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The fractionation of the two subsequent reviews on the primary processes
of photosynthesis into a physical and a biochemical subdivision is intended to
characterize two technically different approaches to the subject. However, it
will become apparent that the application of different methods led to almost
identical concepts.

On Physical Methods in Photosynthesis Research

A variety of physical methods were applied e. g. X-ray small angle scatter-
ing (Kreurz 1970), dielectric dispersion (Gorpon 1973), electrostatic induction
(Fowcrer and Kok 1974b), polarography (Jorior 1966, VATER et al. 1968)
and a couple of spectroscopic methods (ESR [BrinerT and Kok 1964], IR
[KaTz and Norris 1973], CD [Pumripson et al. 19727, light scattering [DEa-
MER and PAcker 1967]) among which the spectroscopy in the visible and the
UV spectral region was dominating. It relies on the influence of chemical reactions
and changes in the microenvironment of a pigment molecule on its absorption
or emission behaviour. Thus changes in absorption or emission of pigments in-
trinsically incorporated in or artificially added to photosynthetic membranes
were used as indicators for molecular events ranging from the primary photo-
chemistry over the electron transport and the concomitant ion transport phe-
nomena to photophosphorylation.

The kinetic resolution of these events was favoured by the fact that the
primary processes of photosynthesis are to be stimulated by flash light which
today allows for a time resolution in the range of picoseconds (NETZEL et al.
1973). The principle of a flash spectrophotometer is illustrated in fig. 1. The
sample, a suspension of algae or of isolated chloroplasts is contained in an
absorption cell mounted in a photometer. The intensity of the interrogating
light is kept low to avoid excitation of the sample. The primary processes of
photosynthesis are stimulated by high energy flashes. Changes in transmission
(or emission) are recorded and kinetically analysed. Compared to the first
set-ups (WrrT 1955) flash photometry was refined, especially by the introduction
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Fig. 1. Principle of a rapid kinetic flash spectrophotometer,

of repetitive excitation and averaging (Wrrt 1967a, RUrrep and Wrrr 1969),
o overcome the high noise level which is caused by the necessity to keep the
intensity of the interrogating light low (for recent reviews on instrumentation
see KE 1972, JuNge 1975).

The major advantage of flash spectrophotometry is its extremely high time
resolution at a reasonably high sensitivity (for quantitative figures, see RUPPEL
and Wrrt 1969, Junce 1975). The crux of the method lies in the attribution
of certain absorption changes to one and only one molecular event. Flash
excitation of chloroplasts initiates a complex pattern of events. Since several
of these may influence the spectroscopic properties of pigments somehow, con-
trol experiments have to be designed to make the attributions unequivocal.
Usually these require physically or chemically modified chloroplasts. Since
these modifications are more readily imposed on chloroplasts of the broken
type (outer envellope broken) the majority of flash spectrophotometric results
pertains to broken chloroplasts. It is probable, although not proven, that the
principle mechanisms of the primary processes of photosynthesis which work
in broken chloroplasts are operative under physiological conditions, too.

The Linear Electron Transport Chain

The concept of two photochemical reactions cooperating in series to drive
electrons from water to NADP is part of textbooks. The lift in the free energy
of an electron during the photochemical and subsequent darl steps is illustrated
in fig.1 of the subsequent review by Dr. Hauska. Flash photometric studies
contributed to the characterization of the sequence of electron carriers. But
more specific was the kinetic evaluation of the electron transport chain. Nine
components, including the reaction center chlorophylls, were spectroscopically
and kinetically resolved: chlorophyll-ay or P 700 (Kox 1957, Kok 1961, Rum-
BERG and WiTT 1964), chlorophyll-a;; or P 680 (DormvG et al. 1967, 1969,
GLASER et al. 1974, Van Gorkum et al. 1974, cytochrome-bgs (KnarF and
ARNON 19692, MaTHIS et al. 1974), cytochrome-f (WrtT et al. 1961a, HILDRETH
et al. 1966, Marsto and Kok 1970), C 550 (KNAFF and ARNON 1969b, VaN
Gorkum et al. 1974), plastocyanin (Karon and Taxamiya 1963, HAEHNEL
1975), plastoquinone (Bistor 1959, RUMBERG et al. 1963, AmEsz 1964, SCHMIDT-
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MenpE and Wit 1968), P 430 (Fivama and Ke 1971, Ke 1973) and X 320
(StreHL and WiTT 1968).

The dynamic interaction of some of these components is illustrated in fig. 2,
Let us f:ollow the sequence of events from absorption of light quanta to the
production of the final reducing equivalents.
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Fig. 2. Some kinetic constants of the resonant energy transfer within the antennac
and the linear transport chain.

Both photochemically active reaction centers (denoted T and II in fig. 2)

are surrounded by an antennae system of in the order of 300 chlorophyll
molecules. It is still open whether or not these antennae units are all inter-
_com_wcted with each other (for a review, sec Borisov and Gobik 1973). And it
is still open under which conditions the spill-over of photic energy from antennac
belonging to reaction center I to those belonging to IT and vice versa is efficient
or not (for references, see Sun and Sauer 1972).
. A quantum of light absorbed by one of the antennae systems is transferred
into the respective photochemical reaction center within extremely short times.
The total transfer time is less than 30 psec for photosystem I and less than
1 nsec for p.hotosystcrn II (Borisov and Irma 1973). Excitation of the reaction
centers 1:ap1dly initiates the primary charge separation. The halftime of the
photooxidation of chlorophyll-a; was determined via its absorption changes at
700 nm to be less than 20 nsec (K. WrrT and Worrr 1970). The same rapidity
was concluded for the photooxidation of chlorophyll-a; from an indirect argu-
ment based on the velocity of the primary charge separation (Wrrr 1971 based
on Wourr et al. 1969). -

That the negative directed absorption changes at 700 nm indicate an uni-
valent photooxidation of a chlorophyll-a is firmly established both by redox
titration (Koxk 1961) and ESR (BemverT and Kok 1964, BEARDEN and MALKIN
1972, Norris et al. 1971). That they indicate a primary photochemical step was
suggested by their appearance even at —150 °C (WiTT et al. 1961b). Doubt 15
to the attribution of the absorbancy changes of chlorophyll-aj; at 682 nm (Dé-
RING et al. 1969) is almost eliminated in favour of an analogous interpretation
by recent experliments (GLXSER et al. 1974, VAN GorxuM et al. 1974).

