, the fast rise time of 

the field can only be satisfactorily understood when some kind of solid 

state electron transfer ;s involved; and thirdly, an electron transfer 

which builds up an electric field will occur only when a driving force 

(an electrochemical gradient) is provided. 



-14-

The observation of an electric field in the thylakoid membrane is 

strong justification for the initial statement that electrochemical 

kinetics has to be applied to electron transfer in photosynthesis. 

The development of an electric field across the thylakoid membrane ~ 

as a consequence of the electrochemical oxidation of excited chlorophyll 
. . . 

is determined by the affinities of the electron donor (excited chloro-

phyll, Chl*) and a potenti a1 determining electron acceptor A (~., 

ferredoxin) within the membrane or the electrolyte at the opposite side 

according to the electron transfer reaction: 

The maximum electromotive force which could be generated should be: 

~ = 

with a = 1 in the the.oretical case of equilibrium and reversibility. 

Because of irreversible components in the electron capture reaction, the 

proportionality factor will be smaller than unity. Introducing the 

activities of participating components and assuming that the activity 

of excited chlorophyll is proportional to the light intensity (IL) the 

following relation for the generated electromotive force can be obtained: 

(5) 

Thus, the electric potential at the thylakoid membrane should show a 

logarithmic dependency on the light intensity. This relation should be 

valid., provided ion flux across the membrane is negligible and regenera­

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

energy transfonners 

According to the present concept, the separation of the excited 

electron from the reaction center chlorophyll occurs by an electro­

chemical potential gradient within the electron acceptor complex. As 

a consequence, energy is primarily store~ in the form of free energy 

of an electron behind the activation barrier, formed by the primary 

electron acceptor of 10~/er redox potential, which prevents the electron 

from a reve rse reacti on with the ox i di zed ch 1 orophy 11 (Fi g.4). E 1 ectro­

chemical considerations have led to the conclusion that a membrane-bound 

electron transfer complex, which is able to produce an anodic oxidation 

and a cathodic reduction of redox agents at opposite membrane sides, may 

be considered as a real electrochemical redox element which generates 

an e 1 ectromoti ve force accordi n9 to re 1 ati on (2). 

For a steady state electron transport from anode to cathode across 

the electron transfer complex (internal resistance Re ), the electric 

circuit has to be closed by an ion flux across the membrane. In Fig. 6 

a schematic arrangement of the proposed light-driven redox element 

within the thylakoid membrane is shown, as well as the positions of 

channels for iOA transfer (resistance R.) and conversion of electro-
-1 

chemical energy (work resistance Rc)' Also the membrane capacity is 

depicted in Fig. 6b, which is an important parameter for the electro­

chemical dynamics of the redox element system. 

For a steady state operation, a simple correlation between light 

induced electron transport (n, the,electromotive force (E.) of the 

redox element, the internal resistance (Re) of the electron transfer 

complex, the membrane potential (1jJ), the charge of the membrane and 
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membrane parameters, like resistance for ion transfer (Ri ) and work resis­

tancefor energy conversion (Rc) is provided (Fig. 6b): 

.1. = E: '- i R = .. . e 
R ·R. 

i c 1 = 9.. 
R· +R. C 
C1 

(6) 

The free energy of the electrons whi ch have been captured in the electron 

acceptor complex is available in two forms: 

a) for reduction processes that generate molecules with low redox 

potential (~~ NADPH) at the cathodic membrane surface, and 

b) as electrochemical energy of the redox element, which can again 

be converted into chemical energy, and would be avai lable for 

phosphoryl ati on. 

In principles the distribution of energy into these two forms can 

easilybe controlled by providing potential determining electron acceptors 

with suitable redox potentials (see relation 5). In this connection it 

should s however, also be considered that an electric potential, in turn, 

will influence the value of redox potentials of membrane-bound electron 

trarisfer molecules. This;s visualized;n Figure 7s where the electron 

acceptor complex of PS I (assumed to be constructed,of an unknown primary 

acceptor X and membrane-bound ferredoxi n) is depi cted in the free energy 

scheme. If the soluble ferredoxin at the cathodic membrane side is re­

moved, electrons will accumulate at the membrane-bound ferredoxin, which 

wi 11 become the potential determini ng acceptor for the generati on of an 

electrical potential (f). As a consequence of this, according to 

relations (1) and (2), the redox potential of membrane-bound ferredoxin 

wi 11 decrease 'and approach the redox potenti a 1 of the pri mary acceptor X. 

Photosystem I should therefore be able to reduce soluble electron 

. i 
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acceptors with redox potentials up to approximately -600 mV. (This is 

in accordance with experimental data, obtained by B. Kok and others, 
, ' . J 5 

with methylviologens. ) 

The rate at which electrochemical energy is being turned over at 

the membrane can be obtained by multiplying the terms in equation (6) 

by the flux of transferred currents (electron current i, ion current ii' 

i c) . In the resulti ng equati on the cons i derati on of the ti me..,dependent 

d (' 1 2) term dt 2 CtjJ , is essential. It considers a possible non-steady-state 

way of converti ng energy, namely by changi ng the amount of capaciti ve 

energy which is stored in the energy-transducing membrane . 

