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Abstract.

The thylakoid membranes are the functional units 
upon which the photosynthetic energy-tansducing 
reactions occur. There is a strict relationship 
between the structure of these membranes and their 
functional capabilities; this is because the components 
of the photosynthetic electron-transport chain are 

bound to proteins in the membrane in 
a specific manner. Functional changes can be 
induced by using pnotediytic enzymes to alter the 
structure of the proteins. Two enzymes, trypsin 
(which digests bonds involving arginine and lysine) 
and chymotrypsin (which digest bonds involving 
tryptophan, tryosine and phenylalanine) have been 
used to investigate the functions of the thylakoid 
membrane. The rationale was that because these 
enzymes have different specificities for the bonds - 
which they attack they may induce different functional 
changes in the membrane. The effects of these enzymes 
are compared.

Measurements of light-induced oxygen evolution rates 
in the presence of exogenous electron acceptors 
showed that both trypsin and chymotrypsin altered 
the electron transport reactions in a number of ways.
At higher concentrations both trypsin and
chymotrypsin treatment of thylakoids caused the rate
of electron transport to be dependent on the type of
electron acceptor present and rendered electron
transport insensitive to j 3_(3|4-dlchlorophenyl)~l, 1 dimethylurea
which inhibits photosystem II. These effects of
trypsin have previously been,shown to be due to
partial digestion of a 32KDa protein on the acceptor
side of photosystem II. Thus chymotrypsin may also
affect this polypeptide. At lower concentrations



trypsin, and to a lesser extent chymotrypsin, 
stimulated the rate of electron transport. This 
suggested that both of these enzymes tend to uncouple 
the thylakoid membranes.

Trypsin and chymotrypsin altered the flash-induced 
field indicating absorption change measured at 
520 nm (the electrochromic bpndshift) in two ways :
1) the half-time of decay was decreased suggesting 
increased trans-membrane ion flux and 2) the extent 
was reduced. The decrease in the half-time of the 
decay of the electrochromic bandshift was correlated 
with uncoupling, by trypsin and to a lesser extent by 
chymotrypsin, of the thylakoid membrane. This proposal 
was supported by phosphorylation measurements which 
showed that both trypsin and chymotrypsin can, at 
least partially, inhibit ATP synthesis. But after 
brief trypsin incubation in the light a stimulation 
in the rate of phosphorylation and oxygen evolution 
(water to methyl viologen) was evident. It is 
possible that trypsin affects the esub-unit, 
believed to be an inhibitor of ATPase function, 
however, no evidence to support this proposal was 
seen in polyacrylamide gel electrophoresis analysis 
of the ATPase.

ATP hydrolysis was stimulated by both trypsin and 
chymotrypsin and this was tentoxin sensitive. When 
ATP was added to thylakoids in which ATP hydrolysis was 
active the half-time of decay of the electrochromic 
bandshift was decreased significantly. These data 
suggest that the decay of the electrochromic 
bandshift is accelerated by trypsin and chymotrypsin 
because these enzymes stimulate ATP hydrolysis ; thus 
in the presence of ATP in the dark, an appreciable 
trans-membrane electrochemical potential gradient of



protons exists. When a flash-induced field is 
imposed on top of the steady state electrochemical 
potential gradient, the driving forces for ion flux 
through the membrane are larger than in the control, 
hence the electrochromic bandshift decays more 
rapidly.

The reduction in the extent of the electrochromic 
bandshift caused by trypsin or chymotrypsin was 
investigated using an extrinsic membrane-potential 
probe, oxonol VI. The flash-induced absorbance change 
of oxonol VI proved to be more sensitive tharicthet to 
electrochromic: -bandshift^ to? enzyriie treatment of the 
thylakoids. It was shown that oxonol VI is best used 
as an indicator of membrane potential under conditions 
where the potential is changing slowly.

Trypsin was shown to decrease the amplitude of the
electrochromic bandshift more markedly in thylakoids
treated in a high-salt medium as compared to low-
salt samples, whilst chymotrypsin had a similar effect
in either media. The data from measurements of the
electrochromic bandshift induced by PSI alone and

2 +frora measurements of the Mg - induced fluorescence 
increase suggested that trypsin treatment of thylakoids 
in high-sa.lt media reduced the amplitude of the 
bandshift by removing a portion of light harvesting 
complex associated with PSII. This polypeptide 
has previously been implicated in the control of 
energy redistribution between the two pho t o s y s t e m s ; 
its removal leads to a reduced excitation of 
photosystem II and enhanced excitation of photosystem I. 
However this explanation does not account for the 
effect of chymotrypsin or trypsin in low-salt medium 
for which there are three possibilities: 1) removal
of light harvesting complex associated with the 
photosystems; 2) a direct effect on the electrochroipic



bandshift sensing-pigments and 3) a direct effect on 
the functions of the reaction centres. Measurements 
of flash-induced oxygen yield as a function of flash 
intensity suggest that chymotrypsin has no effect on 
the light harvesting pigments associated with 
photosystem II. Moreover chlorophyll fluorescence 
induction curves indicated that neither chymotrypsin 
nor trypsin in low-salt affected the primary 
photochemical reactions at the reaction centre of 
photosystem II. But measurements of steady-state 
light-induced oxygen evolution suggest that both 
trypsin and chymotrypsin rEdueed the rate of electron 
transport even at low enzyme concentrations. In view 
of this result an effect on the efficiency of the 
photosystem II cannot be ruled out but it is still 
possible that chymotrypsin and trypsin (in low-salt 
media) affect the size of the electrochromic bandshift 
by removal of some of the sensing pigments.
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CHAPTER ONE - INTRODUCTION



1.1 THE IMPORTANCE OF PHOTOSYNTHESIS.

Photosynthesis is the process by which radiant energy 
from the sun is converted into chemical energy by 
green plants, algae and some bacteria. The 
importance of this process cannot be overstated as 
all life on this planet, with the exception of 
chemotrophic bacteria, is dependent upon 
photosynthesis as a source of food; moreover green 
plant photosynthesis maintains the level of 0^ in 
the atmosphere. In addition to these indispensable 
functions plants are a source of fuel and fibre.

The photosynthetic process has been intensively 
studied and this has yielded a large amount of 
information on the mechanism and more recently 
on the structures involved. As yet little of this 
knowledge has been applied to trying either to improve 
or mimic photosynthesis. However, it is now possible 
to speculate about the future and look at what 
applications may be made of this basic research. Two 
areas currently being investigated are: 1) the
production of totally artificial systems. A recent 
paper (Calvin, 1983) showed that it is now possible 
to produce an artificial system capable of light 
absorption and charge separation, the first 
two steps in the natural process. The next stage 
is to extend this model to allow it to store the 
absorbed energy which could subsequently be used 
to do work. The final aim of this work would be to 

create an alternative energy source to that of fossil 
fuel; and 2) the manipulation of genes which code for 
proteins that are important in photosynthesis. Two 
proteins which are targets for manipulation are the



32KDa protein implicated in herbicide binding, 
and RUB'P carboxylase, the key enzyme in CO^ 
fixation (Grierson and Covey, 1984). The 
objective of this research is to improve the natural 
photosynthetic system thus hopefully increasing 
the yield.



1.2 THE OVERALL PROCESS.

The overall photosynthetic reaction involves the 
conversion of CO^ and H^O into carbohydrates which 
can be used subsequently as a source of energy.
The reaction in green plants can be written thus:

2H20 + C02 CHLOROPHYLL"5* (c h 2® ) + °2 + H 2°

Sulphur and non sulphur photosynthetic bacteria can 
fix C02 but no 0 2 is evolved:

2 H 2s + F l i g h t *  (ch20) + 2S + H2° (sulphur")

2C00H(CH2 ) 2C00H + C02 BACTERIOCHLOROPHYLif* (C H 20)+

2c o o h (c h )2cooh + h 2o (n o n - s u l p h u r )

van Neil (1941) compared the reactions in bacteria 
with those in higher plants and, from the similarities 
between the reactions, he suggested that in each 
case C02 was reduced at the expense of an oxidisable 
substrate. A general reaction describing the process 
can be represented thus:

2H2A + C02— -------------- (CH20) + H 20 + 2A

This proposal implied that in green plants 0 2 was
produced from the oxidation of water and that C 0 2 was
reduced to form carbohydrate. Experiments of Hill
( 1937 ) supported this: illumination of isolated
chloroplasts in the presence of a reducing agent
resulted in the evolution of 0 2 without the occurrence
of CO fixation. Studies, using the heavy isotope 

18of oxygen ( 0) to discriminate between H O  and CO



as the source of 0^* also suggested that H 20 was 
the source of 0 2 (Ruben et a]_,1941 )#

Photosynthesis can be divided into two reactions 
known as the light reaction and the dark reaction.
The former involved the photolysis of water, 
producing hydrogen ions and electrons which then 
participate in the formation of ATP and NADPH which 
are the energy source for C 0 2 reduction in the dark 
reaction. The dark reaction (more correctly the 
non-light requiring reaction) involves a complex 
cycle of enzyme driven reactions. The biochemical 
steps involved in carbohydrate formation were worked 
out by Bassham £ib al̂  ( 1954) using radio-isotopes and 
auto-radiography. They showed that CC>2 is 
incorporated in a reaction with ribulose 
bisophosphate (RUBP) giving two molecules of 3- 
phosphoglyCeric acid. This compound then undergoes 
several interconversions (from to C 7 carbon 
compounds) using ATP and NADPH generated in the light 
reactions to regenerate RUBP. These reactions take 
place in organelles called chloroplasts. It is a 
structure bounded by a double membrane which encloses 
a proteinaceous stroma and an inner continuous 
membrane system which forms internal closed structures 
called thyakoid membranes (Fig. 1). The light 
reactions take place on the thylakoid membranes 
while the site for the 'dark reactions' is the 
stroma.