The reducing and the oxidizing equivalents created by both reaction centers
are ‘transferred to neighbouring carriers within less than 1 msec, as illustrated
in fig. 2. Both reaction centers are thus ready for another shot within less than
1 msec. The rate limiting step for the overall process, the reoxidation of plasto-
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hydroquinone by plastocyanin is more than one order of magnit‘ude slower
(for a review of kinetic data, see WITT 1967b). From these kinetic data the
following dynamical bebaviour becomes evident: : '

Under excitation with flashlight of sufficiently short duration (halftime
much less than 200 usec) each reaction center transfers at most one electron to
its primary acceptor. While under excitation with 2 step of light es‘tch reaction
center performs several turnovers until it exhausted its donor or its acceptor
pool. Then both light reactions turn over with a slower rate.determmed E_)y the
limiting step between them. Limiting for the number Pf rapid turnovers in t.he
initial phase is the size of the plastoquinone pool for light reaction IT (capacity
6—8 clectrons [ Jorior 1965, MaLkiN and Kok 1966, STIEHL and WrrT 1969])
and the donor pool for reaction center I, respectively (capacity about 3 electrons
[StrEnHL and WITT 1969, MARSHO and Kok 1970.]).

An example of how these dynamic properties can be r_ead out from recolrds
of absorption changes is illustrated in fig.3. The negative going absorpt%on
changes in the upper left and in the lower half of fig.3 indicate the reduction
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Fie.3. Time course of the absorption changes of plastoquinone at 265 nm a

cilfztion with a short flash of light (above) and under excitation with a light gate
(below) after STiEnL and WiTT (1969) (with permission from WrrT, 1971).

of plastoquinone interrogated at a wavelength of. 265 mn.-.The_ upper trace
reflects the rapid reduction and the slower reoxidation on excitation of chloro-
plasts with a short flash of light. In the lower half of the figure (at a f.:ompressed
ordinate scaling) the flash induced absorption change is compared W_ltl} the one
induced by excitation with a light gate. The duration of the gate is indicated
by a bar. The extent of the flash induced change corresponds to the trz‘msfer of
one electron. It is obvious that more electrons are accepted by plastoquinone on
excitation with the light gate. The pool size is about 6 e~ From the rellaxatlon
which is biphasic it can be concluded that the pool of o:§1d121ng equivalents
created by excitation of reaction center I is of a smaller sice (about 3 e—); so
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that it cannot accept all the electrons from the fully reduced plastoquinone
pool.

Flash spectrophotometric studies on chloroplasts in the presence of the
poison DCMU, which is specific for photosystem 11, revealed chat the linear
electron transport chains are not independent of each other. Instead, at least
10 of them are interconnected between the two reaction centers, possibly via a
common pool of plastoquinene (Stceer et al. 1972). This certainly increases
the reliability of the system in comparison to an isolated-chain-operation. Under
conditions where the light intensity is not limiting the collaps of one reaction
center 1T can be compensated by several turnovers of a neighbouring one during
the relaxation time of the rate limiting step.

The sequence and the kinetics of the linear electron transport chain are
largely known. However, some important white spots still deserve further
studies. The major ones are as follows:

The water splitting enzyme system which accumulates four oxidizing equi
valents before reacting with two molecules of water to yield one molecule of
oxygen and four protons. Although kinetically well characterized (Jorior et al,
1969, Kok et al. 1970) its mechanism is still open (for a hypothetical model, sce
RENGER 1970).

The function of some components between the light reactions, namely C 550
(e.g. VAN GorkuM et al. 1974), cytochrome-b 559 {e. g. MaTHIs et al. 1974) and
cytochrome-f (IHAEHNEL 1973) is not fully understoed, yet.

The acceptor system of reaction center I is not fully resolved, although «
few of its components are chemically and spectroscopically characterized (for
a recent review, see K 1973).

The cyclic electron transport around reaction center 1 (e.g. BoHME and
CrAMER 1972) especially its sequence and its relative efficiency in intact chloro-
plasts has not yet been studied with flash spectrophotometric methods.

Finally, the mechanism of the various electron transfer reactions deserves
further investigation. It is open, whether the electron transfer proceeds by
diffusion and collision between mobile components or by tunnelling between
locked reaction partners.

The Electrochemical Generator

So far, the discussion of the electron transport did not require to mention
of the membrane which carries the redox components. If one did not know
better, one might argue that the electron transport from water to NADP could
occur at a solubilized multi-enzyme-complex. That it does not is related to the
splitted conservation of photic energy. While one part is used for the pro-
duction of reduced NADP another one is used to generate an electrocdhemical
potential of the proton across the thylakoid membrane. The generation of a
“protonmotive force” in photosynthesis and respiration was first hypothesized
by MrrcHELL (1961, 1966) and only later experimentally confirmed by various
experimental techniques. In the following I will first review the current concept
of the electrochemical potential generation and thereafter some of the experi-
mental evidence for it.

Physical and biochemical studies led to the conclusion that the electron
transport chain crosses the thylakoid membrane twice. As illustrated in the upper
part of fig.4 both reaction centers translocate an electron from the inner to
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Fig. 4. Scheme of the electrochemical generator (above) and for the use of the
electrochemical free energy for photophosphorylation (for details, see text).

the outer side of the thylakoid membrane. This electr.ically charges the mem-
brane’s electric capacitance. Both light reactions are linked by an elecFrlcallly
neutral step, the transfer of hydrogen via plastgqumone from t}}e rc}alducmg site
of light reaction II to the oxidizing one of light reaction I in the opposite
direction across the membrane. Due to the fact that'the oxidation of water
and the oxidation of plastohydroquinone are causing the release of one
proton per electron at physiological pH-values, two protons are relelasecilml(::lo
the inner phase per electron transferred throug:,h the chain. On the other fanh,
the reduction of plastoquinone by light reaction I and the reductio_n of the
terminal acceptor (NADDP together with PGA, in the secondary reactions) are
accompanied by the uptake of two protons per electron from the outer aqueous
phase. Thus the initial charge separation due to a translocation of electrons
is finally transformed into the equivalent of two protons translocated from out-
side to inside across the membrane per electron transferred from water to
NADP. In consequence there are fwo coupli.n'g sites where free energy of redf));
couples is partly channelled into the formatlc_)n of an Ealectrochemmal potentia
of the proton, each associated with one of the light reactions. ‘

The above vectorial electron transport scheme is based on th'ree independent
lines of evidence; a first one proving the existence of a light mfiuced electro-
chemical potential across the membrane, a scclond one cor}‘elz.ttmg the redox
reactions and the protolytic reactions and a third one 1d-ent1fymg ‘the l.ocatl?n
of electron carriers on either side of the membrane. W%ule the third line, tleI
topological one will be followed in the subscguent review by Dr. HA‘[;S_KA,'
will focus on the evidence for the electrochemical potential and on the kinetic

aspects of its generation. ‘ .

First evidence for the generation of an electric potential
across the thylakoid came from flash spectllrophotometry (Junee s.nd1 Wit
1968), however, it is now confirmed by other independent techniques as electro-

m

static induction (Fowrer and Kox 1974b, Werr and Ziexiim 1973), delayed
light emission (BArbER and Kraan 1970, PLEISCHMANN 1971, Wratamr and
Crorrs 1971) and even by an indirect microelectrode technique (VRinpensira
1974). Since the flash spectrophotometric method has proven most appropriate
for kinetic studies it will be reviewed in some detail.