. 2
R E:i - 1 e = (7) 

The first term in this equation is the energy which is produced by the 

light-driven redox element (Fig. 6). The second term describes the 

energy which is dissipated in transferring electrons through the elec­

tron trans fer chai n. The thi rd term descri bes the energy requi red to 

pump ions across the membrane and to dri ve endothermi c e lectrochemi ca 1 

reactions in suitable membrane channels. The last term is especially 

interesting in that it shows tha~ capacttiveenergy'can be stored and 

released in the membrane by a change of membrane parameters like geo­

metry (g), dielectric constant (E:) or membrane potential (tjJ): 

A rapid structural change within the energy transducing membrane (change 

of g,~) could easily be stimulated, after a certain (critical) membrane 
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potential (~c) has developed. If the change decreased the membrane 

capacity C (g'E:'~) this would trigger the release of a corresponding 

amount of capaciti ve energy wi thi n the membrane (accordi ng to re 1 ati on 

7). Provi ded there is a chemi cal reacti on to consume the capaciti ve 

surplus energy with a time constant which is short compared with the 

time cons tant for the di schargi ng of the membrane capaci ty by reverse 

of electron and ion transfer (f« RC), capacitive electrochemical 

energy would be converted into chemical energy. 

In order to decide whether a steady state or a non-steady state 
, 

(periodic) mechanism of energy coupling is involved in energy conver-

s i on at energy-transduci ng membranes, some general aspects of e lectro-. 
chemical coupling should be considered. In energy conversion mechanisms, 

in which free energy of molecules (L~G) is converted in a steady state 

manner into electrochemical energy (-nF~) and this again into another 

energy form (chemical energy, mechanical energy), it is important to 

di s ti ngui sh between effi ci ency of energy conversi on ( = % of energy 

converted in the overall process) and power output (energy converted 

per unit time). The electrochemical energy of a fuel cell ora battery 

theoretically can be converted with almost 100% efficiency when the 

energy is drawn only at an infinitesimally small time rate (this means 

low power output, low ion current over very high work resistance Rc' Ri ) 

(see Fig. 6b). If it is desired, however, to get as much electrochemical 

energy converted as possible per time (maximal power output), the ex­

ternal work resistance has to be adjusted (matched) to the internal 

in Fig. 6b), which can be shown by 
, 

simple calculations (differentiation of equation 7 without last term), 

.~ 
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In this case, half of the energy is dissipated at the internal resis­

tance of the potential generating sOUrce. The efficiency of energy 

conversion at the external work resistance is only 50%; the power 

generated, however, reaches its maximum, also 50%. 

There is, however, an essential difference between fuel cells and 

batteries, on the one hand, and energy-transducing membranes which 

produce electrochemical energy as an intermediate, on the other. If 

the electric wires connecting anode and cathode of a battery or a fuel 

cell are disconnected, the electrochemical energy remains stored in 

the element. It is therefore possible to convert energy at a slow rate, 

but with high efficiency. On the other hand, the electrochemical energy 

which is stored at an energy-transducing membrane is rather rapidly 

discharged according to, an exponential law: 

2t 
= 1 C1jJ 2e- RC 

2 0 

R,C = resistan-::e, capacity of membrane 

because the energy-transducing membrane is sufficiently permeable for ions. 

The most effective way, therefore, to convert electrochemical energy at 

an energy-transducing membrane is to do it at a high rate, in order to 

compete effectively with the dissipation of electrochemical energy. 

This conclusion can be clarified by examining the case of noncyclic 

electron transfer in photosynthesis: Light-induced electron transfer 

and reducti on of NADP will proceed regardless of whether photophosphory­

lation occurs or whether it is inhibited by lack ofADP. As electro-

chemical energy cannot be continuously accumulated and stored, an 

energy conversion mechanism, which utilizes electrochemical energy for 



-20-

phosphoryl ation, should be functi oni ng in such a way that it provi des 

the highest possible power output and utilizes the continual'ly generated 

electrochemical energy at the highest possible rate . 

. A steady state mechanism of electrochemical coupling appears ther!!­

fore to be unfavorable f~r energy conversion during phosphorylation. 

In oxidative phosphorylation 50% of the energy available from the elec­

tron traris fer reactions reappears in the form of pure chemica 1 energy 

of ATp,3ceven though some parts of the electron transfer chain do not 

contribute to phosphorylation. Besides, a considerable aiTlOunt of 

energy would have to be suppli ed for mechanochemical. and osmoti c 
. '., 3c 

energy" . 
. '. '.. . . '. 16 

It is important to note here thatthechemiosmoticmechanism· 

(which assumes 'that electron trans fer by asymriletri c proton trans locati on 

i sgenerati n9 a proton-moti ve force whi ch dri ves a proton-current over 

a reversible ATPase for ATP formation) has to be looked upon as a 

special case of such a steady state electrochemical energy conversion 

mechani sm. (P. Mi tche 1117 has compared thi s mechani smwi th that of a 

'fuelc~l1 based on proton transfer.) This chemiosl8Otic fuel cell,' 

however, woul d have the unfavorable attri bute of discharg; n9 itself 

rather rap; d1y and ofhavi n9 on ly ali mi ted capaci ty to s tore energy, 

and would have to be operated near maximal power output conditions. 