FIGURE 1.

An electron micrograph of a chloroplast. This organelle is bounded by 
a double membrane called the outer envelope (E), which encloses a 
proteinaceous stroma (PS) and the thylakoid membranes. Two structural 
groups of thylakoid membranes are visible: appressed regions where the 
membranes form stacks called grana (G), the grana are interconnected by 
non-appressed membranes called stromal lamellae (SL). The large black 
objects are starch grains (St).
Magnification 1 54000. Isolated from Phaseolus vulgaris,.



1.3 LIGHT A BS OR PTION AND ENERGY TRAPPING.

1.3.1 The Photosynthetic Pigments.

The first step in the photosynthetic process is 
the absorption of light by pigment molecules which 
are situated in the thylakoid membranes. In green 
plants the most important pigments are the 
chlorophylls. These are either involved directly 
in the photochemical reactions (chlorophyll a) or 
as accessory light-harvesting pigments (chlorophylla and 
In addition to the chlorophylls the other major 
pigments are the carotenoids.which have two functions
1) light absorption and 2) a protective role in 
dissipating superoxide or singlet oxygen radicals 
which are formed by the overexcitation of chlorophyll 
in the presence of oxygen.

The photosynthetic pigments in higher plants absorb 
light in the visible region of the electromagnetic 
spectrum i.e. between 400 and 700nm. The absorption 
spectra of Chla, Chib and carotenoids in organic 
solvent shows that each of these pigments has 
different wavelengths of maximum absorption.
Comparing the absorption spectrums of the 
photosynthetic pigments with the action spectrum for 
photosynthesis indicates that there is energy transfer 
between these pigments (Clayton,1965)
wavelengths where chlorophyll absorbs only weakly 
photosynthetic activity is at a similar level as 
at wavelengths where strong absorption by 
chlorophyll occurs. This system ensures that light 
absorption occurs right across the spectrum thereby 
helping to maximise the efficiency of photosynthesis. 
The absorption spectra so far discussed concern the



photosynthetic pigments in organic solvents; they 
display different absorption characteristics iji v i v o . 
This difference is brought about because in vivo 
the pigments are non-covalently bound to proteins 
in the membrane (Thornber, 1975). This association 
maintains the pigments in a specific orientation, 
both within the membrane and in relation to each 
other and is important for the efficient functioning 
of these components (see 1.6).

1.3.2 The Photosynthetic Unit.

The photosynthetic pigments can be divided into two 
functional groups: 1) the antenna complexes,
comprising the majority of the pigments and whose 

role is light absorption; 2) the reaction centre 
complexes which are made up of specialised 
chlorophyll-protein complexes and which are responsible 
for trapping the energy received from the antenna 
complexes. Therefore the majority of the pigments 
serve as a light gathering funnel which channels the 
absorbed energy into a small number of energy- 
trapping reaction centres. The concept that 
chlorophyll molecules could co-operate with each 
other was recognised first by Emerson and Arnold 
(1932) who proposed the existence of the photosynthetic 
unit. Prior to this it was believed that each 
chlorophyll"molecule was involved in photochemistry 
(Clayton, 1965).In its original form this unit was 
defined as the number of chlorophyll molecules 
required to reduce one molecule of CO -:this was 
shown by Emerson and Arnold to be about 2400 Chi.
This number has how been modified to take account of 
new information which has been gained about the 
mechanism of photosynthesis. Before one molecule 
of oxygen can be evolved the absorption of four 
quanta of light is required (see section 1.4.2)



therefore each of these would require the 
co-operation of 600 chlorophyll molecules ( 2400/4).
Further experiments by Emerson (1958) showing the 
red drop and enhancement effects resulted in the discovery 
that higher plants had two photosystems. These are 
now known as photosystem II (PSII) and photosystem I 
(PSI) and exhibit light-induced bleaching at 680nm 
and 700nm respectively. The implication of this 
discovery was that a minimum of eight quanta are 
required to reduce one molecule of COg. Therefore 
the original number of 2400 can be altered to 300 
(2400/8);this giving the number of chlorophyll molecules 
associated with each photosystem both of which perform 
one photochemical reaction on the absorption of one 
quanta of light.

This model of the photosynthetic unit will probably 
have to be altered in the near future because of 
recent experimental findings: 1) the ratio of PSII:
PSI is not one (Melis and Brown, 1980); 2) the two
photosystems are spatially separated along the 
l ateral plane of the membrane | (Anderson, 1984 ;Barber , 1984 ) .
In addition when the photosynthetic unit was first 
conceived little was known about the molecular 
structure of the photosynthetic membrane, therefore 
it was not known if this unit was a structural or 
statistical entity. In recent years it has been 
possible to isolate light harvesting pigment complexes 
and reaction centres from higher plants (Anderson and 
Andersson, 1982) and bacteria (Clayton, 1980). Hence in bacteria it 
is probably valid to look upon the photosynthetic unit 
as a structural unit. However in higher plants the 
picture is not as well resolyed and it appears that 
antenna molecules can move between PSII and PSI 
(see section 1.6.1. l ).



1.3.2.1 The Antenna Complexes.

The function of the antenna pigments is to increase 
the cross-sectional, area, and wavelength span of 
light absorption and to pass this energy on to the 
reaction centres. Absorption of light by the antenna 
molecules results in the raising of electrons from 
the ground to the first or second excited singlet 
state. Once absorbed this energy is transferred 
from one antenna molecule to the next via resonance 
transfer until it reaches the reaction centre. A 
number of fates can befall this energy: it can be
1) lost in radiationless-deexcitation (emitted as heat)
2) lost as fluorescence or 3) used to drive the 
photochemical reactions in the reaction centres.

1.3.2.2 The Reaction Centre.

Photosystems I and II each contain the reaction centres 
within which the photochemical reactions take place.
The first direct evidence of photochemical charge 
separation in reaction centres came when Duysens 
(1952) observed the reversible light-induced bleaching 
of P870 in purple bacteria. Later Kok (1956) 
observed these effects in chloroplasts where a 
bleaching of P700 was evident.

The energy, passed onto the reaction centres from 
the antenna pigments, is 'trapped' in the form of 
oxidising and reducing equivalents. The reactions 
occurring within the photosystems can be generalised 
as shown below:

DP A---- >DP * A --- >DP + A” ---->D + PA”



Where P is the primary donor, A the primary acceptor 
and D the secondary donor which restores P to its 
original form. These reactions result in the 
stabilization of charge which creates a redox potential 
difference between the acceptor and donor of 
each of the two photosystems. Electrons are then 
able to flow down the redox potential difference 
from PSII to PSI.



1.4 EL ECTRON TRANSPORT.

1.4.1.1 Linear Electron Transport.

The flow of electrons from water to NADP+ is known 
as linear electron transport. A scheme describing 
this linear flow was first outlined by Hill and 
Bendall (1960); they suggested that the two light 
reactions co-operate in series and are linked by 
a system of electron carriers. Evidence in support 
of this 'Z' scheme has come from a number of sources 
one of the most important being the experiments of 
Duysens £ t al (1961). Using red^algae, Duysens 
showed the antagonistic effects of light, 
selectively absorbed by PSII (562nm) or PSI (680nm), 
on the oxidation state of a cytochrome situated in 
the thylakoids membranes of the algae. In addition, 
the use of mutants of an''.algae Chi amydo.monas. 
reinhardii , lacking in one oreother ibf the electron 
transport components (Levine, 1969) lent support 
to this scheme.

The trapping of energy by PSII results in the 
formation of a weak reductant, and a strong oxidant 
which is capable of splitting water. In PSI a weak 
oxidant, and a strong reductant capable of reducing 
NADP+, are formed. The formation of these redox 
pairs at the reaction centres creates a . 

redox potential differencewhich initiates the flow of 
electrons down the electron transport chain. This 
chain can be divided into three sections: 1) from
water through M and Z to the primary donor of PSII 
(P680,ChialI); 2) from the primary acceptor of PSII



(Q) to Q b , thence to the plastoquinone pool, 
the Reiske iron-suplhur centre, cyt f, plastocyqnin 
and finally the primary donor of PSI (P700); and
3) from the primary acceptor of PSI (X, A 2 ) through 
(FeS A/B), and ferredoxin to NADP+ (Fig. 2).

At the same time as electrons are transported 
through the electron transport chain, hydrogen 
ions are moved from the outside and are released 
on the inside of the thylakoid membrane. This 
transfer of protons occurs by 1) actual movement 
of protons across the membrane through the 
plastoquinone pool (1.4.7) and 2) apparent movement 
of protons caused by the release of H+ from water 
oxidation at the inside of the membrane, and the 
uptake of protons at the outside of membrane by 
NADP+ forming NADPH^. This movement of protons
across the membrane results in the formation of a
proton gradient which;is subsequently used in the 
formation of ATP (1.5.1). To summarise, the function 
of the electron transport chain is to provide energy 
in the form of ATP and NADPH2 which can then be used
in the subsequent dark reactions to fix C 0 2 in
the form of carbohydrates.

This scheme of electron transport is generally 
accepted as being adequate to explain the experimental 
results which are available to date. However, some 
reports have appeared in the literature suggesting 
that cyclic electron transport occurs around each 
photo system. Arnon et al̂  (1981) proposed a scheme 
in which the two photosystems operate in parallel 
as opposed to the series model depicted by the Z 
scheme.
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1.4. 1-.2 Cyclic Electron Transport.