It was postulated that certain absorption changes observed on flash ex-
citation of chloroplasts are a response of chloroplast pigments to a light induced
electric field across the thylakoid membrane. This was corroborated by studies
on the difference spectrum (EmricH et al, 1969) which was analogous to the
electrochromic response of chloroplast bulk pigments in vitro (ScHMIDT et al,
[971). Moreover, similar absorption changes were observed if chromatophorey
of bacteria were subjected to an artificially induced diffusion potential (JAack-
soN and Crorrs 1969). Similar experiments with chloroplasts (STricrARTZ and
CHANCE 1972) probably yielded artifactous results because of large changes in
light scattering which might have mimicked absorption changes.

The physical basis of electrochromic changes is well understood (LAsHARD
1961, Lirray 1969). Electrochromic effects of chloroplast pigments were studied
in vitro by several groups (MALLEY et al. 1968, KrLEUsER and BticHeEr 1969,
Scumipt et al. 1971, Scamipt and Reica 1972). Quantitative studies on these
effects in chloroplasts revealed that the observed absorption changes are a linear
indicator of the voltage across the membrane (see WitT and ZicKLER 1974).

An example for the time course of the electrochromic absorption changes on
excitation of chloroplasts with flash light is presented in fig.5. The rise of
absorption after firing of the flash indicates the build-up of the electric poten-
tial, the subsequent relaxation its decay via the electric conductivity of the
thylakoid membrane. The three traces in fig.5 were obtained under different
conditions. While the upper one resulted in the absence, the lower two were
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Fig. 5. Time course of the electrochromic absorption changes at 524 nm
in the absence (above) and in the presence of the potassium carrier valinomyecin.
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observed in the presence of the potassium specific carrier valinomycin. This
antibiotic increases the permeability of bimolecular liped membranes for potas-
sium but not for sodium. It is obvious that this specificity is observed too for
the thylakoid membrane. The decay of the electrochromic absorption change is
accellerated by valinomycin only, if potassium is present.

Studies on the properties of the electrochromic absorption changes around
520 nm revealed:

1. Both reaction centers contribute about equally to the electric potential on
excitation with a short flash of light (ScHLIEPHAKE et al. 1968).

2. The onset of the electric potential occurs within less than 20 nsec after
flash excitation (Worrr et al. 1969).

3. In the time domain of milliseconds the electric field is a collective property
of a unit containing at least 105 chlorophyll molecules (Junce and Wit
1968), which is the minimum size of one thylakoid. Although, at a sub-
nanosecond time scale, the electric field is certainly generated as a local
dipole field in the membrane, the above result demonstrates its delocaliza-
tion. An upper limit for the time required for delocalization has been
estimated to be 100 nsec (JunGge 1974).

First evidence for the generation of a pH-difference across
the thylakoid membrane came from JacEnporr and Hinp’s (1963) report of
a proton uptake from the suspending medium by illuminated chloroplasts (Neu-
MANN and JAGENDORF 1964). An acidification of the inner phase of thylakoids
by between 2 and 3 pH-units was demonstrated by three indirect techniques:

a) by the influence of the pH on the rate of the electron transport (RUMBERG
and SicGeL 1969),

b) by the influence of illumination on the activation of a chloroplast enzyme
with a sharp pH-maximum more acidic than the pH of the usual suspend-
ing media for chloroplasts (Hacer 1969),

¢) by the uptake of fluorescent probes into the inner space (SHULDINER et al.
1972a).

Although there was methodical criticism, especially for the latter aproach
(FroLET et al. 1974), the inner acidification is at least qualitatively accepred.
It was recently confirmed even for intact chloroplasts (Werpan et al. 1975).

Studies on the stoichiometry of protons translocated per electron trans-
ferred through the linear chain produced conflicting results. Those carried out
by “slow” glass electrodes under excitation with broad light gates yielded
values ranging between 1 and 2 H¥/e— (RumMBERG and SiGGEL 1969, SCHWARTZ
1971, Terrer and Evans 1972, Hore and Smow 1974). The origin of the
remarkable variance in these results is well understood. It is discussed below
(see “dynamic properties ...”).

Studies on the stoichiometry and of the kinetics of the protolytic reactions
under excitation of chloroplasts with short flashes yielded the following results.
There are two sites of proton uptake from the outer aqueous phase, each asso-
ciated with one light reaction (ScuiierHAKE et al. 1968). The could be
attributed stoichiometrically (Junce and Austinper 1973) and kinetically
(AusLANDER and JuNGe 1974) to the reduction of plastoquinone by light
reaction IT and of the terminal electron acceptor by light reaction I, respectively.
If the terminal acceptor was oxygen via benzylviologen the stoichiometry was
I Ht/e— for each site. The velocity of proton binding usually is slower than
the velocity of the corresponding redox reaction even when monitored with
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rapidly responding pH-indieating dyes, The apparent delay, however, could
bhe aun'ilmu-}l to the existence of a diffusion barrler for Protons Mlli:-hli'np the
redox reaction sites at the outer side of the membrane againge the outer ;u|u‘unu«
phase. This barrier was removable by appropriate treatment of L‘l)]()l‘()ﬂ"lwl;i
(AusLANDER and JuncE 1974). il
oln addition to the above two sites of proton binding from outside two
sites of proton release into the inner phase were identified (Junce and Aus-
LANDER 1973). One of these was unequivocally attributed to the oxidation of
water (FowLer and Kok 1974a), while the other one was attributed to the
oxidation of plastohydroquinone ( JunGe and AUSLANDER 1973, AUSLANDER ct al
1974). : -
I'he ijl.li‘ll‘ﬂic properties of the electrochemical potential
nndcr.cxumtion with a light gate are illustrated qualitatively in fig. 6. The
du:‘ulmn‘ of the exciting light is indicated on top of the figure. Below “the time
course of the velocity of the electron transport is sketched. On switchi,ng on the
square light pulse the electron transport first raises up to the “uncoupled” value
to decline to the much lower “coupled” rate. The rate of the electron transport
iy lluncd mainly by the internal pH, it slows down with increasing acidificat il?I\..
ll.ns was demonstrated by Rumserc and Siceer (1969) and later confirmed
with some corrections by RoTTENBERG et al., (1972).
s The clectric potential is shown in the third row of fig. 6. It rapidly rises
in reshly isolated chloroplasts (full line), but then declines due to the synergistic
effect of a decrease in the rate of the electron transport (and thus of the rate
ol the electrogenic pump, too) and of the increasing acidification of the inner
phase which causes an increase of the proton leakage across the membrane
(Borck and Wirr 1971). The magnitude of the electric potential on excitation
n! chloroplasts with a short flash of ligh was estimated to about 50 mVolt
(hl(tl.ll,ll‘il'lh\l( t et al. 1968), the maximum observed under excitation with a step
of light is about four times that high (ScHLEPHAKE et al. 1968, Barser 19‘72)
Estimates of the electric potential under continuous illumination are at ‘variancul.
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Fig. 6. Qualitative scheme for the dynamic behaviour of the electron transport
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the electric potential, the proton gradient and the gradient of a counter ion.
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A voltage in the order of 100 mVolts was reported for Chlorella (GrinEr and
Witt 1974). However, for isolated spinach chloroplasts, studies on the re-
distribution of ions after illumination (DiLLEY and VERNON 1965, MuHLE
1973) led to the conclusion that the steady voltage is in the order of 10 mVolts,
only (Munre 1973). Spectrophotometric determination of the steady state
voltage is difficult because of large changes in light scattering superimposed
to the electrochromic absorption changes under these conditions.

