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1. Poblems

Most of the contributions of this meeting are concerned with the
consumption of 0,. The opposite way — the production of O, — is
realized in photosynthesis through the cleavage of water.

On the mechanism of the cleavage of water which is one part of
the very complex reaction system of photosynthesis only little is
known. However, a number of informations are available on the
primary processes of photosynthesis which “drive” the cleavage
of water.

TIn these primary processes NADP* is reduced and ATP is gene-
rated through the energy of the visible light. In secondary pro-
cesses CO, is reduced to sugar etc. through NADPH and ATP.
This second path is well-known by Canvixv [1].

In the following the primary processes will be discussed in more
detail. Four characteristic events have been. observed.

1. The reduction of NADP+ is performed by an electron transfer
from H,0 to NADP+. This leads to the cleavage of H,0 with a
simultaneous evolution of Q, [2]. The electron transfer takes place
through at least ten electron carriers [3].

2. The electron transfer is coupled in an unknown way with a
phosphorylation which leads to the formation of ATP [4].

3. The electron transfer is accompanied by reversible ion frans-
locations [5, 6]. JacuNDORF et al. [5] observed reversible proton
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translocations during the electron transfer and Drey et al. [6]
reversible fluxes of other ions as potassium ete.

4. The electron transfer is furthermore coupled to changes of an
electrical field [7]. Changes of an electrical ficld have been ohserved
through special absorption changes [7].

MrromeLL has postulated a special type of coupling hetween
electron transfer and phosphorylation [8]. In this hypothesis the
electron transport produces an electrical field and a pH-gradient
across a membrane. The free energy, thus stored in a difference
of the electrochemical potential of protons, should be used for
the formation of ATP (Fig. 1).
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Tig. 1. Proposed relationship between electron transfer, H' translocation,
phosphoerylation and CO,-reduction. Details § 1

Mainly one experiment supports one part of this concept. JAGEN-
DORF has shown that if an artificial pH-gradient is set up on chloro-
plasts, a formation of ATP can be observed in the dark [9]. On the
other hand, in different hypotheses [10] it is assumed that phos-
phorylation is generated by an unidentified energy rich chemical
intermediate which is produced by the electron flow. In this
concept the observed movements of ions are regarded as a side
path and the hypothesis of Mrromrrn has been rejected [10].

The arguments so far discussed in the literature with respect to
the mechanism of phosphorylation are based on macroscopic
experiments, that means on measurements of the products of the
primary processes as NADPH, O,, H* and ATP as function of
different parameters. In the following the primary events in general
and the phosphorylation in particular will be discussed on the
basis of results which have been obtained on a molecular level. These
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investigations have been combined with new maecroscopic measure-
ments on which will be reported additionally.

2. Methods

Informations on a molecular level have been obtained since inter-
mediates which are in action during light exeitation could directly
be measured especially by transient absorption changes. In photo-
synthesis this kind of analysis requires the use of fast and sensitive
techniques, since in photosynthesis only 0.1%, of the pigments are
photo-active and since the speed of formation of the intermediates
and their disappearance are in the order of 10-1sec to 10-8 sec.
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Fig. 2. Time resolution and relative sensitivity of the different types of spec-
trogcopic pulse techniques [15, 18]. Details § 2

In 7952 sensitive methods for reactionsin the range of secondshave
been developed for photosynthesis by Duysens [11] (see Fig. 2).

In 79556 the flash techniques of Norrisn and PorTER [12] were
refined for the field of biology and the time range in photosynthesis
was extended down to 10-5 sec and the sensitivity increased up
to 0.19, absorption changes [18].

In 7962 the repetitive pulse technique was introduced for the
analysis of chemical and photochemical reactions [14]. By the
repetitive technique the signal-noise ratio increases with the square

Field Changes and Phosphorylation in Photosynthesis 265

roob of the number of the events. In this way the sensitivity could
be increased by a factor of about 100.

In 1967 this technique has been extended by using ultra short
flashes and Q-switched giant laser pulses for excitation [16—17].
Equipments have been developed in which these ultra fashes and
giant laser pulses can be run periodically. In combination with the
repetitive technique it was possible to extend the time resolution
down to the range of 10 nsec. The sensitivity of these techniques
corresponds to 0.1%, of absorption changes in the 10 nanosecond
range as can be seen from Fig. 10. It is, of course, greater with
longer times.
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Fig. 3. Overall difference spectrum of the absorption changes in chloroplasts
of spinach during photosynthesis [3]

With these pulse techniques intermediates of photochemical re-
actions in general and especially of photosynthesis can now be
followed from the first beginning, that is from the excited singlet
state condition in the time range of nanoseconds down to the end
products of the primary processes. Details ave given in [15, 18].

3. Results

With the pulse techniques we have identified fen different types
of absorption changes between 200 nm and 800 nm in green
plants under physiological conditions [3]. These types were isolated
from the overall absorption changes which are shown in Fig. 3.
The ten types of absorption changes which cause these overall
changes are depicted in Fig. 4. From the characteristic maxima and
minima it can be concluded which particular reactions are responsi-
ble for these changes. These reactions are depicted on the right of
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Fig. 4. Tt can be distingnished between different sets of re-
actions which are depicted on the left of Fig. 4. One sef is caused
by the formation of metastable stales, a second set by eleclron
transfers, and a third one by changes of an elecirical field and ion
translocations.

A cytochrome-f reaction was first observed in red algae by
Duvsens [19]. He observed also unidentified changes in the range
of seconds at 415, 475 and 520 nm [19]. The band around 700 nm
in the second spectrum in Fig. 4 was discovered by Kox and attri-
buted to the oxidation of a so-called pigment 700 [20, 33]. Changes
of plastocyanine around 597 nm were reported by pE Kouvom-
rovskr et al. [21].
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Fig. 5. Difference spectrum of the formation of the w-w*-triplett state in the
bulk of disaggregated chlorophyll-g in mutants of chlorella [22]

These ten types of absorption chanes are observable under physiological
conditions. When, however, photosynthesis is stopped by disarrangement of
the chlorophylls, all these changes disappear and a new eleventh type of
changes occurs which is caused by the formation and deactivation of the
n-r*-triplet state of chlorophyll [22] (see Tig. 5). This indicates that under
such conditions the excitation energy stays in the bulk of chlorophyll fol-
lowed by physical deactivations without conversion into chemical energy.

Fig. 4. Transient difference spectra during photosynthesis in green cells
(chlorella or chloroplasts of spinach) analyzed by the pulse techniques. The
spectra were isolated from the overall difference spectrum in Fig. 8. Chl-a,
= chlorophyll-a; [45, 46], Chl-ar = chlorophyll-ar [44]. Chl-an = chlorophyll-
an [34], Cyt-f = eytochrome-{ [38], Cyt-b1 = cytochrome-b; [26], Cyt-bu =
cytochrome-bn [27], PC = plastocyanine [29], PQ = plastoquinone [25],
substance X [25], Chl-b = chlorophyll-b [30]. The magnitude of the ab-
sorption changes is in the order of 1/,,%,
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The separation of the ten types of absorption changes from the
overall spectrum has been achieved by different chemical and phy-
sical treatments of whole algae cells and chloroplasts under physio-
logical conditions. Details are described in the literature of [3]. In
principle, one can distinguish_between the ten types of reactions
already by one of their characteristic kinetics which are depicted
in Table 1.