In addition to linear electron transport (section 
1.4.1.1) isolated intact chloroplasts are capable 
of driving cyclic electron transport: this reaction 
is mediated by PSI and produces ATP without reducing 
NADP+ . Phosphorylation driven by cyclic electron 
transport was the first type of phosphorylation to 
be discovered (Arnon et, _al, 1954), yet the 
physiological significance of this is still not 
clear. This is due to the difficulty of measuring 
cyclic electron transport alone under physiological 
conditions because, there is no way of distinguishing 
between ATP produced during linear from that of 
cyclic electron transport. Cyclic electron transport 
has been demonstrated in isolated intact chloroplasts 
but this was under non-physiological conditions:
DCMU was used to inhibit linear electron transport 
and added dithionite poised the redox state of the 
components by donating electrons to the fully 
oxidised cyclic chain (Crowther et al, 1979).

The cyclic and non-cyclic electron transport chains 
have common electron carriers which are: ferredoxin;
the Reiske iron-sulphur centre; plastoquinone; 
cytochrome f and plastocyanin (Allen, 1983). On the 
basis of inhibitor studies with Antimycin a, icyt _b 563 ' 
has been assigned a unique role in cyclic electron 
transport, where it was believed to transfer electrons 
from ferredoxin to plastoquinone: Antimycin a was shown 
to inhibit the oxidation of cyt b 563 and cyclic 
phosphorylation but it had no effect on linear 
electron flow (Arnon ej; al_, 1967 ; Bohme and Cramer, 
1972). However, the site of action of Antimycin a 
in chloroplasts has proved to be ambiguous.
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It is not the same as in mitochondria and bacteria 
where it is known to inhibit electron transfer 
from cyt b to cyt £ (Slater, 1973); hence the above 
assignation of cyt b 563 as a link between PSI and 
plastoquino,nec;isr:tentative at best. More recently 
it has been suggested that the site action of 
Antimycin a, in chloroplasts,.may be an unidentified 
proteinaceous component which would mediate electron 
transfer from ferredoxin to plastoquinone. In addition, 
Crowther and H i n d , (1980) have
proposed that an extra membrane component called V 

: . v  may be present in the membrane
acting as a link between ferredoxin and plastoquinone.

Evidence for the involvement of plastoquinone in the 
cyclic chain has come from the use of DBMLB (a quinone 
analogue) which inhibits both cyclic and non-cyclic 
electron flow (Mills £t; aX, 1979 ; Malkin and Chain,
1980). The path of electron flow in the cyclic chain 
is still unclear. Although the suggestion that cyt b 563 

acts as a link between ferredoxin and plastoquinone 
is only tentative. It is also unlikely that cyt b 563 

connects directly with cyt f (Velthuys, 1978). 
Evidence from the use of the electrochromic bandshift
(1 .9 .1 .1 ) suggests that an extra electrogenic loop 
may occur when plastoquinone(P Q H ^ ) passes one electron 
to cyt f which then creates the driving force for another 
one-electron transfer from piastosemiquinone to a 
b - type cytochrome (Velthuys, 1978; 1979). In order
to account for the experimental results which indicate 
that cyt b 563 may be involved in-both linear and 
cyclic electron transport two models have been proposed
1) the Q-cyle and 2) the b-cycle: these models are
discussed in section 1.4.7.



1.4.2 Donors to PSII.

This part of the electron transport chain, in 
conjunction with the primary donor (P680) of PSII, 
brings about the splitting of water.

Between H^O and PSII there are two components which 
are shown in the scheme above: 1) M is the complex
which is involved in 0 2 evolution I 2) Z, the primary 
donor to P680. A third component which is found 
closely associated with PSII i s cyt b 5 59 (Wydr inski, 1 982)

The Mechanisms of 0 evolution.

Oxygen is produced in the photosynthetic reaction 
from water oxidation:

2H20------- >4e“ + 4H+ + 0 2

The absorptionof four quanta of light is required 
to produce one molecule of oxygen. Each quanta is 
capable of forming one oxidising equivalent, therefore 
before oxygen can be evolved four oxidising equivalents 
have to be stored. investigating the mechanism of 0 2 
evolution Joliot et al_ ( 1969 ) and Kok _et aX ( 1970) 
measured the flash yield of 0 2 from dark adapted algae 
and found a distinctive pattern of 02 evolution: no 
0 2 was produced on the first flash, very little on 
the second flash and maximum on the third.
Continued repetitive flashes' showed a periodicity 
of four with maximum 0 2 evolution occurring after 
the 7th,.11th and 15th flashes; eventually this



pattern was damped to give a steady state level on 
each flash. Following these experiments Kok et al 
(1970) proposed a charge storage model where there 
are 5 ’S ’ states which differ in the humber of
oxidising equivalents they store, with only being 
able to oxidise water. The states are promoted from 
one level to the next by a flash of light (Fig. 3). 
Oxygen is evolved after only three flashes, suggesting 
that one oxidising equivalent is stable in dark!  ̂i 
adapted systems. The state is assumed to be 
stable in the dark and the S2 and state 
deactivate to S „ in the dark. After about 20-30 
flashes a steady state is reached and no oscillations 
are visible; to account for this two explanations 
have been put forward (Kok £t al^,1-970): 1 ) double
hits — which "would advance the system, S n — *Sn + 2
and 2 ) misses — which would retard the system, 
SrwSn.

Originally it was proposed that each 0 2 evolving 
complex was uniquely associated with onePSII reaction 
centre and could not donate electrons to other reaction 
centres. Support for this proposal came from the 
existence of the oscillatory pattern of flash yield 
which was also present, albeit at a reduced level, 
in chloroplasts treated with DCMU (Kok et a!L, 1970). 
However, Lavorel (1978) attempted to account for 
'misses' by suggesting that a mobile protein 
associated with oxygen evolution could store the 
oxidising equivalents from different reaction centres. 
If the mobile protein was unable to collect an 
oxidising equivalent this would result in the 
occurence of misses.
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FIGURE 3.

The 'S' state model. This shows that as 
light is absorbed each 'S' state is promoted 
from one level to the next. Oxygen is evolved 
only after the absorption of 4 quanta (S4 ).
In the dark states S2 and S3 decay to S^ which 
i s stab 1e .



The pattern of hydrogen ion release is complex and 
four H+ are not released in one step along with 0 2 
evolution (Fowler, 1977) as might be expected from 
the 'S' state model. The most favoured pattern of 
H+ release, as far as experimental results are 
concerned, is the sequence 1, 0, 1, 2 as the S
states go from S0 to S4 (see Fig. 3) (Fowler,1977;
Forster and Junge, 1985). Although, a pattern of 0, 
l r 1, 2 was proposed by Junge and Auslander (1978).

'M' The Oxygen Evolving Complex.

The complex responsible for oxygen evolution is 
referred to as 'M' (also Y- ^ or L). The nature
of this complex has remained elusive but there is 
strong evidence to suggest that it involves both 
manganese and chloride, together with three 
polypeptides with apparent molecular weights of 16,
23 and 33 KDa.

MANGANESE- experiments on algal nutrition indicated 
the importance of manganese for photosynthesis 
(Pirson, 1937). Later studies showed that extraction 
of manganese from chloroplasts u s i n g 'Tris or N H 20H 
resulted in the inhibition of oxygen evolution but 
not electron transport (Amesz, 1983): these experiments
led to the idea that manganese acts at or near the 
site of oxygen evolution. Manganese can exist in a 
number of oxidation states and for this reason it has 
frequently been suggested as the charge storage device 
proposed in the model of Kok (1970). There are three 
pools of manganese in chloroplasts which are referred 
to as weakly bound, strongly, bound, and very strongly 
bound. The strongly bound manganese is the pool which 
appears to be involved in water o x i d a t i o n (A m e s z , 1 9 83 ) . When
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complexed with, for example, protein manganese gives 
no electron spin resonance signal (ESR) whereas free 
manganese gives a distinctive spectrum: therefore
ESR is used to assay for free manganese (Amesz, 1983). 
The techniques of nuclear magnetic resonance (NMR),
X-ray absorption edge spectroscopy (XAES), extended 
X-ray absorption fine structure (EXAFS) and light- 
induced absorption changes at 320nm ( ^ ^ 3 2 0  ̂ ^ ave
all been used in an attempt to measure the oxidation
state of manganese within the membrane but as yet

\ _
these approaches have not yeilded any clear cut results. 
It has been shown that in PSII particles a minimum of 
2Mn per reaction centre are required for oxygen 
evolution but in highly active PSII particles 4Mn per 
reaction centre were required (Yocum £t aJ, 1981).
There seems to be no doubt that manganese is involved 
in water-rsplitting but the mechanism of this 
involvement is still unknown.

CHLORIDE - chloride was first implicated as a
co-factor in oxygen evolution by Izawa et al_ (1969 ).
Despite intensive study the exact role of chloride 
has not been identified, but there have been a number 
of suggestions as to its function: 1) it may be
required for charge neutralisation which would in 
turn allow a specific conformation of the polypeptides 
implicated in 0 evolution (Johnson £t al_, 1983) ; 2) 
involvement in the stabilisation of the higher 'S' 
states (S^ and S^) (Itoh et al, 1984; Theg et al , 1984) ;
and 3) a direct function in the water splitting reaction 
as suggested in the model by Sandusky and Yocum (1984).