The time course of the proton gradient and of the gradient of a counter
ion are depicted in the lower two traces in fig.6. There is evidence that the
dominating counter ion is Mg ™ in intact chloroplasts (Krause 1974, BARBER
et al. 1974). In the steady state the number of protons accumulated and of
course buffered in the inner phase is in the order of 100 per electron transport
chain (NEUMANN and Jacenporr 1964). The majority of these protons is
electrically compensated by outwardly translocated counterions, since the
electric potential after flash excitation is equivalent to two protons transported
inwardly only (ScHLIEPHAKE et al. 1968) and it does not rise above this value
in the steady state.

What happens if the light is switched off? Just before, the electric potential
is positive inside and probably small, say 10 mVolt. After switching off the
light the driving force of the electron transport and thus of the proton pump
fades away within a few milliseconds. The magnitude of the electric potential
is then solely dependent on the diffusion rates of the permeant ions. Two cases
have to be distinguished:

1. the proton permeability is larger than the permeability of any other ion,
2. the permeability of one other ion exceeds the permeability for protons.

Let us consider case no. 1 first. It is illustrated in fig.6 by full lines. If
the light is switched off, the electrogenic pump is stopped and a diffusion
potential builds up which is dominated by the rapid outwardly directed dif-
fusion of protons. Thus the electric potential is inverted in polarity. The rapid
initial inversion is followed by a slower coupled exchange diffusion of protons
and counter ions, which is rate limited by the lower permeability of the latter.
The relative proportion of the first rapid proton efflux which causes the in-
version of the electric potential is exaggerated in fig. 6. Since it involves the
electrically non-compensated protons, only, its relative magnitude should be
in the order of 1 %. It is questionable, whether this first rapid blip is detected by
pH-measurements with a glass electrode. If not, extrapolation of the rate of
proton efflux thereafter to the point when the light is switched off will lead
to underestimates for the steady-state-rate of proton efflux. It has been argued
by Rumeerc and SicGer (1969) that this might be the reason why some authors
reported Ht/e—ratios smaller than 2, while others reported 2. The argument
is strengthened by the observation of the same authors that the apparent
Ht/e—-ratio as detected by a glass electrode increases from 1 to 2 in the
presence of the potassium carrier valinomycin (RuMserc and SicGeL 1969).
Let us consider the second of the above two cases, which can be installed
by valinomycin, for instance. The results are illustrated by broken lines in
fig. 6. If the permeability of another ion, say of potassium, is made to override
the permeability of the proton the steady state of the electric potential will be
unaffected. In the absence of coupled conductivities it is solely dependent on
the dynamic balance between the rates of the electrogenic proton pump and
the proton leaks in the membrane. Then any other permeant ion should adjust
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in concentration gradient into equilibrium with the membrane potential, In
the presence of valinomyein potassium will aceumulate outside, 1f the light is
switched off, the dominating inwardly directed diffusion of potassium backs
the light induced membrane potential which thus persists as a diffusion potential
in the dark. Thus there will be no biphasicity of the proton efflux, and the rate
detected by a glass electrode can be extrapolated to the point where the light
is switched off. Since the hindrance on the rate of proton efflux by the low
permeability of the counter ion is removed, the rate will be higher as in the
first case. In consequence higher H't/e—-ratios result which according to Rum-
pERG and S1GGEL (1969) approached the value 2 in agreement with the stoichio-
metries obtained under flash excitation (ScruiepHAKE et al. 1968, Junce and
AUSLANDER 1973),

The above results in the absence of valinomycin suggest that the proton
permeability exceeds the permeability of any other ion in the steady state
(light). In contrast to this, in the dark or under flash excitation the electric
potential relaxes within about 100 msec while the pH-difference only in the
range of 10 sec (e.g. Junce and AusLinper 1973). Therefore, one has to
conclude that the permeability of some other ion exceeds the one of the proton,
under these conditions.

The topology of the electrochemical generator is discussed
in the subsequent review by Dr. Hauska. Its characteristics are the location of
the donors of both light reactions at the inner side and the location of the
respective acceptors at the outer side of the thylakoid membrane (see fig. 4,
above). There are two important questions as to the finer structure of the
electrochemical generator:

I, How does hydrogen cross the thylakoid membrane? Is it by diffusion of
plastoquinone across the membrane or by hopping within a plastoquinone
lattice which extends over the membrane?

2, How does the extremely rapid electron transfer occur between the reaction
center chlorophylls and their primary acceptors at the other side of the
membrane? In chloroplasts this transfer occurs within less than 20 nsec
(Worrr et al. 1969) and in chromatophores of bacteria supposedly even in
less than 10 psec (NETZEL et al. 1973, LEiGH et al. 1974).

These questions cannot be answered, yet. However, there is some marginal
information on both of them.

[ The first question has to do with the fluidity of the thylakoid membrane.
Electron micrographic studies revealed that surface proteins as the
coupling factor of photophosphorylation aggregate if the membrane is
treated with bifunctional agents, e.g. glutaraldehyde (Wanc and Packer
1973) or antibodies (Berzorn et al. 1974). This suggests that at least
some parts of the membrane may be in a fluid state. The exciton inter-
action of the antennae chlorophylls, on the other hand, requires tight
packing if not quasicristalline arrays. Thus it seems reasonable to visualize
the thylakoid membrane as a mosaic of fluid and quasicristalline domains,
as first proposed by Kreurz (for a review, see KREUTZ 1970) based on his
Xeray small angle work. This concept is badsed by independent kinetic
evidence, Studies on the conduction behaviour of the thylakoid membrane
in the presence of ionophores revealed that both valinomycin and nonactin
act as mobile carriers, however, only a very small fraction of the mem-
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brane bound molecules is active in ion transport, while a majority is
inactivated, probably by immobilization (Scrmip and JuNGE 1975).