Table 1. Some characteristic kinetics of the inlermediates
in photosynthesis at 20° ¢

Intermediates Range Literature
Relaxation Time
chlorophyll-a, 31075 sec visible [3, 45, 46]
chlorophyll-a; 2-1072 gecs vigible [23, 20, 33, 44]
chlorophyli-as; 2-10~ sec visible [24, 34]
plastoquinone 2102 sec uv [25, 36, 37)]
substance X 6:10- sec uv [25, 3]
eytochrome-bz reduced with hyy visible [26]
eytochrome-biy reduced with hvn visible [27, 39]
Rise Time
eytochrome-f ~10=3 see visible [28, 19, 38]
plastocyanine ~1073 sec vigible [29, 21]
chlorophyll-» =2.1078 sec visible [8, 30,7, 17]

The literature especially on the kinetics is indicated by bold figures.
» When the donor Cyt-f is in the oxidized state.

As can be seen from Table 1 the kinetics of the absorption changes
in the visible region of chlorophyll-a,, chlorophyll-a; and chloro-
phyll-ar; and the changes in the ultra violet region of plastoquinone
and X can clearly be distinguished by their very different relaxation
times. Cytochrome-b; is reduced by excitation with hyr-light, and
cytochrome-byy is reduced by hyrr-light (on hyy and hyr, see §4).
Cytochrome-f and plastocyanine are characterized by finite rise
times of ~ 10-% sec. The change of chlorophyll-b has a rise time
of = 2-10-8 sec and shows in any respect an outstanding kinetic
[7] which is discussed below.

The analysis of these different types of absorption changes as a
function of numerous parameters provides fairly detailed informa-
tions on the mechanism of photosynthesis.
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In the following the results of the electron transport system are
only briefly reported because details were presented in [3].

4. Electron transfer
In the following only those results on the electron transfer system
are summarized which have been obtained by the described spectro-
scopic pulse techniques. On the bottom of Fig. 6 the characteristic
absorption changes of the intermediates are depicted. In the cenler
of Fig. 6 it can be seen from the direction of the heavy arrows that
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Fig. 6. Electron transfer system in photosynthesis according to the results by

the pulse techniques. Details § 4. NADP+ == nicotinamide adenine dinucleotide

phosphate, Fd = ferredoxin, Chl-ax = chlorophyll-ar, Cyt-b = cytochrome-b,

Cyt-f = eytochrome-f, PC = plastocyanine, PQ = plastoquinone pool, X =

chemically unknown, Chl-ax = chlorophyll-an. Fecy == Terricyanide,
PMS = N-methylphenazonium-methylsulfate
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electrons are transferred from H,0 to NADP+ by the promoting
forces of two active pigment systems [31]. As a precursor of
NADP* the substance ferredoxin with a flavoprotein [32] was found
by biochemists.

The two wavy lines represent the incident light quanta hyr and
hyir. These quanta are supplied to the two active chlorophyll
molecules by energy transfer. The types of the chlorophyll out of
the bulk which are engaged in the energy transfer are indicated
by their absorption maxima, e.g. Chl-a-695 ete.

One of the two active pigmentsis chlorophyll-a; [33, 23], the other
chlorophyll-ar [24, 34]. Chlorophyll-ar can be excited with wave-
length << 730 nm, chlorophyll-ary with wavelength < 700 nm. The
link between both chlorophylls is plastoquinone PQ [25, 36, 37].
P @ exists as a pool with a capacity for about ten electrons between
chlorophyll-a; and chlorophyll-a;y. Intermediates between chloro-
phyll-ar and PQ are cytochrome-f [19, 38] and plastocyanine [21,
297 and U [37]. Intermediate botween plastoquinone and chloro-
phyll-ap is X [3, 25]. An intermediate which is reduced by light
reaction IT is eytochrome-byy [27, 39, its location, is, however, not
accurately known.

A natural eyclic electron flow (keavy dotted arrow) ineluding both
light reactions and opposite to the linear flow of electrons from 1,0
to NADP+ is mediated by eytochrome-by [26].

Artificial interceptions of electrons (thin arrows ) can occur afi
chlorophyll-ar by different types of electron acceptors [40] and
at U by ferricyanide [41, 37]. Artificial injections of electrons can
occur with PMS~ at chlorophyll-a; [23].

On the top of Fig. 6 the time and rate constants of the electron
transfers are depicted. Values between 107 sec and 10-! sec have
been measured [3]. The longest transfer time for ome electron
between two intermediates is 2-10-2 sec. This time is observed
between plastoquinone and U and, caused by the oxidation of
reduced PQ [25]. This time is identical with the bottle-neck
time of the overall reaction of photosynthesis [3] which has been esti-
mated by oxygen measurements as 2-10-2 sec [42a]. Another
characteristic transfer time for one electron, namely between
H,0 and P Q, takes according to Fig. 6 610 sec and is caused by
the reaction of X [25]. This time has been checked by O,-measure-
ments in the following way [42D].
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P Q can accept about ten electrons before the rate limiting oxidation time
of reduced PQ (2-1072scc) becomes effective on the O,-evolution. When,
therefore, the O,-yield is measured in flash groups with less than ten flashes,
for instance two flashes, the O,-yield ag a function of the dark time between
two flashes should indicate the transfer time from H,0 to PQ [42b]. Results
of such O,-measurements are shown in Fig. 7. The half yield time is 6 - '10"4 sec
and corresponds exactly to the spectroscopic transfer time of X. A similar
time was recently found by JorroT with a completely different technique [43].

G excitation
it/
0 ) 5 i 'Cb: 0.6lms i
) 10 30 50ms

0 -yield of the second flash as function of ty

Op-yield per flash for ty —=— ==
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Fig. 7. Relative oxygen yield per flash in chloroplasts as a function of the
dark time ta between flashes [42b]

A valuable consequence of this result is the following. In actinic flash light
with a duration < 6. 10~1sec one and only one clectron is transferred through
the electron transport chain to the terminal acceptor.

Details of this electron transport system have been published in
1967 [3]. Since then, the following new data — already depicted
in Fig. 6 — have been obtained.

1. With respect to the function of chlorophyll-erit has been observed
that absorption changes of chlorophyll-ar in the red are splitted
into double-banded changes (see Fig. 4) which indicate that fwo
chlorophyll-a; molecules are active in the reaction center I of photo-
synthesis [44]. The electron acceptor of chlorophyll-a; symbolized
in [23] with Z is probably identical with the second chlorophyll-ar
molecule. Therefore the absorption changes indicate not only the
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oxidation of chlorophyll-ay as has been discussed in (33, 23], but
probably also a simultancous reduction of a second chlorophyl!-
ay [68].

2. Chlorophyll-aj; has until now only been indicated by absorp-
tion changes in the red [24]. In the meantime the whole difference
spectrum in the visible region with peaks at 436 nm and 682 nm
has been measured by the repetitive pulse technique [34] (see
Fig. 4).

3. An intermediate which is obviously a physical precursor of the
reaction of chlorophyll-a; or chlorophyll-a;; is indieated by the
absorption changes of chlorophyll-a; [45, 3]. The spectrum has
been refined by the repetitive technique (see Fig. 4 top) [46]. The
reaction is, however, as yet not included in the scheme ol Fig. 6.