Under these conditions, the chemiosmotic mechanism could only explain 

energy conversion with 50% efficiency, and would therefore be unable .J. 

to expl ainphosphory1 ati on. 

The limitations of a steady state mechanism for conversion of 

electrochemical energy do not apply to a non-steady state periodic 

mechanism (as indicated by the last term in relation 7) of conversion 
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of electrochemical energy into chemical energy of ATP. Such a time­

dependent, periodic mechanism of energy conversion is extremely 

interesting in many ways. Generally, the principle of the suggested 

oscillating mechanism of energy conversion (which involves periodic 

changes ,of the membrane capacity) can be summarized in the following 

way: When an energy absorbing system (in the present case, chemical 

reaction leading to ATP) is suitably coupled to an energy storage 

element (charged membrane) whose value is made to vary in a 

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

ci ty), energy may be extracted from the source whi ch dri ves the energy 

storage element (electrochemical redox elements) and transferred to the 

energy absorbing system (chemical reactions leading to chemical pro-

ducts)(see Fig. 8). 

Energy transducing or amplifying systems which are based on such 

a principle are called variable parameter, or parametric energy trans-

former, or amplifier. The principle of operation of these parametric 

energy transducers was first described by Lord R~eigh, 18 who 

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 

varyi ng the effecti velength of the ropes (parameter), it pumps energy 

to increase the amplitude of the swing. In more recent times, the 

principle has been successfully applied for electronic and microwave 

circuits. 19- 21 Capacitances, inductors, ferrimagnetic materials, 

semiconductor devices, ferro-electric materials and electron beams 

(kinetic energy) have been applied or suggested as variable energy 

, I 
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storage eiements. II} these energy storing elements a parameter is 

~usually not periodically changed by external interference (like in 

the vibrating condenser amplifier). Rather, the fact is utilized that 

paramete~s (~., the capacity of a diode) may not be really constants, 

but may depend on the amount of stored energy. In these systems the, . 

change of the parameter is already guaranteed by the nonlinear behavior' 

of the elements. 

The application of the principle of parametric energy coupling to 

an electrochemical system like an energy transducing membrane is a 

straightforward matter. To determine the exact mode of its operation 

in energy transducing membranes, however, careful theoretical and ex­

perimental investigation~ will be needed. It is important to note 
\ 

that both the energywhi ch is util i zed for performi ng the conformati o'n 

changes (parametric changes) and the pure capacitive'energy can be 

supplied from the same electrochemical source (redox elements) in the 

energy transducing membrane, and that this dual function would simply 

result from a nonlinear dependence of the membrane capacity on the 

stored energy. 

The most interesting aspect of theelectrochemi~al parametric 

energy transformation mechanism is that it is in agreement with much 

important experimental data: 

1) Conformati on changes and performance of mechani ca 1 work duri ng 

energy cycles, whi ch have been reported for mitochondri a, 22,23 

Can be looked -upon as peri adi c changes of the membrane capa-

ci ty, which tri gger the coniJers ion of capaciti ve energy into 

chemical energy according to the principle of a parametric 

energy transformer. 
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2) The' parametri c mechani sm of energy conversi on can be reversed 

(ATP-+ conformation changes-+ electrochemical energy); conse­

quently, ATP should be able to trigger conformation changes. 

The parametric energy transformation mechanism makes a bridge be­

tween concepts of electrochemistry and membrane structure dynamics, 

provides an energetic explanation for its interrelation, and a pheno­

menological basis for mathematical calculations. The electrochemical 

parametric energy conversion mechanism is therefore compatible with the 

conforma ti on change hypothes is, 22 ,23, in that conformati on changes 

are important factors in energy conversion. There are, however, essen-

tial differences: The chemical energy of electron transfer reactions 

is not stored primarily in the energy of conformation change, as the 

conformati on change hypothes i s assumes, but energy iss tored as e 1 eetro­

chemical energy of a charged membrane (which can undergo some confor-

mati on changes as a result of chargi ng), and conformati on changes tri gger 

conversion of electrochemical energy. Therefore, conversion of energy 

should be inhibited, if charging of the membrane is sufficiently sup­

pressed, for example by leaks in the membrane, which act as short 

ci rcuits . 

Thus, according to the considerations presented here, the following 

mechanism leading to ATP formation is the most likely within the redox 

element hypothesis (see Figs. 6, 8, and especially Fig. 9, in which the 

variati on of capaC; ti ve ene rgy wi th changes in the membrane potent; a 1 

and membrane conformation duri n9 the energy convers i on eycl e is depi cted) . 