2. The second question has to do with the location and mutual orientation
of the reaction center chlorophylls and their primary acceptors. ESR-
studies revealed that the photochemically active species of the reaction
centers is a dimer of two chlorophyll-a molecules which rapidly exchange
the unpaired electron after photooxidation (NORRIs et al. 1971). Very
probably, in addition to charge transfer, the dimer is under exciton inter-
action, as suggested by CD-studies (PHILLIPSON et al. 1972). Kinetic con-
siderations led to the conclusion that the porphyrin rings of the dimer of
reaction center T are located close to the inner surface of the thyla-
koid membrane (JUNGE 1974). According to linear dichroism studies by
photoselection the porphyrin rings of the dimer are oriented rather in
parallel than perpendicular to the membrane (JUNGE and Ecksor 1973,
1974). Possible internal configurations of the dimer were studied in model
experiments with chlorophylls in vitro (for a review, see Karz and NORRIS
1973).

Photophosphorylation

The mechanism of photophosphorylation was subject of controversy in
recent years. The major efforts were directed to the pathway of the energy
flow from photochemically indiced redox energy into the free energy of the
ATP/ADP-couple. The discussion was governed by three hypotheses on the
nature of the obligatory intermediate between the electron transport and
ATP;

1. a chemical intermediate (SLATER 1958),

an electrochemical potential difference of the proton (MrrcheLL 1961,

1966),

3. and a high energy conformational state of an enzyme or of the membrane

(Green et al. 1968) were postulated.

The discussion started at a time when none of these hypothetical inter-
mediates was identified experimentally. Only later evidence was provided for
the existence of a pH-difference across the functional membrane of photo-
synthesis in green plants (Jacenporr and Hinp 1963) and in bacteria (JAcKsON
et al. 1968) as well as in mitochondria (MrrcuerL and MoyLE 1965). Then
evidence for the existence of an electrical potential across the same membranes
was published (Junce and WitT 1968, Jackson and Crorrs 1969, BAKEEVA
et al. 1970). Finally it was shown that there are conditions where energy stored
in the form of an electrochemical potential difference across the functional
membrane of photosynthesis can be used for phosphorylation while its dis-
sipation competes with the synthesis of ATP (e.g. JAGENDORF and Urise 1966,
Crorrs 1967, Junce et al. 1970, Borck and Wrrt 1971, SHULDINER et al.
1972). The former evidence for the existence and the possible use of electro-
chemical energy reduced the above discussion to its salient point, whether or
not the electrochemical potential is “the obligatory intermediate” between
redox reactions and ATP or whether it is located of a side path, only.

Although most of the mechanistic questions of photophosphorylation are
still open, the present evidence is sufficient to favour a chemiosmotic mechanism
as postulated by MrrcueLL (1961, 1966). T will illustrate the argument in a
somewhat formal way (see figs.7 and 8).
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Fig. 7. The elements under discussion for the energetic question of photophosphorylation
and the pathway of energy flow.
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Ilig. 8. Possible configurations for photophospharylation. The topology underlying
to the graphs is the same as in figure 7. For details, please see text (Junge 1972).

'or .thc unbiased spectator at least four types of elements are necessary to
characterize t_hc energy flow in photophosphorylation; redox-couples, chemical
or conformational intermediates (~), an electrochemical potential of t’hc proton
(A, ApH) and the ATP/ADP-couple. The possible pathways of energy flow
between these elements are illustrated in fig.7. The scheme is not intended to
Inmtch_ t]u.: full complexity of events, e.g. there may be more than one chemical
1nl'c1:mcdlatc involved. Tt just gives the minimum number of elements required.
{\ll mt.crconucctions except for a direct link between redox reactions and the
formation of the phosphoester bond were discussed in the literature. Being
unbiased one ends with 16 possible reaction schemes as illustrated in fig. 8
They fall into three classes: od

One marked by double squares which is essentially on line with MrtcHeLL’s
hypothesis in that the electrochemical potential difference is a direct co1-1:
sequence of the electron transport and that there is no other way leading
from redox free energy to ATP except the one via the clcctmclwmicﬁ
putential of the proton, :
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2. The second class marked by single squares is anti-MrTcHELL since a chemical
(or conformational) intermediate is obligatory for ATP-synthesis while
the electrochemical potential lies on a side path (except for B1).

3. The remaining configurations arc mixed ones approaching either of the
former classes depending on the relative efficiencies of the various path-
ways.

The second class of configurations can be rejected because of the above
evidence (plus the one reviewed by Dr. Hauska) for a vectorial electron
transport scheme generating an electrochemical potential of the proton without
involving any nonredox intermediate. Moreover, the same evidence practically
climinates most of the mixed schemes as discussed elsewhere (Junce 1972), ex-
cept for scheme B4 which admits two independent pathways for phosphoryla-
tion, a Mitchellian and a squiggle type one. Although, such a twofold way to
ATP is rather improbable, the question should be experimentally answered,
whether or not there is any “squiggle” phosphorylation in addition to the che-
miosmotic one.

A qualitative answer can be based on kinetic experiments which compare
the dissipation of electrochemical energy with the ATP-production. If there
were any “squiggle pathway” to ATP then there should be some residual
phosphorylation even if the electrochemical potential is dissipated.

An example for an experiment of this kind is illustrated in figs.9 and 10
(Junck et al. 1970). Fig.9 gives the time course of the electrochromic absorp-
tion change at 524 nm after excitation of chloroplasts with a group of four
short flashes. While the left trace was obtained in the absence the right one was
measured in the presence of ADP. The repetition frequency of the flash groups
(0.1 cps) and the intensity of the interrogating light (45 erg/cm?®<sec) were
kept low to avoid dumping up of a large pH-difference. Recent experiments
on the same line indicated that the electric part of the electrochemical potential
dominated the pH-difference under these conditions (GrAser and WrTT, per-
sonal communication). Inspection of the two traces in fig.9 shows that the
decay of the electric potential is accellerated if ATP is synthesized. This fits
into the expectation for the action of an ATP-synthetase which translocates
protons downhill their electrochemical gradient, in order to gain the free encrgy
necessary for the synthesis. However, the accelleration might represent a side
effect, only. Thus it has to be questioned, whether ATP-synthesis is inhibited
if the electrochemical potential is at least partly dissipated via some leak con-
ductivity of the thylakoid membrane. Fig.10 shows the time course of the
electrochromic absorption change at 524 nm in the presence of ADP without
(slow decay) and with (accellerated decay) the potassium carrier valinomyecin.
The dissipative conductivity induced by valinomycin is about as effective as
the other conductivity induced by the activity of the ATP-synthetase, as evident
from the about doubled decay rate of the electric field. The ATP-yield per flash
group, which was determined for the same samples, was reduced to about one
half on addition of valinomycin at this concentration (Junck et al. 1970).
Addition of valinomycin at higher concentrations abolished the ATP-yield.
That this inhibition was due to the dissipative action of valinomycin but not
to an eventual side effect on the enzyme was clearly demonstrated in similar
experiments with another conductivity increasing agent, gramicidin, which
halfed the ATP-yield already when presented at a relative concentration of
1 molecule on more than 105 molecules of chlorophyll (Boeck and Wit 1971).
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Fig.9. The tme course of the electrochromic absorption change at 523 nm under ex-
citation with a short group of four flashes under non-phosphorylating (left) and under
phosphorylating conditions (right) (Juncs et al., 1970).
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Fig. 10. The time course of the clectrochromic absorption change at 523 nm under cx-
citation with a group of four short flashes in the presence of ADP, P and Mg—.
Trace A: In the absence of valinomycin. Trace B: In the presence of valinomyecin.