4. A precise difference spectrum of plastocyanine has heen oh-
tained with a time resolution down to 10-5 see. From the kinetics
it follows spectroscopically that cybochrome-f and plastocyanine
are operating parallel to each other in the electron chajn.

6. Analysis betwoen the reaction of cytochrome-b1, the PMS
radical, the fully reduced PMS- and chlorophyll-af leads to a PMS-
reaction cycle as depicted in Fig. 6 [47]. Cytochrome-br reacts only
with PMS- and reduces PMS- into PMS-. PMS- reacts directly
with chlorophyll-a{ [23]. The rates of this artificial eycle correspond
to the rate of the artificial PMS mediated cycelic phosphorylation.
Therefore the PMS-cycle in Fig. 6 is probably responsible for this
artifieial cyclic phosphorylation.

6. Plastoquinone acts not only as a link in form of a pool between
the two light reactions. The pools of the different electron chains
are furthermore combined with each other through a strand of
plastoquinone. In this way at least ten chains are electronically
connected with each other in a parallel arrangement [48] (see
Fig. 35).

5. Eleetrical field ehanges
5.1 The field indicator

In photosynthesis one type of absorption changes indicates the
changes of an electrical field across a molecular membrane [7].
Since changes of this field are due to ion fluxes, these fluxes can be
studied by the spectroscopic technique, too. Because of the prompt
indication by the absorption changes, the field changes can be

: 3 » rre
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measured through the pulse technique down to the range of 10
nanoseconds. So the possibility is given to develop also a molecular
scheme of the ion translocation system in addition to the molecular
scheme of the electron transport system.

The type of absorption changes which is attributed to the change
of an electrical field is shown in Fig. 8. The decrease at 478 nm and
648 nm indicates that absorption changes are caused by a reaction
of a chlorophyll-b [30].
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Fig. 8. Difference spectrum of the reaction of echlorophyll-b in chlorella
- cells [30]

5.2 Rise and deeay of the field

The speed of the absorption change at 515 nm is shown in
Fig. 9. In the light a fast increase takes place and in the dark
a decay with a half-life time in the range of 10-2 to 10-1sec [13]. This
value depends on temperature, pH and the degree of “uncoupling”
(see § 8.4). In spinach chloroplasts, which are so caf_sfully prepared
that uncoupling is minimized, the rate constant k¢ of the intrinsic
decay at 20 °C and pH = 8.4 is

kj = 8 sec?
(e = electrical field driven, o = intrinsic).

The rise is extremely fast [3, 17]. By the repetitive giant laser
pulse technique on an average a half rise time less than

2+10-8 gec.
has been measured (s. Fig. 10). We assume that the fast rise

indicates the formation of an electrical field across a membrane
in the light and the decay with k® the intrinsic breakdown
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Tig. 10. Time variation of the zise of the absorption changes of chlorophyll-5
at 5156 nm in chlorella cells [3, 17]

Gene~ i
- * - anions

hy

N

478 nm TrTTITY s
515+ —SChi-b
650 « L

ok
A

2-10% . e )( g

I

i$

1

U thylakeid
[f] Membrane

=
%
>

2.

anfens

Fig.‘l‘l. Bottom: Seheme of the field formation (intermitted thin line) and
the ion translocation in chloroplasts across the thylakoid membrane. T'op:
Electrical analogue. Details § 5.2

Tield Changes and Phosphorylation in Photosynthesis 276

of the field in the dark (Fig. 11). The membrane is considered
as a wall which separates an inner phase from an outer one. An
electrical model is given in Fig. 11 top. We will first give proof
that the absorption changes of chlorophyll-b are caused by a field.
Secondly, it will be shown that the wall is the membrane of the
thylakoids. Thirdly, evidence is given that theintrinsic break-down
kg of the field is caused by intrinsic proton fluxes HY.
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Fig. 12. Time variation of the absorption changes of chorophyll-b at 515 nm
in ehloroplasts suspended in three different solutions of sucrose [7]

5.3 Proof for the field ;
It should be possible according to the proposed scheme (Fig. 11)
to change the intrinsic break-down of the field into a fast one by
artificially increased permeability of the membrane forions. Artificial
by-passes should be possible:
1. by production of holes permeable for arbitrary cations and
anions,
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2. by production of pores permeable for specific ions only, e. g. K,

3. by increasing the permeability of the membrane, for protons
HF through so called uncouplers.

These three by-passes are depicted in Fig. 11 on the right side.

f c:conéenrroffon of gramicidin D
KCt=4 1072 M/t
or cOM/ o~
"
¢=10710 Myt

S c=3-1070 mpt \\
wn £
o o \ I L
= 0 50 100 ms

1
s ¢ =K* -conceniration
5 gramicidin 0= 1079 M/
4
S g 5+
; =0 M/
5
S

c=103 M/t
c=1072M/l \
ot 1 \ 1 1
0 50 100 150ms
fime

Fig. 13. Time variation of the absorption changes of chlorephyll:b at 515 nm
in chloroplasts. T'op: as function of the gramicidin concentration. Bottom.: as
function of the K+-concentration [7]

1. Holes have been produced by osmotic procedures as by suspension of
chloroplasts in hypo- or hypertonic solution. If additionally the concentra-
tion of arbitrary ions, e.g. CI~or Mgt+, was increased, the decay of the changes
has been accelerated. Fig. 12 shows that the decay is speeded up by such
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procedures [7]. One finds for the rate constant k2 of the decay with Mgt at
20 °C and pH = 7.4

ky = an+ et with an = 7-10°% 1/M - sec

(e = electrical field driven, h = holes).

2. A more differential intervention can be achieved when, on addition of
gramicidin, pores are introduced in the membranes. According to CHAPPELL
and Crorrs such pores if introduced in erythrocytes or mitochondria are
permeable for alkali ions onty [60]. Indeed, with incressing concentrations
of gramicidin at constant concentration of potassinm (Fig. 13 top) as well as
with inereasing concentration of potassium at constant concentrations of
gramicidin (Fig. 13 bottom), the intrinsic decay time of the absorption
changes is accelerated more than ten times [7]. The rate constant k3 of the
decay is for Kt at 20 °C and pH = 7.4

ke

5 = ap- ok with ap = 2+ 10+ [/M - gec

(at a gramicidin/chlorophyll-ratio of 10-4)

(e = electrical field driven, p = pores).

Furthermore, it: can be demonstrated that the acceleration of the decay
at 515 nm by gramicidin pores does not depend on the concentration of other
ions (Mg++, Cat, CI7) than alkali ions (Table 2, top). Within the different
species of alkali ions, the half-life follows the order of the cation mobilities
which are proportional to decreasing hydration energies (Table 2, bottom).

Table 2. Acceleration of the decay of absorption changes of chlorophyll-b
at 515 nm by various ions in gramicidin D treated chloroplasts [7]
Added Salt Acceleration
(c = 103 M) (3], /)

Cation Mobility
[V-1seec™! cm?]