Electrochemical reactions at electron transfer complexes lead to the 

development of an electric potential at the energy transducing membrane 
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(according to relations ,2 and 3) and to a charging of the membrane capacity 

(Re can be very small). The charging may involve structural changes of 

the membrane: C =C (g,£,ljI) and leads to an. energized membrane (path 1 -+ 

2 in Fig. 9). When the potential is sufficiently high, a sudden 

structural change (change of E, g) within the membrane (transition to 

energized twisted configuration) (2 -+ 3 in Fig. g) will decrease the 

membrane capacity and trigger the release of capacitive energy as 

chemical energyflG
c

' for (ATP) (3 -+' 4); then the ori gi na 1 membrane 

capaci ty is rees tab 1 i shed (4 -+ 1) and a recharging can occur. For 

ener,geti c reasons (effecti ve chargi ng of the membrane capaci ty to pro­

vide the possibility of parametric energy conversion), it has to be 

assumed that the membrane resistances ,Rc and Ri are relatively high. 

Ion transfer across the membrane should predominantly occur as a result 

of the variation of the membrane capacity (conformation change) and may 

be considered as composed of a capacitive ion transfer Which recharges 

the memb rane (i c= ~ ) and an i on trans fe r whi ch res u lts from the 

chemical reactions leading to ATP. 

The reverse of the capacitive energy conversion mechanism is indi-­

cated in Figure 9. The presence of an energy rich chemical agent (ATP) 

wi 11 tri gger an increase of the membrane capaci ty (1 -+ 21). To gai n 

the energy, which is needed as capacitive energy, at the membrane poten-

tial ljIl,chemical energy of ATP is utilized (2 1 
-+ 3 1

) and, after the 

original membrane capacity is reestablished (3 1 
-+ 2), the membrane is .. 

in an unstable energized state, and is discharged by driving ion and 

,electron transfer in the reverse direction (2 -+ 1). 

The amount of capacity change and thus of , conformation change in~ 

volved in the parametric energy conversion mechanism is difficult to 

I 
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predict, as it will depend on the special mode of operation and the 

characteristic properties of the membrane. Simple estimates, which 

compare the capaci ti ve energy of a charged membrane, uni t wi th the 

energy of an ATP molecule, s'how that once a membrane is charged, 

peri odi c capaci ty changes of as low as a few percent and 1 ess wou 1 d 

be sufficient to maintain phosphorylation. It is interesting to note 

that there is a lag in phosphorylation to be expected after the onset 

and termination of electron transfer activity, which will be deter-
I 

mined by the time required to charge or discharge the energy trans­

ducing membrane. Speculations on the chemical reaction which utilizes 

the surplus capaci tive energy of the charged membrane in its energi zed 

(twisted) .conformation (3 in Fig. 9) and leads to ATP synthesis, are 

beyond the scope of these investigations. 
I 

The proposed parametric energy coupling mechanism could give an 

energetic and dynamic explanation of the complicated interrelations of 

electrochemical, structural, mechanical and chemical processes in biolo­

gical membranes. Theoretical investigations of this mechanism are 

needed, for which the mathematical formalism that has been developed 

for electronic application24 will be useful. 

5) "So-called" solid state effects 

A seri es of soli d s tate effects have been reported by ; nvesti gators 

of photosynthes is, and any comp le~e mode 1 of photosyntheti c processes 

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

chloroplasts, comprise photoconductivity,12,25,26 high light-induced 

polarizabn'ity,12 thermoconductivity,27 thermoluminescence,27 microwave 

absorption,28,29\and microwave Hall effect. 29 ,30 
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Hypotheses on the existence of semiconductor properties in 

chloroplasts and their possible role in photosynthesis have been put 

fi d · th 1 t th d d b b f' 't" t . 31-33 orwar , n e as ree eca . es y anum er 0 , nves , ga ors., 

It has been assumed by most of these authors that chlorophyll aggre­

gates in the chloroplast are responsible for solid state effects, and 

numerous model experiments with layers of chlorophyll have been made 

to test this idea. 34- 37 

According to our electrochemical considerations, a mechanism in 

which hole or electron migration across a layer of aggregated chloro­

phyll participates in the energy conversion process of photosynthesis 

would restrict efficiency. Consequently, there is no reason to assume 

that semi conductor properti es of chlorophyll in vi vo are essenti al 

processes in photosynthesis. 

Moreover, the primary proposal that electrons can easily be de­

localized within the well organized electron acceptor complex (or holes 

in a donor complex), is completely adequate to explain the reported 

solid state effects. Electrons (or holes) injected by reaction center 

chlorophyll into such electron carrier complexes, would be mobile there 

and could be accelerated by externally applied electric fields. Conse­

quently, i llumi nat; on of the ch loroplast will produce ch lorophyll sens;­

tized photoconduction; as electrons can be transferred across the 

thylakoid membrane (prov;ded ion conduction is not rate, limiting) and 

m; crowaves shoul d be absorbed by the semi free electrons. ,These effects 

should have a very short rise time of faster than 10-8 sec corresponding 

to the rapid electron capture by the electron acceptor complex. The 

decay time should be slow (10-4 sec to several sec), as the electrons 

,~ 
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are captured in the complex and the; r consumpti on will be determi ned 

by reactions in the electron transfer chain, which will release them 

from the membrane, or by reverse reacti ons by thermal acti vati on 

(thermo 1 urni nescence, del ayed 1 i ght). 