Cl

SITEII s , m Z
\ Mn\\

Cl
\



In this model a molecule of H 20 is bound at site II 
and electrons are transferred from the site of water 
oxidation to Z + with the aid of the chloride bridge
indicated by site I.

THE POLYPEPTIDES - three polypeptides have been 
suggested as having a function in oxygen evolution. 
When PSII particles (see 1.6. 1.1) or inside out 
vesicles (Andersson and Akerlund, 1978) were treated 
with Tris, concentrated NaCI or subjected to high pH,
oxygen evolving activity was lost and at the same time
three polypeptides, with molecular weights of 33, 23 
and 18 KDa, were released. This suggested that these 
extrinsic proteins were components of the oxygen 
evolving complex. Removal and reconstitution 
experiments have been used to investigate the 
individual roles of these polypeptides.

33KDa polypeptide - removal of this polypeptide from 
membranes depleted of the 24 and 18 KDa polypeptides 
results in an inhibition of C>2 evolution (Miyao and 
Murata, 1984). Moreover, a 33KDa protein containing 
two bound manganese ions was isolated by Abramowicz 
and Dismukes (1984) and more recently using a butanol 
extraction procedure Yamamoto £t al ( 1984) have also 
extracted a manganese containing 33KDa protein. On 
the other hand it is possible to Isolate this protein 
containing no manganese (Miyao and Murata, 1984).

Moreover, in the absence of 
this protein some oxygen evolution has been observed 
if CaCl2 (150 mM) or NaCl (200mM) are added to the 
membrane preparations(Zimmerman and Rutherford, 1985). 
23 KDa polypeptide - low levels of oxygen 
evolution occur in membranes which are depleted of 
the 23 and 17 KDa polypeptides. Re-addition of the 
23KDa protein restores the oxygen activity (Ljungberg 
et al,1983) but later it was shown that low \



concentrations of calcium ions (5 m M ) could 
substitute for this protein. This polypeptide 
also reduces the level of chloride ions required 
to achieve normal rates of oxygen evolution.
17KDa polypeptide - the role of the 17KDa protein 
in oxygen evolution is unclear. It appears to be 
necessary for maximal rates of oxygen evolution 
only in thylakoids with a chloride concentration 
of less than 3 mM (Miyao and Murata, 1985).
This polypeptide is always released concomitantly 
with the 23KDa protein and a binding site for 
this polypeptide on the 23KDa was demonstrated 
(Miyao and Murata, 1983). The above data suggests 
that it is unlikely that these three hydrophillic 
polypeptides play a direct role in oxygen 
evolution. But they may create the right 
environment for this activity. In addition it is 
still not clear to which protein the functional 
manganese atoms bind - it could well be the 
reaction centre polypeptide of PSII (47KDa)
(see 1.6.1.1) to which Z (see next section) is 
believed to be bound (Zimmerman and Rutherford, 
1985). To complicate the picture further a 
lOKDa protein located at the inner granal surface 
has recently been proposed to have a role in the 
mechanism of oxygen evolution (Ljungberg £t al ,
19 84).



Z - the primary donor to P680 donates an electron
to P680 (section 1.4.3) restoring it to P680 and
becomes oxidised to Z+ , an electron passed from
the M complex then reduces Z+ . Electron
paramagnetic resonance studies have revealed a rapidly
reversible signal which appears to indicate the
formation- of Z+ . This EPR signal is called signal
II- r. and has been used in kinetic studies of v f
this donor to PSII (Babcock and Sauer, 1973).
Attempts have been made to identify this species 
and there is -evidence to suggest that it may be 
a piastoquinone-derived free radical species.
(Kohl and Wood, 1969.' ; Hales and Gupta, 19^9).
O ’Malley and Babcock (1984) showed that various 
synthesised quinone radicals have similar properties 
as the EPR Signal IIs of Z+ . A binding site for Z+ 
on the reaction centre protein, close to the inside 
of the membrane, has been proposed (Babcock et a l , 
1983) (sections 1.6 .2 and 1.6. 3.1).

Cytochrome b 559 - is present in thylakoid membranes 
in two different redox forms. The redbx potential of 
one cyt b 559 is ^  + 20mV and this is called cyt b 
559 low potential the other cyt b 559 has a potential 
of + 370mV and is known as cyt b 559 high potential.
It has been suggested that the low potential component 
is a modified form of cyt b 559 H.P. (Cramer and 
Horton, 1975; Butler, 1978). However, fractionation 
of chloroplasts results in the separate isolation of 
these two components : cyt b 559 L.P.is loosely
associated with the isolated cyt b/f complex (under 
certain conditions) and cyt b 559 H .P .co-fractionates 
with PSII. This suggests that the two forms have 
different and independent functions.

Redox potentials quoted in this section on electron transport 
refer Em at pH 7.
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As yet the function of either form of cyt b 559 is 
still not clear although some proposals have been 
made. The close association of cyt b 559 - HP with 
PSII prompted investigators to lbbk for a role for 
this component in water oxidation. However, the 
photo-reduction of this cytochrome appears to be too 
slow for it to have a direct function in electron 
transport (Whitmarsh and Cramer, 1977). One 
possibility is that it may have a safety function 
keeping P680 in the reduced form in the event of a
loss of activity of an 0 2 evolving centre.

There is little information available on cyt b 559 LP, 
although one proposal suggests that it might function 
as an intermediate between ferredoxin and plastoquinone 
in cyclic electron transport but there is no 
experimental evidence to support;this (Bendall, 1982).

1.4.3 The PSII Reaction Cent r e .

This pigment protein complex is thought to span the 
thylakoid membrane with the donor being situated 
close to the inside and the acceptor nearer to the 
outside of the membrane (section 1.6.2.1). The
primary donor is designated P680 (Chla II). P refers
to pigment and 680nm is the wavelength where a 
photobleaching was observed (Doring £t a l , 1967)
It has been suggested that P680 is a special chlorophyll a 

molecule and is probably a monomer (Wasielewski ê t al ,
1981). The redox potential of P680 is believed to be 
greater than +0.8 volts which is required for the 
.oxidation of water and although no redox potential 
for the oxidation of P680 has been reported, it has 
been estimated at ~  + 1.1V (Jurinsic and Govindjee,
1977). P680/P680+ is a strongly oxidising couple
and because of this it is difficult to get a redox



mediator that would.react with it without causing 
destruction of antenna -chiorophyll (Malkin, 1982 ). 
Electrons are passed from P680 to a stable 
acceptor;called Qa via an intermediate acceptor 
pheophytin.

(I)
P680--------^ P heophytin--------- > Q a ------  ~>Qb

When Qa was held reduced an intermediate was shown 
to accumulate (Klimov £t al_, 1977) and the identity 
of this component is believed to be a pheophytin 
monomer with a redox potential of ~610mV which 
accepts electrons directly from P680 (Klimov £_t a l , 
1979). Recently chemical analysis of isolated PSII 
particles suggest the presence of 2 pheophytin 
molecules (Omata _et al>, 19 84); this is interesting 
considering that bacteria have 2 pheophytin molecules 
associated with the reaction centre where one plays 
an active role in photochemistry and the other has 
no photochemical function (Okamura £t al , 19*22. ) .
The first stable acceptor of PSII is believed to be 
a quinone molecule associated with an iron atom 
(Q“- Fe), according to EPR studies (Rutherford 
et a 1_,19 8 4).

This component was first observed by monitoring 
changes in chlorophyll fluorescence intensity 
(Duysens and Sweers, 1963); they assigned the letter 
Q to describe this component because when Q is 
oxidised chlorophyll fluorescence is quenched 
and when Q is reduced fluorescence is high. At this 
time the nature of this component was unknown.
The redox state of the primary acceptsr Qa can be 
measured by three methods: 1 ) an absorbance change
at 320nm which is directly related with the reduction



of a quinone to a semi-quinone (Stiehl and Witt, 1968);
2) an absorbance change at 550nm which results from a
bandshift of the carotenoids in response to a change
in the redox state of Q (Knaff and Arnon, 1969) and 3)
a change in fluorescence (Duysens and Sweers, 1963).
Using the absorbance change at 550nm to assess redox
potential a number of results suggested an E m for Qa
of OmV (Malkin, 1982). However using the
fluorescence method two midpoint potentials were
observed, one with an E of ^  OmV and the other withm
an Elm of -250mV (Cramer and Butler, 1969 ; Baker and 
Horton, 1980). It is now believed that the primary 
acceptor Qa of PSII is heterogenous, consisting of 
Qh (Em v O m V ) and QL (Em -2 50mV).

A secondary quinone acceptor is present and has been 
designated Q b , this component acts as a gate between

v
the one electron acceptor Qa and the two electron
chemistry of the plastoquinone pool. Qb accumulates
two electrons before passing them on to the
plastoquinone pool (Bouges- Boquet, 1973; Velthuys and
Amesz, 1974). Qb is a bound oxidised quinone believed
to be in exchange equilibrium with the plastoquinone
pool. When Qb receives an electron from Qa it becomes
strongly bound to the 32KDa herbicide binding protein
(1.6.3.2), a second electron is then passed from Qa
resulting in Qb- being reduced to Qb27 It is still

2 —unclear whether Qb or Q b H 2 is released from the 
32KDa protein in exchange for a quinone molecule.
QbH may not be formed because the protons in the

. 2 —bulk phase are not in equilibrium with Qb which is 
bound in a hydrophobic environment: this suggests
that uptake of protons occurs at the level of the 
plastoquinone pool. However, Kyle (1985) proposed 
a model in which the species which is released from



the protein is PQH 2 (a quinol) this suggesting that 
Qb functions as a proton transporter.