None 1

MgCl, 1.04

CaCl, 1.06

LiCl 1.9 30.8
NaCl 2.8 40.56
KCl 4.4 60.7
CsCl 6.1 63.7

3. CrowTs [51] has indirectly shown that so-called uncouplers as methyl-
amine hydrochloride increase the permeability of membranes for protons.
This has been shown directly also for other uncouplers (§ 8.3). From Fig. 14
it can be seen that with increasing concentrations of such uncouplers the
intrinsic decay isenhanced[35, 58]. For different kinds of uncouplers as desaspi-
din (Des), di-chlorophenolindophenol (DPIP) and methylamine hydrochloride
Meth) the rate constants k& of the decay are at 20°C and pH=174
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in chloroplasts as function of the concentrations of uncouplers. Top and

cenfer: dichlorophenolindophenol [35]. Bottom: methylamine hydrochloride
(pH = 7.4) [58]
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ki = ay - co with apes = 1.3 . 108 1/M - see,
appre = 2.7 . 108 I/BI © BEC,
and aMeth = 1.7 . 103 ]jM * 8ec.

(e = electrical field driven, u = uncouplers),

The results allow the fdllowing conclusions. The physical pro-
perty which can reflect accelerations of the decay by so different
types of interventions as 1) by holes for arbitrary ions, 2) by pores
for allali ions only and 3) by increase of the membrane permea-
bility for protons, is very probably an electrical field [7]. In the
meantime further results have been obtained which support this
interpretation [68]. It is as yet however not known by which mecha.-
nism the absorption changes of chlorophyll-h indicate the field
(Stark-effect ?2).

5.4 The field bearing membrane and the function unit

The acceleration of the break-down of the field by gramieidin
(Fig. 13) can be achieved with extremely low concentrations.
Table 3 shows that already one gramicidin molecule on 2 105 chloro-
phyll molecules transfers 509, of the intrinsie slow break-down into

Table 3. Conversion of the slow phase of the absorption changes

of chlorophyll-b at 515 nm into « fast phase in ehloroplasis
in dependence of the ratio gramicidin D:Chlorophyll [7] [60]

GRAM-D Chi

Slow phase of the chlorophyll-b absorption change

1 : o 100%,
1 £ 108 869,
1 15-108 759
1 :2.105 529

a fast one. This means that about one gramicidin molecule operates
'on a function unit containing at least 105 chlorophyll molecules [7].
10% chlorophyll molecules are spread over an area of 5000 A
X 5000 A [52]. Therefore the function unit for the electrical field
must be a membrane with an area of at least such a size. A com.
parison of this function unit with structure elements in chloroplasts
shows that the measured area has the same order of magnitude as the
so-called thylakoids [7]. Thylakoids are disc-shaped closed vesicles
surrounded by a double layer membrane of proteins and lipids
including the pigments [53] (see Fig. 15). According to these results
the field formation occurs across such a thylakoid membrane be-
tween the inner and outer phase. This is already indicated in Fig. 11.
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It follows from these results also a valuable practicable criterion for the
quality of isolated chloroplasts: the ratio of the slow and fast phasge of the
absorption changes of chlorophyll-b must correspond to the ratio of undam-
aged and damaged thylakoids [7].

]
B

I

protein

lipid

pigments

Fig. 15. Electron micrographs of thylakoid piles in chloroplasts. Top: view
from the side [66]. Center: view from the top [67]. Bottom: scheme of one
cross section through the thylakoid
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It is long known that the function unit of one electron transport
chain including the energy conducting bulk of chlorophyll corres-
ponds.to a size of about 10? chlorophyll molecules [42a] which covers
an area of 300 A x 300 A [52]. Therefore one thylakoid consists of
several hundred units of electron. transport chains.

With ratios of gramicidin:chlorophyll = 1:10 field changes are
not measurable while the water cleavage works at high rates (see
Tig. 16). By gramicidin of such high concentrations the thylakoid is

Ol‘z cnluz

4]
without with
gramicidin D gramicidin D
(106M)

Fig. 16. Relative O,-production and absorption changes of chlorophyll-b in
chloroplasts without and with 10-¢ M/l gramicidin D (Gramicidin:chloro.
phyll = 1:10)

damaged so that no field formation can occur. The undamaged
districts of the thylakoid membrane, however, are obviously great
enough to include the smaller electron transport units (300 A
% 300 A), so that O,-evolution is not diminished.

5.5 The field strength

The none-aqueous insulating layer in the thylakoid membrane,
the lipid layer, has a thickness of about I = 30 A [53]. In the next
chapter it is experimentally shown that with one electron transfer
in one chain #wo elementary charges are translocated across the
membrane [54]. One chain covers an area of A = 300 A x 300 A
(see above). With an effective dielectric constant of & = 2 (phos-
pholipid membrane) it follows for the voltage produced in a short
flash of < 6-10~* sec [54]
Ze-1
VO = A- Eo* &

~ 50 mV.
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Because the absorption changes of the chlorophyll-b inecrease
from short flashes to longer, maximal by a factor 4 [13] the maximal
voltage across a thylakoid membrane amounts up to

Viax ~ 200 mV.
This can be coneluded because there exists a linear relationship

(s. § 6.3) between the magnitude of the absorption changes and the
voltage.

5.6 Formation of one hall of the field at each of the two light
reactions
In the elementary act of photosynthesis only one electron is
transferred through the chain. This is realized by excitation with a
short flash (= 6-10-* sec). The magnitude of the changes under these
conditions is shown in Fig. 17, left. When, however, light reaction I

light reactions I+]] light reactionl

£ 1t
Se
w
T
w0 05
o O
tn
5 !
10 msec 0 10 msec

2 time
Fig. 17. Time variation of the relative absorption changes of chlorophyll-b at
515 nm in chloroplasts. Left: excitation of lght reaction T and IL Light:
excitation of light reaction I only [54]

is excluded, for instance by saturating light reaction I with 700 to
730 nm background light (this excites only light reaction I), one
half of the absorption changes disappear [30]. When, on the other
hand, the contribution of light reaction 1T is prevented, for instance
by poisoning the light reaction IT by DCMU, one half of the absorp-
tion changes disappear also (see Fig. 17, right). This means that
one half of the formation of the field is caused by light reaction I
and the other by light reaction IT [54]. These two field formations
are depicted in Fig. 18,

This result has been additionally proved by measuring the action
spectra of the absorption changes of chlorophyll-b. Two spectra
have been obtained. Both correspond to the action spectra of
light reaction T and II respectively [54].
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Fig. 18, Extended scheme of the field formation (intermitted thin lines) and
ion translocations across the thylakoid membrane of chloroplasts. Detail
’ § 5.6 and § 6.1

6. Field driven proton translocation
6.1 Influx of ene proton at each of the two light reactions

With the formation of the field in a short flash of «6-10-4sec
a proton influx can be observed. This has been measured directly
by pH-increases in the outer phase of the thylakoid. This was
possible by measuring the colour changes of pH-indicators which
have been added to the chloroplast suspension. The very small
colour changes have been detected with the repetitive pulse tech-
nique [54].

In such short flashes with one electron transfer two protons are
translocated (see Fig. 19, left). This corresponds to the resultin steady
state light in which on an average the uptake of two protons per
one electron transfer has been observed [55]. When, however, the

4Ht light reactions I+

— light reaction I
Chi-ay

2+

proton uplgke

o+ o e i

1 L 1 I 1 1
g a5 1sec 0 as 1sec
time
Fig. 19. Proton uptake per one electron chain measured by added pH-indi-
cators in chloroplasts. Left: excifation of light reaction I and IL. Right:
excitation of light reaction 1 only [54]. Duration of excitation 10-5sec
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contribution of one light reaction, e.g. light reactions T, is prevented
(asin § 5.6), only one proton is translocated (see Fig. 19 right). This
means that by each of the two light reactions one proton is trans-
located [54]. Because each of the two light reactions produces one
halt of the field (see Fig. 17), one half of the field is coupled with
the translocation of one proton. (This is depicted in Fig. 18).