6) Delaye'd light emission, electron transport and electric potentials 

in photosynthesis 

Electrons, which have been injected into the electron transfer 

complex, and the remaining hole (oxidized chlorophyll or an oxidized 

electron donor), have a chance to recombine in a reverse reaction and 

to produce emission of delayed light (Fig. 4). In describing the rate 

constant for the reverse reaction of an electron, it has to be con­

sideredthat, depending on the polarity, an electric potential will 

increase or decrease the necessary activation energy. This is visualized 

in Figure 10 for a potential that decreases activation energy. 

When A(X)'~ is the electric potential at the position of a certain 

electron carrier within the membrane (point x) from where the thermal 

activation should occur, n{x) the probability of finding electrons 

there, and p(x) the probability that chlorophyll ;s oxidized,the inten­

sity of delayed light emission (from this carrier) may be described as: 

= k(x) n(x) p(x) 

wi th 

( 8) 

where ~GA is the free energy of activation without potential. 

With relations (5) and (6), consequently, the intensity of delayed 

light emission from a certain electron carrier in a steady state condi­

tion (point x in complex) will be: 



-28-

r 1 = p(x) n(x} ko exp [ IT C'IGA(x) - A(x)F(A+B ln 

!tis therefore dependent on the carrier from which the electron. is acti­

vated (GA(x), A(X», on the probability of finding an electron there 

n(xL the light intensity (IL"> and the 'electron flux (i) within the 

electron transfer chain, which is dependent on membr.ane properties (Ri ,Rc ) 

according to relation (6). The delayed light emission (according to 

relation 9) will increase when the electron transfer (i) is,decreased 

by inhibition, or'when phosphorylation or ion transfer is inhibited 

(Rc,Ri ~ 00). On the other hand, the emission of delayed light should 

decrease when the iatteractivities are enhanced (addition of ADP or use 

of de~ergents). 

The rise and decay of delayed light emission should go parallel to' 

the development and de-cay of the potential at the electron acceptor 

complex. The generation of the electric potential within the com~lex 

will be initially determined by the reaction constant of the electron 

capture process, whi ch shoul d be faster than 10-8 sec, and subsequently, 

be influenced the electrochemical activity which leads to a charging of 
.• I 

the membrane and to a steady state situation. 

The decay of delayed light emission after termination of illumi­

nati on wi 11 be determi ned b,y the di scharge of the membrane capaci ty, 

which may be assumed to follow an exponential law: 

2 
( t t 

= lJiL 1 - RC + (. RC ) - •••• ) 

If this decay function of the membrane potential is inserted in relation 

(I), the total decay characteristic of the delayed light ;s obtained. 
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The first term of the series yields the steady state relation (9), the 

second describes tne decay of delayed light i,rmnediately after stopping 

illumination (t « RC; n(x,t), p(x,t) ~. const}: 

It follows a first otder reaction which, interestingly, has a mean relaxa­

tion time that decreases with increasing intensity of preillumination (I L). 

Very recently, kinetic experiments on delayed light emission from 

Chlorella pYrenoidosa have been perfonned by C. Bonaventura and M. 

Kindergan. 38 These investigators resolved a fast exponentially decaying 

component, which actually showed a relaxation time that decreased with 

increasing light intensity(.W, =:0.1 rnW/cm2 : tl/2 = 9.57 ms; W = 0.9 

mW/cm
2

: tl/2 = 5.74 ms; W = 12 rrWJ/cm2 : tl/2 = 3.3 ms). A similar 

1 i ght i ntens i ty dependency of\- the fas t exponenti a 1 decay of de 1 ayed 

light has also been found with chloroplasts recently.39 These experi­

mental results are considered as an essential support for the applica­

bility of electrochemical concepts of photosynthesis, as they explain 

the':? kinetics without the need for special assumptions (see relation 10). 

Arti fi ci ali on gradi~ents produced at photosyntheti c membranes can 

generate diffusion potentials net) which have to be added to the membrane 

potential ($) in equations (6), (7) and (8): $ -+ $ ~ net). In this ex-

panded,form, these relations also describe the ion gradient effects on 
, ' 

electron transfer, ion transfer, energy conversion40 and deJayed light 

emission. 4l - 46 Qualitatively, they predict an increase of delayed 

light emission~ when the action of the diffusion potential is parallel 

to the photopotential, a 'decrease when it is antiparallel. Furthermore, 
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they show that a diffusion potential (~ .• proton gradient potential) can 

rep 1 ace the photopotenti ali n the di scussed process of energy conYers ion 

which leads to phosphorylation, and in the generation of ion transfer. 

Although quantitative verification of the derived relations has not 

yet been possible, because of the lack of well controlled experiments, 

it seems that they are able·to describe the very complicated kinetics of 

delayed light emission, the influence that various parameters exert, and 

the effect of arti fi ci ali on grad; ents on electron transfer, i on trans fer, 

phosphorylation, and delayed light emission in a consistent and qualita­

tively correct way. 