1.4.4 The Plastoquinone Pool.

Plastoquinone is present in large amounts in the 
thylakoid membrane and is believed to be associated 
with the lipid matrix because it can be extracted 
from the membrane and is soluble in organic solvents 
and it is a hydrophobic molecule. The midpoint potential 
of plastoquinone is in the range of +70 -(+106) mV 

(Malkin, 1 9  8 2).

The function of the plastoquinone pool is twofold
1 ) it mediates the transfer of electrons from the 
acceptor side of PSII ( Q b ) ’to the intermediate 
electron carriers of the cyt b/f complex; and 2 ) it 
is a hydrogen carrier and therefore has been 
implicated in the transport of hydrogen ions from 
the outside of the membrane to the inside 
(chemiosmotic theory see section 1.5). Many PSII 
centres appear to feed into a larger common pool of 
plastoquinone (Siggel et al_, 1972 ) and there are 
5-10 plastoquinone molecules per reaction centre 
(Goldbeck and Kok, 1979 ), „ Recently an additional role
for plastoquinone has been discussed : PSII and PSI 
are thought to be spatially separated along the 
membrane; PSII being mainly in the granal membranes 
and PSI mainly in the stromal lamellae (1.6. 2. 2). 
Plastoquinone is believed to diffuse laterally 
from granal to stromal regions transferring electrons 
between the photosystems. However the diffusion rates 
for plastoquinone may not be- adequate to travel the 
distance in the time required for electron transport 
(Rich, 1984).



The separation of PSII and PSI between appressed 
(grana) and non-appressed membranes (stroma)
(see 1 .6 ) and the suggested long distance diffusion 
of plastoquinone indicate that the electron transport 
ch'ain depicted^as a simple linear (Z scheme) scheme is 
over simplistic. The Z scheme implies that one PSII 
centre and one PSI centre are statically coupled 
together but in this new model PSII and PSI are 
spatially separated, may be present in unequal 
stoichiometry and would be connected by a mobile 
quinone carrier.

The role of plastoquinone as a proton pump is discussed 
in the section on Q- and b - cycles (1.4.7) where again the 
picture seems to be more complex than the simpler 
model depicted by the Z scheme.

1.4.5 Intersystem Electron Carriers.

1.4.5.1 Reiske-Iron Centre.

The first iron-sulphur centre of this type to be 
purified was extracted from mitochondria (Reiske £t 
al , 1964); the midpoint potential of this component
was between +180 - +290mV (Reiske, 1976). Iron- 
sulphur centres have also b e e n 1characterised in 
chromatophores (Evans £t al_, 1974; Prince et al_, 1975 ) 
and chloroplasts (Malkin and Aparacio, 1975). The 
mid-point potential of this complex in chloroplasts 
was +290mV as measured by titrating the characteristic 
ESR signal in the dark.

The midpoint potential of the Reiske centre and the 
ability of PSI light to eliminate the ESR signal of 
this component (Whitmarsh and Cramer, 1979) suggest 
that the centre lies between the plastoquinone pool 
and PSI in the Z scheme.
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1.4.5.2 Cytochrome b 563.

This cytochrome has previously been referred to as 
cyt b 6 but it is probably more correct to call it 
cyt b 563. In freshly prepared chloroplasts more 
than one low potential cytochrome b can be identified: 
one is cyt b 563 while the other is probably cyt b 
5 5 9 .

The mid-point redox potential of cyt b 563 is -90 + 20 mV 
'(Crofts and Wraight, 1983). Formerly this 

component was believed to mediate electron transfer 
between ferredoxin and plastoquinone in the cyclic 
scheme of electron transport (see 1.4.1.2). However, 
more recent experimental data suggest that a more 
complex scheme of transport occurs in this region 
of the chain and the involvement of cyt b 563 in 
this is discussed in the section on Q-and b-cycles 
(1.4.7).

1.4.5.3 Cytochrome .f

Cytochrome f is a £ type cytochrome (Hill and 
Scarsbrick, 1951) and it has a mid-point potential 
of +340mV (Malkin, 1982). Originally this component 
was thought to function in a straight forward manner; 
accepting electrons from the Reiske-iron complex and 
passing them onto.plastocyanin and evidence from a 
number of sources (spectrophotometric, biochemical 
and genetic) supported this concept. However, there 
are some aspects of cyt f which are not understood. 
Firstly, a difference exists between the equi1 ibriation 
of cyt f with P700 in light when compared to that in the 
dark (Marsho and Kok, 1970); this may relate to a 
change of position of the cytochrome in the membrane
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(Horton and Cramer, 1974); Secondly, the redox 
changes which cyt f undergoes after a single flash 
are not easily understood in terms of the simple 
linear scheme';

Reiske ^cyt f >PC >P700

One interpretation of’.these changes is that cyt f 
may pass an electron to P7 00 via PC osr it may pass 
directly to P7bo (Clayton, 1980).

1.4.5.4 Plastocyanin1

Plastocyanin is a copper containing protein (Katoh ej; 
al' , 1961) having a mid-point potential of +380mV
(Katoh ejt al̂ , 1962 ). Its X-ray structure has been 
determined (Colman £t al̂ , 1978). The oxidation/ 
reduction state of plastocyanin can be measured 
spectro-photometrically at 597nm.

This component is thought to be loosely attached to 
the inside of the membrane where it acts as a mobile 
carrier of electrons between the cyt h./£ complex and 
the PSI reaction centre. Plastocyanin is believed 
to be the immediate donor to P700 in higher plants, 
but it has been shown in algae that a c type 
cytochrome can donate directly to PSI. By manipulating 
the supply of copper to microalgae the donor to PSI 
could be altered: either cyt c 553 or plastocyanin
or both were shown to supply electrons to P700

P700Lr o n
Cyt f

P Q---- > Reiske

PC



(Sandraann £t al̂ , 1981) a scheme depicting this flow 
is shown in section 1.4.5.3.

Plastocyanin has the ability to store more than one 
electron (possibly up to four) and may thus act as a 
small electron pool between plastoquinone and PSI 
(Clayton, 1980).

1.4.6 PSI Reaction Centre.

The function of the reaction centre of PSI is to 
reduce X which in turn facilitates the reduction of 
NADP+ to N A D P H g • The primary donor of PSI is referred 
to as P700, because it is a pigment with a major 
absorption band at 700nm; the midpoint redox potential 
of this component is in the range of +430 to (+560mV) 
(Okamura et al,1982). Until recently P700 was believed 
to be a dimer of Chla (Norris et_ al_, 1974) but ESR 
and ENDOR studies have shown that it may be a Chla 
monomer (Davis £t al_,1979 ). A series o'f
electron acceptors has been detected in this photosystem

(A ) Soluble
P700 > ( A , B ) > Ferredoxin- >NADP +

The primary acceptor, A ^ , is not stable nor is it well 
characterised but there is some evidence to suggest 
that it could be a Chla monomer situated close to 
P700 (Baltimore and Malkin, 1980a and 1980b).
Measurement of the redox potential of Chla in vitro
gives a value of - 880mV and this is sufficiently 
low for it to act as A^ (Fujita £t ,al , 1 9 7 8 ) . The 
midpoint potential of A^ has not been measured but it 
must be lower than -730mV, as this is the value 
assigned to the next acceptor (X) (Ke, 1978).
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The first stable acceptor is X(A2 ) and ESR spectra
indicated that this component may be an Fe - S centre
(Golbeck £t al^,1978) with a midpoint potential of
-730mV. However optical changes associated with this
component showed two comnonents: 1 ) a broad featureless
band at 400-500nm which was attributed to Fe-S
absorption and 2) a number of sharp peaks at 450, 670
and 680nm (Shuvalov £t al, 1979 ) which were attributed
to an electric field shift in adjacent chlorphyll
molecules Shuvalov et al (1979) have shown that it
is the same acceptor which'is responsible for both of
these absorption changes and therefore the identity
of X is still uncertain. It may either be a modified

2 +Fe-S centre or an organic free radical -'Fe complex 
in analogy with PSII (Q-‘Fe) (1.4.2).

The secondary acceptors denoted A and B are bound Fe-S 
centres, as indicated by ESR spectra (Malkin and 
Bearden, 1971), having redox potentials of -530mV(A) and 
-580mV(B). The way in which electrons pass through 
these centres is unclear: it is not known if either
A or B accept directly from X or if both can 
(Okamura £t a_l,1982 ). Electrons are passed from X 
to the (AB) centre then to ferredoxin from where 
there are two separate pathways: 1) reduction of NADP^
mediated by ferredoxin - NADP reductase or 2) into the 
cyclic pathway (Bohme and Cramer, 1972) (see section 
1 .4.1 .2 ) .

Ferredoxin functions as a one electron carrier having 
a midpoint potential of -420mV (Tagawa and Arnon , 1962 ).
Ferredoxin - NADP reductase is a flavoprotein and 
contains one mole of FAD per, 40KDa of protein, the 
midpoint potential of this component has been reported 
to be -360mV (pH 7.0) (Kierns and Wang, 1972). In

\



the presence of NADPH two one-electron steps appear 
to occur in the reduction reaction as was shown by 
measuring the midpoint redox potentials.