The half time of the pH-increase in a short flash which has been
measured by pH-indicators added to the suspension, takes < 8-10-3
sec. This value represents the time of the uptake of one proton at
each light reaction [54].

6.2 Proton influx and field stabilization

1t is unlikely that the proton uptake in < 8-10-3 sec is the reason
for the rapid formation of the electrical field in < 2-10-8 gec.

Therefore it must be assumed that first the ficld is set on by
an electron transfer and that this field causes the H* uptake in a
secondary process. This can in principle be realized by one of the
different possibilities discussed by Mrromsrs in his hypothesis (8).

According to the results reported above and regarding the facts
which are known on the electron transfer system in photosynthesis
— see for instance [3]— the coupling between the two light reactions,
electron transfer, field formation, and proton translocation can be
formulated in the following way. The principle is depicted in Fig. 20,
details and data in Fig. 36.

The events during the transfer of one electron, realized in a short
flash (= 6-10-* sec) will be called stage T (Fig. 20, left), those which
occur in a long flash (~ 10-2 sec) will be called stage TT (Fig. 20,
right).

In sloge I each of the two photoactive chlorophylls a; and agr
absorbs one quantum hyy and hyrr respectively. This absorption is
followed by an electron transfer. This transfer is assumed to occur
at each light reaction diagonal through the membrane by anisotropi-
cally arranged molecules. The transfer should oceur from the electron
donorlocated at the inner surface to the acceptors located at the outer
surface of the membrane (Fig. 20a). This is possible in < 2-10-8 sec.
The component of this transfer which is perpendicular to the mem-
brane would cause within this time the formation of an electrical
potential V, across the membrane. At the end of this process at each
light reaction one negative charge [] is located at the outer surface
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of the membrane and one positive charge [+] at the inner surface.
{In the following the chemical names of the charged molecules
known from Fig. 6 are put in brackets).

The negative charge |-| (X-) of light reaction IL at the
outer surface of the membrane reduces plastoquinone PQ within

short flash long flash
stage 1 stage 1l
<210% 2-10°s
! 1
| |
T =P 12
PoratTvL T - (G
+
hwy hvﬂ
[H* IH* H* H*
B / / 1/2 1| / RU/
s e 7] 0o = = H.0
: g‘il—l H’PQH/ Lo b AL mu aH FI/ y
-0 (7 2
<810°s = 1.5-107s
E i
: T 1/4 : g_r i
: c » AH : Op
‘AH?—V 02 1 m? n!
H* H*
dark
_—
A
LT &1
H d
5 ijJ | ,rf :
+ + H
[H H

Fig. 20. Scheme of the coupling between electron transfer, field formation
and proton translocation in the thylakoid membrane of chloroplast in short
flashes (stage I) and long flashes (stage 11). Details § 6.2 and § 6.3
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< 6-10* sec (Fig. 7). This is accompanied by an uptake of one H*
from the outer phase in <8 .40 sec [64] (see Fig. 20D, left).

1/2 PQ 9 E[ = 1/2 PQI{Z{ i DWH:;cteru
The neutral molecules 1/, PQH, (symbolized in Fig. 20 with P QII)
translocate a hydrogen from the outer surface of the membrane to the
positive charge [+] of the light reaction I (Chl-af) at the inner
surface which oxidizes (via cytochrome-f) 1/, P QIL,.

This reaction is accompanied by a release of one H* into the inner
phase (see Fig. 20¢). This oxidation takes place in 2-10-2 sec [25].
1/2 PQHz e E_‘} 1/2 PQ -+ D F Hi:t-em

The positive charge [+] (Chl-af;) of light reaction IT at the inner
surface of the membrane oxidizes (via intermediates) Hy0 which

is accompanied by a release of one H* into the inner phase. This
takes place in 2-10-% sec (reaction time of Chl-ar) [24].

1/2 Hzo + E">‘ 1/4 02 + D E_ I{J'-E.bern

The negative charge [~| (Chl-ay) of light reaction I at the outer
surface of the membrane reduces (via intermediates) the acceptor
A (= NADP+) which is accompanied with a H+ uptake from the
outer phase.

A(f; NADP+) - [-] > AH(}/, NADPH . H*) + [ ] H

extern

In this way

a) an electrical field is set on by an electron transfer across the
thylakoid membrane,

b) this field is stabilized by the translocation of two protons
(without counter-ions) from the outer into the inner phase of the
thylakoid,

¢) one electron is transferred from H,0 to A(NADP+),

If in a second stage II a flash of such a duration is used that the
plastoquinone pool of 3 to 5 PQ molecules is just completely
reduced (in 1.5-10-2 sec with n. = 6 %o 10 electrons) by n turn-overs
of light reaction II, the same happens as demonstrated in stage T
{see Fig. 20, right). The difference is only the gquantity in the
number of electron transfers, H* translocations, and the magnitude
of the field strength. This is discussed in the next chapter. A proton

uptake which corresponds to the size of the P pool has already
been measured in [55].
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6.3 Proton influx, field formation, and plastogquinome reduction

A consequence of the assumptions in stage I (Flg 29, left) is
— regarding for instance only the events at light reaction IL — .tha.t
with a tranfer of one electron and the set on of one hulf o.f the
electrical field (§ 5.6) and the influx of one H* (§ 6.1) the forf:natlo_n Qf
one half P QH, should be observable. This expected relationship is
documented in Fig. 21 (see {lash-sign).

AHY 41
Ch!—GI 8 I
A 6 (515nm) o
-5.107
O,A
4
2 vy
i
4]
O T2 4 6
_L =
42PO
Ch!"G'I

Fig. 21. Proton uptake (AH*) and field changes (absorption cha.ng'eﬂ at

515nm) at light reaction IT in chloroplasts as functmn of plastoquinone

reduction (Y, PQH,). The values are measured in respect to one electron
transport chain (measured by Chl-ar) [57]

A consequence of the assumptions in stage IT (Fig. 20,‘ right) is
—regarding for instance again only the events at light reactions11 -
that the 1:1:1 correspondence between the on set of 1/, field, H'
influxand '/, P QH,formation, which has been proved for one electron
in stage I, should hold in stage Il also for n electrons. In stage 11
simultaneously with the reduction of the PQ-pool through n
electrons by n turn-overs of light reaction II, the uptake of n It
and, a n-fold increase of the field (absorption change at e.g. 515 nm)
should occur. A corresponding strict coincidence of all these three
components has been shown [67] and is demonstrated up to
n = 6 in Fig. 21.
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The linear relationship between proton uptake, plastoquinone reduction
and absorption changes at 515 nm in Fig. 21 indicates additionally that the
relationship between the membrane potential and its indication by the
absorption changes at 515 nm is a linear one.

Mol Oy
Mot Chi

+4 291074

e AA 516nm
A 44 254nm
m O-production

051

change of absorption
yso)y 2od vonanposd £

0 L T T T T S 0
10 20 30 40 50°C
temperature

Fig. 22. Relative absorption changes of chlorophyll-d at 516 nm, plasto-
quinone at 254 nm and O-production as funetion of temperature in chloro-
plasts [56]

A further consequence of the assumptions in stage I and TT is
—regarding again only light reaction IT — that with the set on of
the field and. plastoquinone reduction also the O,-evolution should
be strictly correlated under different conditions. This has been
demonstrated in [56]. One example is given in Fig. 22.