The results which have been derived for delayed light emission support 

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

Fl ei schmann, 48 and Kraan and others, 49 who have proposed an i nfl uence of 

membrane potentials on delayed light emission. 

7) The coupling of electron transport with ion translocation and 

phosphoryl ati on 

For the operation of the proposed redox elements (Fig. 6) and thus for 

energy conversion, both electron transfer and ion transfer are essential. 

However, the free energy of electrons (photoactivated in photosynthesis) 

actually provides the driving force for all energy conversion activities, 

whereas ion reactions will have a controlling influence, where they become 

rate;... 1 imi ti ng for the anti re process. Once exci ted chlorophyll can be oxi­

dized at the anode and a suitable agent of higher. redox potential reduced 

at the cathode and electrolytic charge transfer can be maintained from 

cathode to anode across the membrane, the redox element will convert energy, 

regardlesS of what ions are involved. Consequently, from the appearance of 

a light induced pH gradient in chloroplasts, it cannot be concluded that B 

proton-motive force is an intermediate for phosphorylation (chemiosmotic 
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hypothesis16 ). It can only be concluded that protons are consumed or 

lib~rated during the special redox reactions involved in photosynthesis, 

and that protons participate in maintaining the ion transfer across the 

thylakoid membrane. If redox agents in photosynthesis, which involve 

proton exchange, would be replaced by similar redox agents which do 

not, energy conversion and ion transfer should still occur according 

to relations (2), (6) and (7). 

The development of ion gradients is an inevihble consequence of 

electrochemical activity at the redox elements, as well as of specific 

ion transfer across the membrane. It may be regarded as a secondary 

effect which arises because of rate-limited diffusion processes and 

specific ion permeabilities across the membrane. Ion gradients tend 

to decrease the light-induced electromotive force (€) of the redox 

element by their concentration-polarization potential (wc)' Another 

type of pol ari zati on potenti a 1 (wR) whi ch is also di rected agai ns t the 

original electromotive force (E) can arise as a consequence of rate­

limiting chemical reactions in which potential determining redox 

reacti ons at the membrane are invol ved. For quantitati ve cal cul ati ons 

of the electrolytic ion transfer across the membrane and the arising 

concentration gradients, the electrolytic and membrane-specific trans­

ference numbers of participating ions have to be determined. Also, 

corrections for water transference effects in ion hydration shells have 

to be made which, in addition to osmotic effects, can contribute to a 

swelling or shrinking of membrane enclosed volumes. The presented cal­

. culations and qualitative considerations led to the conclusion that not 

a proton gradient (chemiosmotic hypothesis 16 ), but the electrochemical 

energy of molecular redox elements, is the primary energy-rich 

I 

I 
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i ntennedi ,ate for energy conversion. The e lectrochemi ca 1 acti vity of 

the redox elements then charges the energy transduci ng membrane; n 

which chemical energy is produced by a parametric energy convers.ion 

mechanism. These results are applicable for both photosynthesis and 

oxi dati ve phosphorylati on. 
; 

The concept which has been derived here appears to be compatible 

with experimental data, which also support Mitchell's chemiosmotic 

hypothesis and are, at the same time, compatible with results that 

apparently do not: Among these are the observation of 1 i ght-i nduced 

phosphorylati on in the absence of an adequate pH gradient,50-52 

difficulties in explaining the stochiometry of ion transfer, 53~55' 

phosphorylation activity in sonicated chloroplasts,50-52,56 structural 

changes within energy transducing membranes,22,23 which support the 

conformation change hypothesis of phosphorylation22 ,23 and differences 

in kinetic parameters between proton uptake and phosphorylation (~., 

pH dependency57). 

Within the redox element conception, ion transfer and accumula­

tion is determined by the kind of redox reactions involved, as well 

as by the specific membrane penneabilities for ions. Predictions are 

only possible with a detailed knowledge of the corresponding parameters. 

Furthennore, a proton gradient does not have to appear as an i nter­

mediate step for phosphorylation, and membrane fragments will still 

be able' to synthesize ATP, provided the resistance for the bypass of 

ion currents 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 hypothetical high energetic 
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intenned~ate (X) leading to phosphorylation, should only be looked 

upon as the result of the same basic phenomenon--the operation of the 

redox elements. They will consequently snow some similarities in 

response. However, the ultimate high energetic intermediate is most 

likely the capacitive surplus energy of the charged energy transducing 

membrane (which ;s converted into a chemical product), and there is no 

reason to expect a strict parallelism in the effect of agents on pH 

gradient formation and ATP fonnation. It might be interesting to note 

that ·the electrochemical energy of redox elements could be used to 

produce a proton gradient in a well detennined way. This could be 

accomplished with the help of a membrane which is asymmetrical in 

its permeability for protons. Such a membrane would have properties 

which are equivalent to that proposed in the chemiosmotic hypothesis. 

At the present stage of experimental evidence, however, there is no 

need for such an assumption. 