1.4.7 Q- and b- Cycles of Electron Transport.

The Q-cycle (Mitchell, 1976) and the b-cycle
(Wikstrom, 1973) are two alternative schemes of
electron transport which were proposed to describe
electron and proton transport through the cyt b/f.
complex (1.6.3.3). Although experimental evidence
suggests that a simple linear pathway is inadequate,
these models are only working hypotheses. Support
for a Q- or b- cycle model is: a) the stoichiometry
of proton to electron transfer through the b/f complex
is expected to be 1 :1 , but measurements of 2:1
have been made,albeit under reducing conditions (i.e.
where the Reiske-iron complex and cyt f are reduced)
(Fowler and Kok, 1976 ); jb)the observation that cyt b_ 563
can be reduced by ferr icyanide whilst cyt f_ is oxidised 
This was seen in isolated cyt b/f complexes from chloroplasts 
and demonstrated the phenomenom of oxidant-induced reduction 
[similar to that seen in mitochondria and bacteria (Hauska 
! et al, 1 983 )
' ' - •  ; c ) the slow rise phase
(phase b) of the electrochomic band-shift is believed
to indicate an extra electrogenic step in the membrane
(see section 1.9.1.1 for details). In a Q-cycle the
onset of phase b is associated with the outward
transfer of an electron which is followed by transfer
of an extra proton, whilst in b-cycle the extra
electrogenic step would be associated with the transfer
of an extra proton across the membrane.



Electron Flow through the b/f complex - both the 
Q- and b- cycles predict that the two electrons 
entering the b/f complex come from the plastoquinone 
pool through a quinol molecule. A concerted reaction 
takes place in which the quinol reduces first the 
Reiske-iron centre then cyt b 563. The Reiske iron 
centre is then oxidised by cyt f and cyt b is oxidised 
by a quinone (Q- cycle) or semiquinone b- cycle 
(Fig.4): in both cases quinol is regenerated. The
difference between these two models is that in the Q- 
cycle proton transfer across the membrane is brought 
about by plastoquinone while in the b-cycle cyt b is 
responsible for proton transfer. In both of these 
models no direct connection occurs between cyt b 563 
and cyt f; evidence supporting this came from studies 
carried out under conditions where cyt f was held 
oxidised and cyt b re-oxidation was slowed down 
rather than accelerated (Velthuys, 1979). Velthuys 
(1979) proposed a modified Q- cycle where a second 
concerted reaction by another plastoquinol molecule 
leads to the reduction of a second cyt b 563 molecule; 
the two reduced cytochromes b co-operate to reduce a 
plastoquinone molecule close to the outside of the 
membrane. Evidence supporting this type of modified 
Q- cycle has come from Joliot and Joliot (1984).
Using flash excitation under oxidising conditions they 
studied electron transfer between the two photosystems 
and concluded that under these conditions a Q- type 
cycle was operating. At present the available evidence 
seems to favour a Q- cycle rather than a b- cycle.
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FIGURE 4 .

This figure depicts the Q— and b — cycle 
models of electron transport. In both 
models quinol reduces the Reiske iron- 
sulphur centre then cyt f whilst another 
electron goes to cyt b . In the Q-cycle 
the initial state is regenerated when 
cyt f re-oxidises the R e i s k e ,centre and 
quinone re-oxidises cyt b with removal of a 
proton from outside the membrane. In the b- 
cycle after oxidation of the R.ei ske-centre by 
cyt f a second reaction with another quinol 
re-reduces the reiske centre but the electron 
on cyt b regenerates quinol from quinone.
Redr’awn- f r om Crofts and Wraight ( 1 983 )
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The role of a Q- or b- cycle in steady state electron 
transport is still in some doubt: it is believed by
some that these cycles only operate in cyclic electron 
transport (Bendall, 1982). However, it has been shown 
that an extra proton is translocated and phase b of 

A is evident during non-cyclic transport
(Velthuys, 1980). Other groups believe that the Q-. 
or b- cycle operates under the regulation of the 
plastoquinone pool (Rathenow and Rumberg, 1980) in conditions 
where electron flow is sub-optimal. An alternative 
view has been suggested by Olsen £t jal ( 1980), who 
proposed that no extra proton translocation occurs 
in either a Q- or b-cycle and that the experimental 
results can be explained by the action of a semi- 
quinone dismutase reaction: this is the reduction 
of a molecule of semiquinone to the quinol by another 
molecule of semi-quinone which is itself oxidised to 
a quinone. Evidence supporting the Q type model came 
from experiments on isolated cyt b/f. complexes which 
had been incorporated into phospholipid vesicles in 
this system proton translocation was demonstrated and in 
addition oxidant-induced reduction of cyt _b 563 was 
observed under oxidising conditions (Hauska' ê t al ,
1983 ).

Whilst the evidence seems to favour the existence of a 
Q_cycle experimental anomalies remain in the chloroplast 
system. Therefore even although' conclusive evidence 
has been shown for the existence of a Q-cycle in 

•mitochondria and bacteria (Slater, 1983) more evidence 
is required before it can be assumed that this cycle 
is operating in chloroplasts.



1.5 Photophosphorylation.

Photophosphorylation is the light-dependent formation 
of adenosine triphosphate (ATP) from adenosine 
diphosphate (ADP) and inorganic phosphate. It was 
first observed in isolated chloroplasts by Arnon 
et al (1954). The energy required to form ATP is 
produced in the electron transport reactions and a 
number of hypotheses have been put forward to explain 
the mechanism which couples electron transport to 
phosphorylation: a) the conformation hypothesis 
(Boyer, 1965; Slater, 1974); b) the chemical hypothesis 
(Slater, 1953); c) the chemiosmotic theory (Mitchell, 
1961).

The conformation hypothesis predicts that electron 
transport generates an "energy-rich" protein 
conformation but this theory has not been able to 
account for the existing experimental data. The 
chemical hypothesis falls down on three counts: 1 )
no chemical intermediate has been identified; 2 ) 
intact vesicles are required for phosphorylation 
and the chemical hypothesis has no role for vesicles 
and 3) the chemical diversity of 'uncouplers' which 
inhibit phosphorylation. Many of the experimental 
findings can be explained within the framework of 
the chemiosmotic theory and it is this hypothesis 
that is widely accepted as the mechanism of 
phosphorylation. According to the chemiosmotic theory 
an electrochemical potential gradient of hydrogen ions 
provides the energy required to -drive ATP synthesis. 
This proton gradient is produced during light-driven 
electron transport when hydrogen ions are transferred
into the intrathylakoid space at two sites: 1 ) on

\
the donor side of PSII from the splitting of water;



2) through the piastoquinone pool, which takes up 
a proton and transfers it across the membrane (see Fig. 5).

1.5.1 The Chemiosmotic Theory.

Mitchell (1961) postulated that there were certain 
pre-requisites for phosphorylation: 1 ) the electron
transport carriers are vectorially arranged across 
the membrane and that some components can transfer 
hydrogen ions as well as electrons. This arrangement 
results in the creation of an electric field^A^) 
across the membrane field and in a transmembrane 
proton gradient ( ApH); 2) the ATPase enzyme complex 
is anisotropically arranged in the membrane and couples 
ATP synthesis to the movement of protons: protons 
pass through the membrane, via this complex, driven 
by an electrochemical potential difference.Conversely 
hydrolysis of ATP will be capable of driving hydrogen 
ions through the ATPase complex into the 
intrathylakoid space; 3) the phosphorylation reactions 
are dependent on the presence of a closed vesicle 
which has a low conductivity to protons.

This theory lent itself to experimental investigation 
and a large amount of data now exists in support of 
this hypothesis.

1. The Proton Gradient.

Light-induced proton uptake by isolated chloroplasts 
was demonstrated by Jagendorf and Hind (1963). In 
addition it was shown that by transferring 
chloroplasts from pH4 to p H 8 in the dark results in 
the formation of ATP (Hind and Jagendorf, 1965).
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C F 1

/CF(

electron -  transport 
chain

FIGURE 5.

In the chemiosmotic theory the electron transport reactions result in 
the formation of an electrochemical gradient of protons. This gradient 
is a store of potential energy and when it is dissipitated via the 
ATPase complex (CFo-CFj) ATP is formed from ADP and P^.



Proton uptake induced by ATP hydrolysis in 
thylakoids in the dark has also been demonstrated 
(Carmeli, 19 70).

2. The ATPase Complex.

The ATPase complex has been shown to span the 
membrane: CF q is the membrane spanning region;
CF^ is the extrinsic catalytic portion (see 1 .6 .3 .4). 
Removal of CF^ from the membrane results in the 
inhibition of proton uptake and re-addition restores 
the function (McCarty, 19Yl). Moreover removal of 
CF^ results in an increase in the conductivity of 
the membrane and either re-addition of CF^ or use of 
Dicyclohexylearbodiimide (DCCD) can restore, 
low conduc ti.vi ty I (McCarty, and Racker , 1967).

3. Membrane Integrity.

Addition of ionophores, detergents or other materials 
which cause membrane disruption result in an 
inhibition of ATP synthesis (Nicholls, 1982).

1.5.1.1 Energetics of ATP Synthesis.

The electrochemical potential gradient of protons 
formed during electron transport can be described 
thermodynamically as:

AyH+ = FA'F - 2.303 RT ApH 
where A p H+ is the difference in electrochemical 
potential between protons on the inside of the 
membrane and those on the outside; F is the Faraday;
AUJ is the electric potential difference across the 

membrane; ApH is the difference in proton concentration 
across the membrane. A p H+ is the maxi mum Gibbs free 
energy available from the electrochemical potential 
gradient and has the units K Cal mole ^ .



It is possible to define the electrochemical potential 
gradient in terms of electrical units where 

Ayn + /F = Ap - AY - 2.303 (RT/F) ApH
which can be expressed as:

Ap = AY - 59 ApH

Mitchell referred to Ap as the proton motive force 
(PMF), which has units of m V .