6.4 Proton efflux and field decay

In the dark the relaxation of stage I and IT takes place by an
efflux of the protons back into the outer phase of the thylakoid
accompanied by a break-down of the field (IFig. 20d).

The intrinsic break-down of the field in the dark can be followed
by the decay of absorption changes of chlorophyll-b (s. Fig. 9),
the proton efflux by the pH-decrease in the dark (see Fig. 19).

It is assumed that the intrinsic break-down of the field is caused
by the proton efflux IIj (see Fig. 11 and 18). Tt is also possible that

ions other than protons (potassium, chloride ete.) cause the break-
down.
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A direet prootf that profon effiux causes the intrinsic breakdown
is given when the kinetics of the field decay and pH-decrease are
identical under different conditions. Such measurements have ag
yet not been possible. because the expected fast pll-decrease
(10-2 to 10~ sec) has as yet not been resolved by glass electrode or
pH-indicator techniques. The assumption can, however, be proved
indirectly.

It has been shown by glass electrode measurements in permanent
light that under different conditions the rate of proton efflux is
always proportional to the rate of electron flow (see § 8.4). There-

sec”! Mol Fecy
2 Mol Chl sec
. 410 3
I
5 g
: 104 &
o A
T 207 2
- =
2
102 &
3
>
ey
0
0 51079 1078 M/t

gramicidin cencentration

Fig. 23. Reciprocal half-life of absorption changes of chlorophyll-b at 515 nm
and the rate of electron transfer measured by the ferricyanide reduction in
chloroplasts as function of the concentration of gramicidin [7]

fore, the field decay—characterized by the rate constant 1/t —
is caused by a proton efflux when it can be shown that 1/r,, is
strictly proportional to the rate of the electron flow.

For instance, the rate constants of the field decay and the rate
of electron flow in dependence of gramicidin are shown in Fig. 23.
The electron flow is independent of gramicidin but the rate constant
of the field decay not at all [7]. This is expected because with
gramicidin the decay of the field is caused by effluxes of potassium
(see §5.3). On the other hand, corresponding measurements in
dependence of uncouplers are shown in Ifig. 24. In this case the
electron flow follows strictly the rate constant of the field decay at
all concentrations [58]. This is expected because with uncouplers the
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decay of the field is caused by the effluxes of profons. (That un-
couplers accelerate the efflux of protons is directly shown by mea-
surements with the glass electrode in § 8.3.)

Mol Fecy
sec- Mol Chl sec
&
o 5
g o %‘
6 10 i
2 S
X 5
35
>
0 L 1 1 >
g ! 2107 M/

methylomine - hydrochloride - concentration

Fig. 24. Reciprocal half-life of absorption changes of chlorophyll-b at 516 nm

and the rate of electron transfer measured by the ferricyanide reduction in

chloroplasts as function of the concentration of the uncoupler methylamine
hydrochloride [58]

Now, the intrinsic decay of the field is tested by comparison with
the rate of electron flow. To be sure of complete coupling whole
chlorella cells were used. As parameter different temperatures were
chosen. 'The electron flow was measured by the reduction of oxidized
chlorophyll-a; through absorption changes at 705 nm. The rate con-
stant of the electron transfer 17,5 follows strictly the rate constant
of the field 1/7;;; at different temperatures [59] (see Fig. 25). From

sec
pat
a0 ® 5i50m .
0l A 7050m
o 2
E:‘: 30F a
W S
> 2 G
>
i0
a L 1 1 1 1 1 1
5 15 25 35%
temperature

Fig. 25. Reciprocal half-life of absorption changes of chlorophyll-b at 515nm
and the rate of electron transfer measured by the absorption changes of
chlorophyll-a; at 706 nm in chlorella cells as a function of temperature [59]
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this coincidence it follows that the intrinsic field decay is caused by
proton effluxes [7], as indicated in Fig. 11 and 18. Therefore the
field driven proton efflux can be deseribed by the field decay
which is according to § 5.2 at 20 °C and pH = 8.4

k¥ = 8 sec?

(e =electrical field driven, o =intrinsic).

This conclusion is true for the indicated conditions. At other conditions
(lower pH [or instance) ions other than protons may have a greater permea-
bility than protons and then these are responsible for the decay. In general
the intrinsic field decay is determined by those types of ions which have the
greatest permeability for the membrane.

7. Phosphorylation and exira proton effluxes (field driven)

According to MrrerrLLs hypothesis [8] an extra proton flux ge-
nerates ATP or the other way around, addition of ADP and P with
the cofactor Mg+t should enhance the fluxes of protons. The in-
vestigations of the chlorophyll absorption changes should give a
direct insight into this most disputable point. Fig. 26 top shows
the result.

Additions of ADP, P and Mgt+ accelerate the intrinsic decay of
the field or proton efflux respectively under different conditions by
a factor of about 2. On the bottom of TFig. 26 the kinetics are
represented on a logarithmic scale [58].

This result on the molecular level was checked by macroscopic
measurements in Fig. 27. The rate of phosphorylation was changed
from maximum phosphorylation down to zero by addition of the
poison phlorizin. Simultaneously the change in Az, which
indicates the rate constant of the extra efflux of protons was measur-
ed. The rate of this extra efflux follows strictly the rate of phos-
phorylation [58]. For the extra proton efflux through phosphory-
lation it was found at 20 °C and pH = 8.4 1/vy; (with) — 1/,
(without phosphorylation) = Al/r,; = kSpp = 14 sec1,

(e = electrical field driven, ATP = by phosphorylation)

These results indicate that if the reaction center of phosphoryla-
tion within the membrane works by the addition of ADP and P,
and the cofactor Mg+, the field driven proton gradient across the
membrane can be additionally discharged through this center. So,
the scheme can be extended as depicted in Fig. 28.
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Fig. 26.. Top: time variation of the absorption changes of chlorophyll-b at
515nm in chloroplasts without and with phosphorylation. Botfom: the same
in a logarithmic scale [58]
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Fig. 27. Reciprocal A half-life of absorption changes of chlorophyll-b at
515 nm and the rate of ATP production in chloroplasts as function of the phos-
phorylation quencher phlorizin [58]

The function unit for the field driven phosphorylation should be
as great as the function unit of the field, that is one thylakoid.
Measurements of ATP formation in dependence of gramicidin (cor-
responding to those in § 5.4) confirm this predietion [60].

The field driven events and their rate constants are summarized
in Fig. 28.

The acceleration of the field decay through phosphorylation
oceures in short flashes (set on of 50 mV) and long flashes {set on of

hyy hvy electrical
field driven \ A‘Ff AgP
. 1:;7] [? ; : £S5 L 3
I R S |
Ty T g T T
somvy—5 ¥, }
I triisseiis L L Lo

o [k /e b

inner

phase / thylokoid

cotons
anions

s2:10%s

gp=210% /M

<2.108s ki=8sT k=a;c, kf=ay Cppg+-
Gpes =131081/Ms g =205Ms
appp=271081/Ms

field driven Oy =17-103/ Ms
ion-transfocation
(spectroscopic resulls)

Fig. 28. Scheme of the field formation (intermitted thin line)} and the field
driven ion translocation across the thylakoid membrane of chloroplasts, The
transfer times and the rate constants, described in the text, are indicated
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200 mV) (s. § 5.5). In short flashes the effect is, however, observable
only with permanent background light. This is expected. The free
energie of protons driven in 50 mV is too low to drive phosphory-
lation [8]. Permanent light, however, sets on an additional proton
gradient (see § 8). With .the help of this additional energy the
protons can discharge through the phosphorylation center. The
results in Fig. 26 were obtained in long flashes (8- 103 sec) without
background light.