This clearly has demonstrated that there is no efficient non-chemiosmotic
pathway in phosphorylation under these conditions.

Despite a lot of qualitative evidence for the competition between dis-
sipative channels and ATP-synthesis for the electrochemical potential across
the thylakoid membrane (JacENporr and Urise 1966, CRoFTS 1967, JUNGE
et al. 1970, Boeck and Wirt 1971, SHULDINER et al. 1972b) a quantitative
correlation of sufficient precision is still missing. Such a correlation involves
three elements; the ATP/ADP-ratio sustained by chloroplasts under continous
llumination, the stoichiometry of protons translocated per ATP formed and
the steady state level of the electrochemical potential difference. According to
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MrrcHELL (1966) these elements should be in equilibrium with each other pro-
vided that there are no consumers of ATP.
i B (o B0
AT TRITADR] T VAT A Y

Determination of the free energy of the ATP/ADP-couple in the steady
state yielded values between 14 and 16 kecal/mole for chloroplasts (Kraaven-
HOE 1969) as well as for mitochondria (Stater 1969) and chromatophores
(Crorrs and Jackson 1970). The ambiguities in the determination of the
steady state values of the electric potential and the pH-difference were dis-
cussed above, already. The most controversial element, however, is the stoichio-
metry between protons and ATP. MrrcuerL (1966) postulated a value of 2.
The values determined experimentally by correlation of proton fluxes with
ATP-synthesis range from 2 (SciuwarTz 1968) via about 3 (Urise and Jacrn-
Dorr 1968, Izawa 1970, Junge et al. 1970, ScHRODER et al. 1972) to 4 (ScHRO-
DER 1974) and even 5 (GALMIcHE et al. 1967). The difficulties in determining
the proton flux rates were discussed above, already. One might hope to get
more reliable values from the ATP/2e-ratios, which are more readily to de-
termine, under consideration of the HT/e—-stoichiometry 2. Unfortunately
these values are at variance, too. Ratios between 1 (SCHRODER et al. 1974) over
1.3 (Wivcer 1965) and 1.7 (Reeves and Harr 1973) equivalent to FIT/ATP-
ratios between 4 and 2.35, respectively were reported in the literature. One
might argue that the smaller values for the Ht/ATP-stoichiometry reflect the
“true” stoichiometry of enzyme, while the higher values contain partial dis-
sipation of the electrochemical energy via leaky channels.

In conclusion, the quantitative evaluation of the above equation is still
missing. Just to give some figures for the influence of the H*/ATP-stoichio-
metry on the above equation — a pH-difference of 3 units plus an electric
potential of 150 mVolt were required to balance the ATP/ADP-couple if the
stoichiometry were 2 — if it were 4 just a pH-difference of 2.75 units would
be sufficient. In chromatophores, where the electrochemical potential in the
steady state is easier to determine for several reasons the above equation was
found to hold (Casapro et al. 1974) although there are some aspects which
are difficult to understand, yet (e. g. the influence of valinomyecin on the electric
potential in the steady state).

Under the impression that the encrgetic question of photophosphorylation
soon will be answered definitely in favour of a, possibly modified, chemiosmotic
mechanism several groups concentrate on mechanistic questions as to the enzyme
which translocates protons in order to form phosphoester bonds. The major
efforts are up to the biochemists, who partly resolved the enzyme and char-
acterized some of its subunits (see the review by Dr. Hauska). One structural
aspect was tackled by physical methods. A chemiosmotically operating ATP-
synthetase should have access to both aqueous phases separated by the thylakoid
membrane. In fact, evidence was provided (McCarty and Racker 1967, Gi-
RaULT ct al. 1974, Scump and Juwck 1974) that extraction of the coupling
factor (CF1) for photophosphorylation opens a proton conducting channel in
the membrane, which after recondensation of the coupling factor can be stopped
up again. The channel opened up has been tentatively identified with the
binding protein of the coupling factor (Scumip and Junce 1974). Thus the
location of the coupling factor may be visualized as illustrated in the lower
part of fig. 4; its head protruding into the outer phase (for EM-evidence, sce
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_]‘-IUWI-:LL and Mouprianaxis 1967) but its leg in contact with the pH of the
internal phase via a proton well provided by its binding protein.

References

Amusz, J., 1964: Biochim. Biophys. Acta 79, 257.
AusLANDER, W, and W. Junce, 1974: Biochim. Biophys. Acta 357, 285,
« =, P. FeaTHCOTE, and W. JuncE, 1974: FEBS Letters 47, 229,
Bakerva, L. E., L. GriNws, A. A. Jasarris, V. V. Kueeng, D. O, Leverzky, F. A,

é.lll(liil(MI\N, [. I. SEVERINA, and V. P. SkuracHev, 1970: Biochim. Biophys. Acta
3. 13,

Barnrr, J., 1972: FEBS Letters 20, 251.
, and G. P. B. Kraan, 1970: Biochim. Biophys, Acta 197, 49.
v Jo MiLes, and J. NicHoLson, 1974: FERS Letters 49, 106.
Buaroen, A, ], and R. MaLki, 1972: Biochim. Biophys. Acta 283, 456.
B, H., and B. Kok, 1964: Biochim. Biophys. Acta 88, 278.
Brrznorn, R, J., F. Kore, and K, MUHLETHALER, 1974 Z. Naturforschg. 29¢, 694.
Wistion, N1, 1959 Biochim. Biophys. Acta 27, 205.
Bovek, M., and H. T. Wrrr, 1971: In: G. Forti, M. AvRoN and A. MELANDRI (eds.),
Proc, lnd Intern. Congr. Photosynthesis, Stresa 1971, p.903. Dr. W. Junk
Publ,, The Hague. .
Wedieme, FLy and W, A, Cramer, 1972 Biochim. Biophys. Acta 283, 302.
Bowwov, A, Yu, and V. 1. Gobik, 1973 : Biochim. Biophys. Acta 301, 227.
- - and M, D, Trina, 1973 Biochim., Biophys. Acta 305, 368,
Caiabio, R, A, BaccariNi-MEeLanori, D, Zanwowni, and B. A. Mrranori, 1974
IIIBS Letters 49, 203, '
Cnorrs, A, R, 19670 Biochem. Biophys. Res. Comm. 24, 127,
y 196701 |, Biol, Chem, 242, 3352,
) n_ml “I. !i. JACKsON, 1970: In: D. M. Tacsr, S. Para, E. QuUAGLIARELLO and
Fo G0 Siatin (eds,), Electron Transport and Energy Conservation, p. 383,
Adriatlea Lelivrice, Bari, ’
Bramin D W, AR Crorrs, and L. Packer, 1967: Biochim. Biophys. Acta 131, 81.