8) Remarks on oxygen evolution 

Electrochemical' kinetics has not only to be applied to electron 

transfer in biological electron transfer chains, but also to hole 

transfer, when membrane-bound carriers are involved. An example, 

where this seems to be necessary, are the :reactions which lead to 

oxygen evolution in photosynthesis. In analogy to the mechanism of 

electron capture, holes can also be rapidly captured from excited 

chlorophyll by a suitabl~ hole acceptor complex (Mn++.;.protein complex?). 
I ' 

Such a complex could capture holes ih subsequent steps and eventually 

oxidize two molecules of1water in the course of an energetically favor­

able: electrochemical reaction in which four holes are involved. Hole 
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capture and reverse reactions of holes w()uld be de,termined: by dYflamics 

similar to that of: e~ectron'react.io~s. In particular t it should be expected 

that wi th every captured hol e the probabil i ty of a reverse reacti on 

is increased until the nole acceptor system can be discharged during 

oxygen evolution. 

Application to oxidative phosphorylation: The conceptS": which 
'] 

have been developed here mai n ly for photosyntheti c systems can, wi thout 

difficulties, also be applied to oxidative phosphorylation with the 

only difference that the primary electron donor will be a grou~d state 

molecule of low redox potenti al and that the arrangement of electron 

transfer molecules to cOlllplexes wtth redox element properties will be 

one particular to the respiratory chain. An important advantage arises 

from the fact that it is only of subordinant significance for energy 

conversion whether there are electron carrier or hydrogen carrier 

involved in electrochemical reactions. There is consequently no need 

to postulate the existence of ubiquinone between cytochrome band 

cytochrome cl of the respiratory chain, as it has been done to enable 

the app 1 i cati on of the chemi osmoti c concept 16 to ox; dati ve phosphory­

l ation. 

Summary 

'Electrochemical experiments' with excited chlorophyll have suggested 

the possibility that electron capture in photosynthesis may be an electro­

chemical oxidation of chlorophyll at a suitable electron acceptor complex 

with electrode properties. This stimulated an attempt to apply electro­

chemical kinetics to biological electron transfer reactions, which led 

.-. 
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to the conclusion that small complexes of membrane-bound electron 

transfer molecules which oxidize a suitable donor on one membrane 

side and reduce an acceptor molecule at the opposite side may be 

looked upon as real electrochemical redox elements. An analysis of 

this concept and application of electrochemical calculations showed 

that; t: 

1) is compatible with the present knowledge about the organi­

zation of biological electron transfer molecules, the 

structure of energy transducing membranes, and of photo­

synthetic reaction centers. 

2} would explain high quantum efficiency and effectivity of the 

electron capture mechanism down to very low temperature. 

3} can~xplain the appearance of a fast, light-induced field 

across the thylakoid membrane. 

4) is consistent with reported solid state effects which are 

sensitized by chlorophyll but originate within the elec­

tron acceptor {or donor} system. 

5} can explain the dynamics of delayed light 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 

gradients across the energy transducing membrane . 

. 7) is able to explain the conversion of photochemical energy 

into chemical energy and suggests a time dependent para­

metric energy transduction mechanism as the most efficient 

way for conversion of electrochemical energy (of redox 
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elements) into chemical energy (ofATP). 

8) is app 1 i cab 1 e in the s.ame way to oxi dati ve phosphoryl a ti on. 

_. It contradicts the chemiosmotic hypothesis,16 in that it 

states that: 

a) the basic structural and functional unit for the conversion 

of free energy of electrons into electrochemical energy is 

that of a redox element of the proposed type. 

b) proton gradients should only appear when the special electro­

chemi cal redox reacti ons at the proposed redox elements 

involve proton exchange, when protons are used to maintain 

electrolytic transfer across the membrane, or when the 

gradient is generated during phosphorylation. 

c) there is consequently no need for postulating special arrcange­

ments of hydrogen carri ers to provi de asynunetri cproton 

translocation across energy transducing membranes. 

d) the energy conversion mechanism of the chemiosmotic hypothesis 

(proton current over reversible ATPase across membrane) gives 

a smaller power output than the proposed capacitive energy 

conversion mechanism (parametric energy conversion principle) 

and suggests that it may be too inefficient to explain 

energy conversion in respiration. 

The proposed concept of parametri c energy convers i on is compati b 1 e 

. wi th the conformati on change hypothes is of energyconvers i on22 , 23 in 

that it considers active conformation changes as essential events 

during the energy conversion cycle. It differs from it, however, as 

conformation changes are not primary reactions which store the chemical 
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energy of redox reactions. Rather, their main function is to trigger 

conversion of electrochemical energy by generating the variation of a 

parameter (capacity), which is the essential basis for parametric 

energy coupling. 