, 8. Diffusion driven proton translocation

After the development of stage T and IT in short and long flashes
(see Fig. 20) in permanent light, a third stage is built up with a new
phenomenon. In this third stage a further but very slow transloca-

—

time

Fig. 29. Principle pH-change as function of time in stage I, II and ITI.
Details § 8.

tion of H* in the order of seconds takes place. The amount is in, the
order of 100 protons per electron chain or 10,000 protons per
thylakoid. This phenomenon is accompanied by an efflux of cations
(or influx of anions). This third stage can be easily followed by the
measurements of the pIH-increase in the outer phase of the thyl-
akoids with a glass electrode (see Fig. 29). These are those pheno-
mena which have been first observed by NEUMANN and JAGENDORF
[5] and Ditrey and VERNON [6] on which has been reported in
the introduction. Obviously, this third stage is a consequence of
the elementary fast stages I and II which have been studied by
the chlorophyll-b absorption ehanges.

8.1 Proton influx and the proton gradient
When the membrane is not at all permeable for ions other than
protons the creation of the third step would not oceur. When,
however, the membrane is only a bit permeable e.g. for cations,
these are slowly driven outwards by the electrical field which is
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built up in stage I and IT and which exists in continuous illumina-
tion permanently (see Fig. 30, left). This cation efflux through the
field is counterbalanced by a corresponding additional slow It
influx. At 20 °C, pH. = 7.4 the influx takes place in a half rise time of

1 sec.

It is even possible to estimate the light induced pH-decrease in
the light in the inner phase of the thylakoid! A maximal decrease
of A pH = 2.7 has been observed by Rumezra et al. [61].

permanent light
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Tig. 30. Scheme of the coupling between field driven and diffusion driven ion
translocation in permanent light (stage T1T). Details § 8.1

The stage I in Fig. 20 is determined by the capacity for quanta
within each electron chain, that are 2. The stage IT is determinded by
the electron capacity ofthe P Q-pool, thisisabout 6 to 10. The stage [11
in Fig. 30 must be determined by the ion capacity of one thylakoid
(= 10,000). This follows from the results that the function unit
for the ion transport system is one thylakoid (see § 5.4).

8.2 Proton efflux

In the dark the relaxation. takes place as in stage I and II. The
discharge of the stage III (see T'ig. 30, right) which can be fol-
lowed by the glass electrode is determined by the diffusion driven
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efflux of the bulk of protons and the diffusion driven influx of the
bulk of cations respectively. This is the essential difference in com-
parison with stage I and II in Fig. 20: the efflux of protons in
stage I and IT is driven by the electrical field.

For the diffusion driven efflux at 20 °C and pH = 8.4 theintrinsic
rate constant kd in spinach chloroplasts prepared under condition
that uncoupling is minimized

k3 = 0.3 sec?

(d = diffusion driven, o -=intrinsiec).

—

]

C = desaspidin concenlration

(aH*Y
(AH*;

=]
tn

i C=3-1070M

c=107M
\
C=310""M
P L L L _
0 20 40sec
time

Fig. 31. Time variation of the efflux of protons in c¢hloroplasts as function of
the concentration of the uncoupler desaspidin [61]

8.3 Proton efflux and uncouplers

First qualitative results of the acceleration of the diffusion
driven proton efflux by uncouplers on chloroplasts came from
JAGENDORF et al. [63]. The quantitative measurements by Rum-
BERG et al. with the glass electrode in Fig. 31 show a first order
decay at different concentrations of the uncouplers [62]. (Corres-
ponding measurements on mitochondria were carried out by M-
CHELL et al. [64].) The efflux is strongly accelerated with increas-
ing coneentrations. For different types of uncouplers as desaspidin
(Des), carbonyleyanide-m-chlorophenylhydrazone (CCP) and anti-
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mycin A (AA) the rate constants ki are at 20°C and pH = 7.4
kd = ay- ¢, with

apeg — 6.0-1081/M-sec, acep = 1-10%1/M-sec and
aps = 1-10% 1/M - sec

(d = diffusion driven, u = uncoupler).

These results confirm definitely that the effect of uncouplers is
the increase of the membrane permeability for protons [62].

8.4 Proton efflux and electron transfer

The rate of proton efflux dAH*/dt, measured with the glass elec-
trode, and electron transfer dAe—[dt are always identical and chan-
ged in the same way as a function of uncoupler-coneentration (see
Tig. 32, top), pH (Fig. 32, center), temperature (Fig. 32, bottom)
[62, 65]. The strict coincidence of both under widely different
conditions shows definitely that the electron transfer is regulat-
ed by the proton efflux out of the thylakoid. Explanation see § 8.5.

The results of Fig. 32 implicate that during the efflux with each electron
transfer one proton is translocated. During the influx, however, with each
electron two protons are translocated (see § 6.1). This difference is probably

caused by the fast field driven component of proton efflux which is not
detected by the glass electrode [61, 62].

8.5 Coupling between proton translocation and electron transfer
According to the scheme in Fig. 20 the electron transfer causes
proton translocations into the thylakoid. Therefore there must be a
“back pressure” of the protons AH™ in the inner phase on the

. eletron transfer system. This back pressure can be effective only on

that step which is rate limiting and accompanied with a deprotoni-
sation. This step is the oxidation of 1/, PQH, (see § 4):
Y, PQH, =, PQ+ le 4+ 1 H*. (1)
Therefore the amount of AH" in the inner phase should regulate
via the reaction formulated in Fq. 1 the speed of the electron
transport system. Because AII* decreases by increase of the in-
trinsic efflux dAH*/dt [through the rise of temperature or pH or
uncouplers (see Fig. 32), or by extra efflux during phosphorylation
(see §9)] the electron transfer is speeded up.
This mechanism has been proved by measuring the oxidation
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Fig. 32.{ Specific rates of proton translocation and electron transfer in chloro-

plasts. Top: as functpn of the uncoupler desaspidin concentration. Cenfer: as
function of pH. Botfom: as function of temperature [62, 65]

’Fime o{" PQH, through absorption changes in dependence of AH*
in the inner phase. The oxidation time increases indeed with the
increase of AH" [61].

9. Phosphorylation and extra proton effluxes (diffusion driven)

According to the hypothesis of Mrrerers [8] and the results in
§ 7 the amount of generated ATP should be given by an additional
proton efflux (AH")sre. In §7 such a relationship for the field
driven proton efflux was proved. A diffusion driven oxtra efflux
through phosphorylation must be characterized by a corresponding
diffusion depending rate constant kpp. When AT* is the total
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amount of protons translocated into the inner phase of the thyl-
akoid it follows

AATP ~ AH* - kpp-t  when k-t < 1.