Dieery, A and L Py Viervon, 1965: Arch, Biochem. Biophys. 111, 365.
Btvwine, G FLFL ST, and FL T, Wi, 1967 7. Naturforschg. 22b, 639.
o G Wewarny o Varen, and FLCT. Wrrr, 1969: Z. Naturforschg, 24b, 1139.
Emmier MWL Juna, and FL T, Wrerer, 1969: 7. Naturforschg. 24b, 1144,
(UTRIAT |'.|,‘].' Wl B P Bakker, and K. VanDawm, 1974: Biochim. Biophys. Acta 368,
MigisenMann, D, ., 1971: Photochem. Photobiol. 14, 277.
Foweem, Cin 11, and B, Kok, 1974a: Biochim. Biophys. Acta 357, 299,
. and o 1974b: Biochim, Biophys. Acta 357, 308,

Gatmicnn, | M, G, Giraner, B, Tyzkievicz, and R. Fiat, 1967: Compt. Rend. Acad
Sci, Paris 265 D, 374, i e

Giavrr, G, |0 M, Gaumicne, and A. VerMmeGLio, 1974: In: M. AvrRoNn (ed.), Proc.
[T1rd Intern, Congr. Photosynthesis, Rehovot, p. 839. Elsevier, Amsterdam,

(i|.;\5:=u’llM.. Crn, Worrr, F, E, Bucawarp, and H. 'T. WirT, 1974: FEBS Letters 42,

Gonnpon, W, 1973; |, Membrane Biol. 12, 385.

(iuk\'m-.u, P, and H. T, Wrrr, 1974 Biochim. Biophys. Acta 333, 389.

GREEN, G, L. I, J. Asar, R. A, Harris, and J. Ta. PennisTon, 1968: Arch. Biochem
Biophys. 125, 684. : .

Hacer, A., 1969: Planta 89, 244.

Haruner, W., 1973 : Biochim. Biophys. Acta 305, 618.

- =, 1975: Biochim. Biophys. Acta (in press).

Hitprery, W, W., M. Avron, and B. CHaNCE, 1966: Plant Physiol. 41, 983.

Flivama, T., and B. Kg, 1971: Arch. Biochem. Biophys. 147, 99.

Hore, A. B, i‘l!‘ld W. S. CHow, 1974: In: U. ZIMMERMANN and J. DainTy (eds.), Mem-
l;rnnln- Iransport in Plants, p.256. Springer Verlag, Berlin, Hcidclbcré, New

Orik.
Iowirr, S, FL, and N. MoupRrIANAKIS, 1967 J. Molec. Biol. 27, 323.
lEawa, 5, 1970: Biochim. Biophys. Acta 223, 165.




300 WorrcanG Junce:

Jackson, J.B., A. R. Crorrs, and L. V. Van STEDINGK, 1968: Eur. J. Biochem. 6, 41.

— —, and — —, 1969: FEBS Letters 4,185.

Jacenporr, AT, and G, Hinn, 1963: In: Photosynthetic Mechanisms in Green Plants.
Nat. Acad. Sci. — Nar. Res. Couns. Publ, 1145, p. 599,

— —, and E. Urisg, 1966: Proc. Nat. Acad. Sei, US 55, 170,

Jorior, P., 1965: Biochim. Biophys. Acta 102, 116.

— — 1966: Brookhaven Symp. Biol. 19, 418.

Joviot, B, G. Bareicry, and R. CHABAUD, 1969: Photachem. Photobiol, 10, 309.

Junes, W., 1972: In: G. O. Schenck (ed.), Proc. VIth Intern. Congr. Photobiol.,
Bochum 1972, contrib, no. 34, 1974, Drsch. Ges. Lichtforschg., Frankfurt.

— — 1974: In: M. Avron (ed.), Proc., IITrd Intern. Congr. Photosynthesis, Rehovot
1974, Rehovot, p. 273. Tlsevier, Amsterdam,

——, 1975: In: T. W. Goopwin (ed.), Biochemistry of Plant Pigments, vol. III.
Academic Press, New York (in press).

— —, and H. T. Wrrr, 1968: Z. Naturforschg. 23b, 244,

— —, B. Rumserg, and H. SCHRODER, 1970: Fur, J. Biochem. 14, 575,

— —, and W. AusLANDER, 1973: Biochim, Biophys. Acta 333, 509,

— —, and A, Eckxor, 1973: FEBS Letters 36, 207.

— —, and — —, 1974 Biochim. Biophys. Acta 357, 103,

— —, W. AUSLANDER, and A, EckHOF, 1974: Tn: U. ZIMMERMANN and J. Damty (eds.),
Membrane Transport in Plants, D. 264. Springer, Berlin, Heidelberg, New York.

Katomn, S, and A, TakaMIYA, 1963: Plant and Cell Physiol. 4, 335,

Katz, J. J, and J. R. NoRR1s, 1973: In: D. R. SanapI and I, Packer (eds.), Current

opics of Bioenergetics, p. 41. Academic Press, New York,

K, B., 1972: In: S. P. Corowick and N, O, KAPLAN (eds.), Methods of Enzymology,
vol. XXIV, B (A. San Pierro, ed.). Academic Press, New York.

— — 1973: Biochim. Biophys. Acta 301, 1.

Kreuser, D., and M. BticHER, 1969: 7. Naturforschg. 24b, 137,

Knare, D. B, and D. T, ARNON, 1969a: Proc, Nat. Acad. Sci. US 63, 956.

— — and — — 1969b: Proc. Nat. Acad. Sci. US 63, 963.

Kok, B, 1957: Acta Bot. Neerl. 6, 316,

— — 1961: Biochim. Biophys. Acta 48, 527.

— —, B. ForpusH, and M, McGrow, 1970: Photodhem. Photobiol. 11, 457.

Kraavennor, R., 1969: Biochim. Biophys. Acta 180, 213.

Krause, G. H., 1974: Biochim. Biophys. Acta 333, 301,

Krrurz, W., 1970: Adv. Bot. Res. 3,53,

LasuarD, H., 1961: Helv. Chim, Acta 44, 447.

Lecy, J. S, P. L. NetzEL, P. L. DurtTon, and P. M, RENTZEPIS, 1974: FEBS Letters
48, 136.

Liptay, W, 1969: Angew. Chem. 81, 195,

Mavkin, S., and B, Kok, 1966: Biochim. Biophys. Acta 126, 413,

MarLey, M., G. Fener, and D. MavzerarL, 1968: J. Molec, Spectr. 25, 544,

MarsHo, T. V., and B. Kok, 1970: Biochim. Biophys. Acta 223, 240,

Matuis, P., M. MicrEL-ViLLaz, and A, VERMEGLIO, 1974: Biochem. Biophys. Res.
Comm. 56, 682.