The concept that has been developed here is only one of several 

poss i b 1 e mechani sms whi ch, in pri nci p 1 e, coul d exp 1 ai n i nterrel ati on­

ships between electron transfer, membrane potential, and oxidative 

phosphorylation in energy t'ra~sduCing membranes (see E. A. Liberman 

and V. P. Skulachev58). Its justification, however, might be given 

by the following points: 

a) It i s as; mp 1 e one. 

b) It is able to describe primary reactions (~ .• photosynthetic 

electron capture) and secondary reactions (~., energy con­

version) as well. 

c) The dynamics of reactions can be calculated in a straightforward 

way by applying concepts of electrochemical kinetics. 

d) It leads to a principle of energy coupling that has not yet 

been suggested for biological membranes. 

The author is well aware of the fact that the proposed concept 

could be considerably refined and elaborated and will need further 

elaboration and refinement. This, however, will only be significant 

when the basic principles that have been suggested can be affirmed by 

detailed surview of the enormous amount of existing experimental data 

and by new experiments. This is far beyond the possibility of a single 

investigator. Therefore, a main aim of this paper has been to challe.nge 

and to stimulate criticism. 

'i 
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Fi gure Legends 

Fig. 1. Spectrum of electron currents which are injected by excited bac~ 

teriochlorophyll into a single crystal lnO-semiconductor electrode . 

Electrode potential: +0.5 Volt (measured against saturated calomel 

electrodE;!); less than a monolayer bacteriochlorophyll deposited from 

benzene; electrolyte: 1n KCl + 2.10-2 M hydroquinone. 

Fi g.2 . Current-yo 1 tage dependency of photocurrents injected by bacter; 0-

. ch 1 orophy 11 . 

Fig. 3 ... Simplified energy scheme of photosynthesis in green plants and 

bacteria which should visualize distribution of membrane-bound and 

soluble ele'ctroncarriers: Carriers in squares indicate membrane-bound 

carri ers, in dotted squares tndi cate carri ers which are eas ily ex tract­

able from membrane or have little known behavior. Dotted areas indicate 

solution (electrolyte). 

Fig. 4. Free energy~potential scheme of an array of electron transfer 

molecules (A, B, C, .... ) and chlorophyll (Chl). 

a) when they do not form a complex (weak interaction between molecules); 

b) when they are forming a tight complex (strong interaction between 

molecules). 

Fig. 5. MoJecular redox elements as basic energy converting units in 

energy transducing membranes. (A. B) = complex of electron transfer 

carriers of different redox potential; Chl = chlorophyll; Rl , R2 = 

reducing molecules; 0 = oxidizing mOlecule. Dotted area: solution 

(electrolyte); square: photosynthetic reaction center. 

a} scheme of redox element; b} free energy scheme. 
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Figure Legends (cbntinued) 

Fi g. 6. . Scheme to show how redox elements dri v.e i on transfer and energy 

conversion. 

a) structural arrangement of redox elements within the energy trans-

dueing membrane: 

1) electron transfer complex; 2) chlorophyll (donor of low redox 

p.otential); 3) channel for ion transfer; 4) channel for energy 

conyers; on (dri vi ng ofendothenni c e lectrochemi cal react; ons) . 

b) corresponding electrochemical ci.rcuit diagram: ie = electron 

Fi g. 7. 

transfer cl,Jrrent; R = e internal resi.stance of electron transfer 

complex; i I .. ' i ; 1 ; 
II = ion transfer currents; Ri = res; stance for 

; on transfer; ic = current of ions during parametri c energy con-

version; Rc = work resistance, at which electrochemical energy 

;s convertible in a steady state way; C = membrane capacity; the 

stored electrochemical energy- can be converted if the 

capacity is changed periodically (by confonnation changes of the 

membrane) . 

Infl uence of membrane potenti al on redox potenti al of membrane-

bound electron transfer carriers. Selected example: Electron acceptor 

system of photosystem I in plant photosynthesis. Chl = chlorophyll; 

x = unidentified primary acceptor; FdM = membrane-bound ferredoxin; 

dotted area = electro lyte .. 

a) situation when suitable acceptor (soluble ferredoxin) is present 

for reduction. 

b) when only an acceptor-of much lower redox potential is present (MV = 

methylviologen). Methylviologen can be reduced after a sufficiently 

high potential (l/J) has built up asa result of electron transfer to FdW 

.. 

.. 

. ',~ 
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IF; gureLegends (conti nued) 

Fig. 8. Energy conversion and energy flow in parametric energy coupling. 

Dotted arrows: reverse reaction. 

Fig. 9. Capacitive energy-potential-diagram of a membrane which converts 

energy by parametri cenergy coupling: a) ideal case; b) real case, 

where nonlinear behavior of membrane and utilization of capacitive 

energy for filechanical work, is considered. 1 -+ 2'1 electrochemical 

charging of membrane; 2 -+ 3, decrease of capacity (conformation change); 

3 -+ 4, release of surplus capacitive energy as chemical energy; 4 -+ 1, 

restoration of original capacity (= conformation). 1 -+ 2i -+ 31 
-+ 2 (41) 

-+ 1: reverse conversion of chemical energy (ATP) into mechanical and 

electrochemical energy. 

Fig. 10. Influence of membrane potential on delayed light emission from 

point x within the electron acceptor complex: 1) without potential; 

2) with a potential which facilitates reverse reaction . 
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