Using actinic flash light with dark times t between the flashes
it follows for the yield of ATP per flash that this should be pro-
portional to the amount of already translocated protons AHT.
AH* was changed by different times of illumination. Actually the
yield of ATP per flash increases linear with AH™ (see Fig. 33) [62].
This demonstrates that also under diffusion driven conditions ATP
formation is coupled with an extra efflux of protons.

D2 A
M Cht
4104 'K‘o
q .
=
S
2
g
a 290t
&~
=T
<
Q 1
0 o1 M

M Ch
AH* e
Fig. 83. Specific yield of ATP per flash in chloroplasts as function of the
specific amount of translocated protons [62]

In § 7 it was mentioned that the field driven proton efflux has to reach a
critical value of free energy in order o be discharged through the reaction

_center of phosphorylation. This is expected also for the diffusion driven proton
efflux. This means that in Fig. 33 the lincar relationship cannot exist down to

zero. Wirst formation of ATP should be observable only above a critical value
of AH*,

The diffusion driven events so far obtained by the glass electrode
meagurements and their rate constants are summarized in Fig. 34.

Electron transfer and ion translocations are depending on the
conditions of the membrane. Because they are coupled with each
other the conditions can be characterized by one of them, for in-
stance by the rate of the electron transfer. The data in Fig. 28 and
Fig. 34 and Fig. 36 have all been related to one and the same
preparation with an electron transfer rate of defdt = 0.01 sec™ at
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20°C, pHf = 7.4. In this way all values are comparable with each
other. The corresponding data in our original publications are some-
times different from these values here because they are related to
slightly other membrane conditions.

In comparison with the electrical field driven events in Fig. 28
it can be seen that the diffusion driven rate constants in Fig. 34
are in general about 30 times smaller (using this rule, from k§ pp the
value of k{,p has been calculated which is included in Fig. 34).

diffusion

driven A‘{P ADP
\ pe
L4
H Y 3 ¥ 3
"
I TITW T I AL 7 TR T T T T
a
; H &}‘\ ]i }
VEIIIIIIIN S IT VYTV IIIYYY. VS INTYIIIINII) " N IIIINIISTINNIY: i

i

thylakoid
aya v

inner phase

d_ ~ d . = L (-
kG_G,_?s if«arP" 05s ku-. a.c,

fe B
_c.'DES-S,O 10°1/M-s
q..= 1-109/M-s

diffusion driven a . = 1-1051/M.s

ion-translocation AA
(pH-measurements)

Fig. 34. Scheme of the diffusion driven ion translocation across the thylakoid
membrane of chloroplasts, The transfer times and rate constants, described
in the text, are indicated

10. Conelusions

The results indicate that the function unit of photosynthesis is
one thylakoid. This unit consists of several hundreds of electron
transfer chains in the membrane of one thylakoid. At least ten
chains are combined. through a strand, of P Q. Within each electron
chain, electrons are transferred by two light reactions from H,0 to
NADP*. The transfer is assumed to oceur diagonal through the
membrane. This leads to the formation of an electrical field com-
ponent perpendicular to the membrane. The stabilization of this field
causes the translocation of two protons through the membrane into
the common inner phase of the thylakoid. The field driven and diffu-
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sion driven efflux of these protons into the outer phase is couple_d —
with the production of ATP. A simple scheme of this 1‘1nit 15 depicted
in Fig. 35. Details of one “‘element” are presentfsd L Fig. 36.. '

Withrespect to the hypotheses of MiTcHuLL which isin our opinion
one of the most ingenious hypotheses presented in the ﬁejld of bio-
chemistry in the last 10 years, we have found t.he following 17 ex-
perimental results which support this hypothesis.

1 thylakoid H*
~ 100 e-transport chains ' .
~ 10 chains combined through v

one strand of PQ

Fig. 35. Function unit of the primary processes of photosynthesis (one thyla-
koid of chloroplasts). Details see § 10

1. Proof for the existence of an electrical field across a membrane

(§53).

9. Estimation. of the woltage of this field as Vo=50mV and
Vmax = 200mV (§ 5.5). ‘

3. Proof for field driven proton translocation across a membrane
(§6.1, 6.3). . .

4. Kvidence for the field driven proton translocation via the
redox reaction of plastoquinone (§ 6.3).

5. Estimation of the pH-decrease in the inner phase of the thyl-
akoid ApH = 2.7 (§ 8.1). '

6. Proof for a strict coupling between proton tran.slocatlon.s and
electron transfer under widely different conditions as function of
temperature, pH, uncouplers, etc. (§ 8.3 and § 8.4).
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7.. Ew.ridence for the location of coupling at the rate-limiting step
which is the oxidation of !/, PQH, (§ 4).

8. lividence for the mechanism of the coupling. This is the back
pressure of AII* on the electron-proton-dissociation from 1 [, PQII,
in the inner phase of the thylakoid (§ 8.5).

ihv‘, mvg ATP
d 4 o
f B
i |
E T
Yo i il
i
inner phase thylakoid
Vp = 50mV kf= 85l ke =af- ¢ k= al <,
T, <200 d_ o =
y €200 k=035 ., =13 108lms ag 260108 Ynms
. /
0 =27-106M-5 ol = 1-105YMs
dpH = 27 koo 214 sl ae  =17103 M. at = 7-105ms

y AA
b= 4 = ¥
0A A =055

electrical field driven (e) and

. diffusion driven (d) jon transiocation

Fig. 36. Correlation between light reactions (wavy arrows), electron transfer

(dotted arrows), field formation (V,), proton translocation (heary arrows) and

phosphorylation in the membrane of a thylakoid of chloroplasts accordin

to ?he experimental results reported in the text. The specific data ari

indicated, Two figures have to be added. The area of the membrane is
A Z (5000 A)? and the time for the proton uptake Ta™ = 8.10-3 gec

9. Proof for phosphorylation coupled with a field driven extra
proton efflux (§ 7).

10. Proof for phosphorylation coupled with a difusion driven extra
proton efflux (§ 9).

.M' The estimated values of the voltage (50 to 200 mV) together
Wlt.h t.he pH-_decrease (4pH = 2.7) correspond to a free energy
which is sufficient for ATP-formation as caleulated by MircrELL [8].
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Moreover results have been obtained which are not explicitly for-
mulated in the hypothesis.

19. The risetime of the electrical field is less than 2-10-8 sec (§5.2).

18. The function unit for field changes, proton translocations and
phosphorylation has an area of = 5000 A x 5000 A and corresponds
to the size of the thylakoids in chloroplasts (§ 5.4).

14. Each of the two light reactions sets on one half of the field
in the elementary act (§ 5.6).

15. Each of the two light reactions translocates one proton across
the membrane in the elementary act (§ 6.1).

16. The rate constants for the clectrical field driven (e) and diffusion
driven (d) proton effluxes have been estimated.:

kg — for the intrinsic efflux (§6.4, §8.2),

Tarp — for the extra efflux during phosphorylation (§ 7, § 9),

%y — for the increased efflux through uncouplers (§ 5.3, § 8.3).

The constants for the field driven protons are roughly 30 times
larger than for the diffusion driven.

17. A Three-stage-mechanism can be formulated. Thisis determined
by the capacity for guanis in each electron chain (2), the electron
capacity in each electron chain (~ 10) and the fon capacity in each
thylakoid (2 10000) (see Fig. 20 and Fig. 30 and § 8.1).
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