McCarty, R., and E. J. Racksr, 1967: J- Biol. Chem. 15, 3435.

MrrcueLL, P, 1961 : Nature 191, 144,

— —, 1966: Biol. Rev. 41, 445,

— —, and J. MovLE, 1965: Nature 208, 147.

MUHLE, H., 1973: Diss. Techn, Univ. Berlin.

NeTzeL, P. L., P. RENTzEPIS, and J. LE1GH, 1973: Science 132, 238.

Neumanw, 1.S., and A. T, JAGENDORE, 1964: Arch. Biochem, Biophys. 107, 109.

Norris, J. R, R. A, Upnaus, H. L. Cresrr, and Jo Jo Karz, 1971: Proc. Nat. Acad.
Sei. US 68, 625.

PriLLeson, K. D, V. I, SaTo, and K. Saugr, 1972: Biochemistry 11, 4591,

REEvEs, S., and D. O. Harw, 1973 : Biochim. Biophys. Acta 314, 66.

REnGER, G, 1970: Z. Naturforschg. 25b, 966,

RoTreENnBERG, H., T, GruNwarp, and M. Avrox, 1972: Eur. J- Biochem. 25, 54.

Rurrer, H., and H. T. Wrrr, 1969: In: S.P. CoLowick and N. O. Karran (eds.),
Methods of Enzymology, vol. XVI (K. KustiN, ed.), p. 316. Academic Press,
New York.

Rumsere, B., P. ScuMipT-MENDE, J. WeikaRrD, and H. T. WrrT, 1963: Publ. Nat. Res.
Couns. 1145, 18.

Physical Aspects of the Electran Transport in Green Plants 301

—— and H. T. Wrrr, 1964; 7. Naturforschg. 19b, 693,
— —, and U. SicgEL, 1969: Naturwissenschaften 56, 130.
SCHLIEPHAKE, W., W. JuNGE, and H. T. Wrrr, 1968: 7. Naturforschg. 23h, 1571.
Scumm, R., and W. JUNGE, 1974: Tn: M. Avron (ed.), Proc. IIIrd Intern. Congr.
Photosynthesis, Rehovor, p. 821. Elsevier, Amsterdam.,
y and — —, 1975 Biochim, Biophys, Acta 394, 76.
Scumiot, 8., R, R EicH, and H, T. Wrrr, 1971 Naturwissenschaften 8, 414.
y and — —, 1972; Ber. Bunsenges. Phys. Chem. 76,1202,
ScuminT-Menor, P., and H. T. WrTT, 1968: 7. Naturforschg. 23b, 223.
Scurdorr, H., 1974 Diss. Techn. Univ. Berlin,
v H. Munie, and B, Rumsers, 1972: Tn: G, Fortr, M. Avron and A, MEeLANDR]
(eds.), Proe, IInd Intern. Congr. Photosynthesis, vol. II, p.919. Dr. W. Junk
Publ,, The Hague.
y U. Sigerr, and B, RuMBERG, 1974: In: M. AvRroN (ed.), Proc. ITTrd Intern.
Congr. Photosynthesis, Rehovot, p. 1031, Elsevier, Amsterdam.
ScHwAnrTz, M., 1968: Nature 219, 915,
v 1971: Ann, Rev. Plant Physiol. 22, 469.
SHULDINER, S., H. RoTTENBERG, and M. AvRoN, 1972a: Eur. J. Biochem. 25, 64,
- = ==, and — —, 1972h: FEBS Letters 28, 173,
h““”““}é:’" 1(7Iq RenGEr, H, H. StieHL, and B. Rumprre, 1972: Biochim, Biophys, Acta
SOy L0,
SLATHIR, [, C., 1958: Rev, Pure and Appl. Chem, 8, 22,
i 'Illif:‘l:‘ln: S. Para, J. M. TacER, E. QUAGLIARELLO and E. C, SpaTer {eds.),
ll' Illlv .Itm-l["gy Level and Metabolic Contral in Mitochondria, p-255. Adriatica
itriee, Barg,
ST, B FL, and H. T. Wrrr, 1968 7. Naturforschg. 23b, 220.
o y 1969: 7, Naturforschg. 24b, 1583,
NTRICHARTR, G, R,, and B. Crance, 1972: Biodhim, Biophys. Acta 256, 71.
JuN ALK, O and K, SAULR, 1972: Biochim. Biophys. Acta 256, 409,
Crninm, Ay and M, €, D, LlvaNs, 1972: Biochim, Biophys. Acta 256, 625,
llullw..l(. Chiand A, T, JAGENDORT, 1968: Arch. Biochem. Biophys. 128, 351,

VAN Gonrkum, 1, Jo I ] Tamminga, J. Havemann, and 1. Vax DER LINDEN, 1974:
Niodhim, Blophyy, Acta 347, 417, ’
\'»\lr-;t.)}].d G Renann, FI, [, Stimr, and H. T, WirT, 1968: Naturwissenschaften 55,
Vioswanng, W, 1., 1974 Ini U, ZiMmerMaNN and J. DaNTY (eds.)), Membrane

Eranapore in Plants, p, 126, Springer, Berlin, Heidelberg, New Yorlk.
Wang, A, Y, Ly and L, Packnn, 1973, Biochim, Biophys. Acta 305, 483,
Wllulu\(hlt. K, H).. My Wi Hrtor, and M. MiLovancey, 1975: Biochim. Biophys. Acta
1 press),
Winair, G, Dy 8 lgawa, and N, i, Goon, 1965 Biochem. Biophys. Res. Comm. 21,

438,
Wirr, FL T, 1988, Naturwisenschafon 42, 72,
o 196701 Tni 8, Crarsson (ed.), Veh Nobel Symp., p.81. Almquist and Wiksell
Stodcholm - Inversclence, New York, '
v 1967b1 Tni 8, Crarssen (o), Vil Nobel Symp,, p.261. Almquist and Wiksell
Stackholm Interscionce, New Yorlg, ‘
===, 1971: Quart, Rev, Biophys, 4, 4, 365,
------ == A, MULLER, and B, Rumsera, 19610 Nature 191, 944,
=== == and — —, 1961bh; Nature 192, 967,
= =, and A. ZickLr, 1973: FEBS Letters 37, 307,
= —, and — —, 1974: FEBS Letters 39, 205,
Wirr, K., and Cugr, Worrr, 1970: 7. Nn:urf'orsdm. 25b, 387,
Worrr, Cur,, H, E. Buchwarp, H, Raeeer, K. Wirr, and H. T. Wrrr, 1969: 7.
Naturforschg. 23b, 1038,
Wratcrr, C. A,and A, R, CroFTs, 1971: Eur. J- Biochem. 19, 386,

Prof. Dr. Worreang Juwee

Max-Volmer-Tnstityt

fiir Physikalische Chemie und Molekularbiologie

TU Berlin )
D-1000 Berlin 12

Strafle des 17, Juni 135