It can be seen from the above equation that either 
AUJ alone or A pH alone can drive ATP synthesis, 
as found experimentally by Jagendorf and Uribe 
( 1966) and Graber et al_ ( 1977 ) . The two separate 
components of Ap are formed at different times after 
illumination of chloroplasts. At first (over the 
first few seconds) ATp synthesis is driven purely by 
AUJ subsequently, under steady state conditions, only 
A p H  is detectable (Ort and Melandri, 1982).

1-5. 1.2 Stoichiometry of H + /ATP.

It is now well established that the proton gradient 
( Ap) is capable of driving ATP synthesis and that 
the ATPase enzyme functions as a proton translocator. 
What is not known, with any degree of certainty, is 
the number of hydrogen ions which are required to pass 
through the complex in order to form one molecule of 
ATP. Values obtained range from 2 to 4 H+/ATP but 
there are problems associated with the methods used 
to make the measurements (Ort and Melandri, 1982).V
Estimates of A G ^  for ATP synthesis suggest that
thermodynamically a ratio of at least 3H + /ATP is 
required. AG^Tffor ATP synthesis:

+ RT In i[ADP][Pj]
[ATP]

where RT In K eq



AG^ = 8.7 + i  36 log E ATP ]____ KCal mol 1
[ADP] ■■[?£■]

Taking the worst case where the ATP concentration is 
high and ADP and P^ concentrations are low, 14.1 -KCal 
ATP mole “ 1 would be required.

It is possible to express Gibbs free energy change 
for ATP synthesis in terms of ApH and AY :

A/y = 1.36 (ApH) + - (AY/59)

Taking /^|+ for ATP synthesis equal to 14.IK
Cal mole 1 and if H+ /ATP is equal to 2 then AY equals
342 mV arid pH 5 units, these are values higher than
that found. However, if H+/ATP is equal to 3 then
A'y becomes 208mV and A = 3,3 units and these
two values correspond more closely to measurements made
in chloroplasts. _ r • 7 , )

1.5.2 The ATPase Enzyme Complex.

The mechanism of coupling of electron transport to
ATP synthesis is fairly well established. Most
research in recent years has concentrated on three 
factors involving the ATPase complex: 1) its structure
(see 1 .6 .3.4); 2 ) the functional properties of the
complex; and 3) the molecular mechanism by which 
the enzyme forms ATP from ADP and phosphate (P^).

1.5.2.1 Functional properties of the enzyme.

The ATPase complex has two catalytic forms: 1) as
an ATP synthetase; 2) as an ATP hydrolase. The 
reversible reaction catalysed by this enzyme is

3H+ + ADP + P^  ̂ 3H+ +' ATP + H 20
INSIDE OUTSIDE



The phosphorylation and hydrolyis activities of the 
ATPase enzyme complex are under strict regulatory control.
It has been shown that,in isolated thylakoid membranes, 
activation of this complex is required in order to 
observe any catalytic activity (Harris and C r o f t s ,1978;
Mills and M i t c h e l l , 1 982 ) . Activation of the complex is 
believed to be mediated by an electrochemical gradient 
of protons(ApH+ )which is generated by light-induced 
electron transport. It has been proposed that this complex 
undergoes conformational changes in the light which 
result in the release of tightly bound nucleotides: it 
is thought that this is part of the activation process 
(McCarty and Carmeli , 1 9 8 2 for review).

In addition to the - regulated activation process
there is a second type of regulation. This is called 
thiol modulation and is controlled by the redox state 
'p.f, certain thiol/disulphide groups in CF 1 . In isolated 
thylakoid membranes hydrolysis of ATP is only unmasked 
when,on top of the AjjH+ required for activation,a 
pretreatment is given in the presence of a thiol compound 
(Petrack ejt aCL, T9 6 5 ). The hydrolysis activity thus produced 
is depenent on the presence of M g 2+and was stable in the 
dark for several minutes. The proteolytic enzyme trypsin 
can also induce this activity (Lynn and Straub , 1 969 ) : 
comparing the effects of dithio t h r e i t o l (D T T ) with trypsin 
suggested that they acted in.a-similar manner but that 
trypsin induced a degree of uncoupling. Neither DTT or; 
trypsin stimulate hydrolysis if thylakoids are pretreated 
in the dark and it has been proposed that the conformational 
change induced on light activation reveals a sensitve site on 
C F  1 . Weiss and M c C a r t y (1977) showed that a sulphydryl
group on tha )( sub-unit of CF 1 was exposed on membrane 
energisation and it is thought that DTT and trypsin may 
modulate the enzyme by altering the state of that bond.

These two levels of r eg u la t ion (AjuH+ and redox) were 
observed i_n vitro but more recently a similar in vivo



ATPase regulatory system has been identified by Mills and 
Hind,( 1 9 79 ). They, showed that intense illumination of isolated 
intact chloroplasts'results in the stimulationof ATP 
hyd r o 1 y s i s , wh.i 1 s t in lysed chloroplasts this effect was 
lost. Subsequently it was shown,that stromal proteins, 
possibly thioredoxin, could mimic the effect of DTT on 
stimulating the ATPase activity (Mills et. £1 , 1 980 ). Mor e ­
over, the thiol modulated chlorplasts , required a. lower 
A ^ H + threshold for; ATP synthesis(Mills and M i t c h e l l ,1982).
In addition it has been shown that the initial rate of 
phosphorylation was stimulated in thiol modulated thylakoids 
JFrom this and other data it has been proposed that thiol 
modulated ATPase becomes active over a lower A p H  rang'e 
and thereby reduces the kinetic limitation, on ATP synthesis 
imposed by the activation process;(Mills and Mi t c h e l l , 1 9 84 ) .

1 . 5 . 2.2 Nucleotide Binding.

The interactions of C F 1 with adenine nucleotides has 
been intensively studied in an attempt to elucidate 
the molecular mechanism of ATP synthesis.

Three distinct nucleotide binding sites on CF^ have 
been found: 1) site one contains tightly bound ADP
which undergoes only slow exchange with ADP in the 
medium (Carlier and Hammes, 1978), or with ATP 
(Shoshan et al̂ , 1978,). In order to remove the ADP 
from this site it is necessary partially to denature 
the enzyme; 2) site two binds ATP and requires the 
presence of magnesium (Shoshan et a l , 1978). The
properties of this site are unchanged upon activation 
of the ATPase; 3) site three binds a number of 
different nucleotides including ATP, ADP and GTP.
This site exchanges nucleotides in the light.
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None of these sites has so far been assigned a
direct catalytic function (McCarty and Carmeli,
1982). On illumination of thylakoids, nucleotides
bound to CF^ undergo a rapid exchange with ADP in
the medium (Harris and Slater, 1975) and this exchange
is sensitive to uncouplers. In addition the amount
of ADP bound to CF in the light is substantially
less thani that bound in the dark (Strotmann e t ,a l ,
1979). This exchange site does not appear to be
directly involved in catalysis but it may be involved 

24 -in Mg - ATPase activity.

1.5. 2.3 M o lecular M echanisms.

The details of the mechanism of ATPase synthesis are 
still unknown although a number of hypotheses has 
been suggested.
1) Mitchell (1974) proposed that protons were directly 
involved in the catalytic function: he suggested 
protonation of phosphate occurs inducing the formation 
of a positively charged phosphorus centre.
Nucl eophi 11 i c attack ,by the ADP-0 on phosphate

"f1 •displaces OH^ forming-ATP.
2) Boyer ( 1977) suggested an indirect role for protons',
the proton gradient causing a conformational change
in the enzyme inducing ATP synthesis.

2 4-3) Racker (1977) proposed that Mg — Induced
conformational changes cause a formation of a
phosphoryl enzyme intermediate leading to ATP synthesis.

2 4-This was an analogy of the Ca - ATPase of the sacro- 
plasmic reticulum.
4) Gresser et_ cfL(1982) presented a simple interacting three-site 

! mechanism. This model predicts that each site is identical and
goes through three major stages:for ATP hydrolysis- ATP binding, 
interconversion to ADP 4- Pi $nd then release of ADP 4- Pi. In 
addition it was proposed that there is co-operativity between 
the catalytic sites,this resulting in acceleration of the release 
of the products from one;site when substrate is bound at another 

• site.
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In a recent review (Mitchell, 1985) the molecular 
mechanism of ATP synthesis is discussed and a new 
hypothesis for this mechanism is suggested: the
rolling well and turnstile mechanism. In this model 
it is proposed that the a , p and Y subunits (see 
1.6.3.4) rotate into specific positions in relation 
to each other. The protons injected into the 
protongate of the Y subunit, by the proton motive 
force (1.5.1) are directly involved in this mechanism.

1.6 THE THYLAKOID MEMBRANE.

The preceding sections in this introduction have 
described, in detail, the reactions which take place 
on the thylakoid membrane. This section will deal 
with the structural importance of these membranes 
in the control of these functions and the relationships 
between the structural entities and the functional 
components.

1.6.1 The Morphology of the Thylakoid Mem b r a n e s .

Electron micrographs of chloroplasts show two 
structural groups of thylakoid membranes: 1) granal
stacks where thylakoid membranes are closely appressed 
and 2) stromal membranes which are non-appressed 
(see 1.2 Fig. 1). When isolated chloroplasts 
are osmotically shocked intact thylakoids are obtained, 
but in order to maintain granal stacks in these 
membranes it is necessary to include divalent cations 

^  2mM in the bathing medium (Izawa and Good, 1966). 
The requirement for cations is non-specific in that 
any species of divalent cation at a concentration of 

^  2mM will maintain granal stacks. Moreover 
trivalent cations at very low concentrations and
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monovalent cations at higher concentrations ( >100mM) 
can also maintain granal stacks. These observations 
led to the proposal that cations allow membrane 
appression by electrostatic screening of the negative 
charges on the membrane (Barber, 1980). In addition,
Mullet £t a.1 (1981) proposed that a positively charged 
2KDa portion of the LHCP (Light harvesting chlorophyll 
protein) associated with PSII, is also responsible for 
stabilising the association between appressed membranes. 
This proposal received support from Jennings et a]_
(1978) who showed that on removal of this 2KDa fragment 
using trypsin, cations were unable to induce 
restacking of grana.

1.6.1.1 Regulation of Energy Redistribution.

The distribution of absorbed energy between PSII 
and PSI in isolated thylakoid membranes can be 
manipulated by changing the cation concentration of the 
bathing medium (Barber, 1976). When suspended in a 
low-salt medium, thylakoids unstack and show a 
preferential distribution of energy in favour of PSI 
at the expense of PSII. Re-addition of cations 
causes granal stacking and a shift in energy 
distribution in favour of PSII. But i_n vivo complete 
destacking does not occur and is therefore not thought 
to be directly involved in the regulation of energy 
di stributi o n .

Energy redistribution i_n vivo has been shown to be 
under the control of a membrane bound kinase and 
phosphatase (Bennet and Allen, 1981): phosphorylation
of a surface-exposed segment, of LHCPII causes an 
increase in energy distribution from PSII to PSI.
This enzyme reaction is dependent on the redox state 
of the plastoquinone pool (Horton and Black, 1980;
Allen £ t a1 ,1981). If the pool is reduced

•\



phosphorylation occurs and energy is transferred to 
PSI, but when the pool is oxidised dephosphorylation 
occurs and energy is diverted to PSII. This does not 
explain the actual mechanism which brings about the 
distribution of energy î n vi v o . However, Barber,
(1982) has suggested that phosphorylation of the 
LHCP will alter the overall electrical charge of the 
protein: this would cause repulsion between 
phosphorylated components allowing a small degree of 
unstacking, and this would lead to the migration of 
PSII - light harvesting complex II (LHCII) into 
non-appressed regions where energy transfer between 
the photosystems is favoured. Recently Briantais 
et al (1984) gave further evidence supporting this 
hypothesis showing that lateral segregation of membrane 
components is important in controlling energy transfer 
between photosystems.

1.6.2 The Molecular Structure of the Thylakoid M embrane.

The thylakoid membrane is similar in structure to most 
biological membranes and is composed of a lipid 
bilayer which is interspersed with both extrinsic and 
intrinsic proteins, some of these spanning the membrane 
(Singer and Nicolson, 1972). There are about 30-50 
thylakoid polypeptides,a large number of which are 
arranged within four large, membrane spanning, protein 
complexes, (Anderson and Andersson, 1982). Three of 
these protein complexes are involved in electron 
transport: PSI I-LHCII, PSI-LHCI and the cytochrome 
b/f complex (cyt b / f ). Additionally there is the 
ATP enzyme complex which has a dual function: ATP 
synthesis and ATP hydrolysis (Fig 6).

The lipids in the thylakoid membrane are unusual in that they



are mainly uncharged polar galacto-1ipids whilst 
most other biological membranes are usually composed 
of phospholipids. The gal ac t o '-1 i p i ds in the 
thylakoid membrane are monogalactosyldiacyl glycerol 
(MGDG) and digalactosyldiacylglycerol (DGDG) with 
a minor contribution by the acidic lipids 
sulphoquinovosyldiacyl glycerol (SQDG) and 
phosphatidyl glycerol (PG). All of these lipids are 
highly unsaturated and this means that the bilayer 
of the membrane is fluid. The function of these 
lipids is presumably to help maintain the structural 
organisation of proteins in the membrane and to 
provide a fluid matrix for diffusional processes to 
occur (Barber, 1984).

1.6.2.1 Transverse Asymmetry.

It has been believed for some time (Trebst, 1974) that, 
in keeping with the postulates of the chemiosmotic 
theory (1.5.1), these protein complexes are vectorially 
arranged across the thylakoid membrane. The donors 
in both reaction centres are nearer to the inside of 
the membrane and the acceptors are nearer to the 
outside (Fig. 6). More recent evidence supporting 
this arrangement has come from the use of inside-.out 
thylakoid vesicles (Akerlund e_t al_, 1976 ). In 
particular the use of these vesicles has shown that 
the 33, 23 and 16 KDa proteins implicated in 0 
evolution (.Andersson ejt al_,1981) and plastocyanin 
the donor to P700 (Anderson and Andersson, 1982) are 
located on the inside of the thylakoid membrane.
It has also been demonstrated that a number of '
polypeptides span the membrane: the proteins of the
Cyt b/f complex (see 1.6.3.3); the light harvesting 
pigments of PSII (Andersson et al_, 1981); and the 
reaction centre polypeptides which are 68KDa protein 
of PSI and the 41 and 47KDa proteins of PSII 
(Anderson, 1984 ) . '



O  l i l

Cvrsccav̂

Q  LU

LU
Q
CO

X cm0) c
rH
O, PE 3O 4JO E<D
■C CuO
•t-i 3(D <fl
-P 3O 3 •
3 as 3a %i 3 O '
*?H <uX-p w w
rH o
■3 a w
E o •rt33 a w
3 EO a> cuCm ,3 -p

H w .
<U >5X cnP • o

M p
QC 3 o
3 O X•H a
£ PC O <uX cs Xw <Dp

3
o 33 O •rH
3 •H X
3 -P p
X! <D•H
E £<D-P
E 3 w

>> 3
3 Cfl c
•H O po P CU
X O o
3 X o
t—-1 a o
>5 3X <D-p -3 3-P 3<d 33-p •M W

3
cm 3 Oc <U 3> O
r H i—13<U C-3 > <DO 3 X
S •H P



45.

1.6.2.2 Lateral Asymmetry.

In recent years it has been suggested that, in 
addition to transverse asymmetry, the membrane 
protein complexes also display lateral asymmetry 
between appressed and non-appressed regions of the 
membrane (Anderson, 1984; Barber, 1984).

The first evidence to suggest an asymmetrical 
distribution of the protein complexes along the 
membrane came from early fractionation studies 
(Anderson, 1975); PSI was shown to be located mainly 
in non-appressed membranes and PSII was enriched in 
appressed membranes. In addition freeze-fracture 
electron microscopy revealed that distinct 
differences in the size and number of particles existed 
between stacked and unstacked regions (Arntzen, 1978). 
More recently inside out thylakoid vesicles have 
been prepared and these membranes ,which derive from 
appressed regions, are enriched in PSII activity 
(Andersson ej: a_l, 1981). The ATP enzyme complex and 
ferredoxin NADP-reductase are found only in the 
peripheral regions of appressed membranes and in 
the non-appressed regions (Miller and Staehlin, 1976) 
The distribution of the Cyt b/f
complex is still in dispute since some authors suggest 
that it is uniformly distributed along the membrane 
(Gox and Anderson 1981; Morschel and Staehlin, 1983).
On the other hand there is some evidence to suggest 
that it is only present in the non-appressed membranes: 
highly enriched PSII particles derived from appressed 
lamellae contained no Cyt hj f_ complex (Whitford et al ,
1983). Barber (1984) proposes that this lateral 
heterogeneity is brought about by the different surface
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properties of the protein complexes, and in keeping 
with this concept hp: suggests that the Cyt b/f 
complex would be located mainly in the non-appressed 
membranes and in the margins of the appressed membranes.

Based on experimental results it was concluded that 
PSII is located mainly in the region of appressed 
membranes and that PSI is located in the non- 
appressed membranes and granal margins (Anderson,
1984; Barber, 1984). The ATPase complex has a 
similar distribution as the PSI complex.

Figure 7 shows the model proposed by Anderson ( 1984) 
showing an even distribution of Cyt b/f complex along 
the membrane* At present most experimental evidence 
appears to favour this model.

1.6.3 The Protein Complexes of th£ Thylakoid Memb r a n e .

1.6.3.1 The PSII —LHC 11 Complex.

A variety of preparations exhibiting PSII activity 
has been made, ranging from reaction centres to 
vesicle-like structures. Most of these preparations 
are capable of supporting electron transport from an 
exogenous donor to an acceptor but are unable to 
carry out oxygen evolution. However, Berthold et al_ 
(1981), have made an oxygen evolving PSII preparation 
these membrane fragments are composed of unsealed 
appressed granal stacks (Dunahay e_t aj_,1984). This 
preparation was characterised by Lam £t al (1983) 
and was shown to be composed of at least 10 
polypeptides with molecular weights ranging from 49- 
10 KDa; the most of which have been assigned functions

\
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POLYPEPTIDE (KDa) FUNCTION COMPONENTS
BOUND

49-41 R .C . complex Z , P 6 8 0 ,Q
32 (Lysine rich) PSII protein 

shield
Qb.

29,27,25 Light Harvesting Chia/b
33 , 23, 17 Oxygen 

evolving 
complex

(Mn, Cl").?

10 unknown Cyt b 559

The assignation of the 49 and 41 KDa proteins as the 
react i ori centre protein is still tentative.

1.6.3.2 The PSI-LHCI Complex. .

Stromal lamellae, which contain relatively little 
PSII were first isolated over 20 years ago ( Boardman 
and Anderson, 1964). These preparations contained 
a large amount of light harvesting chlorophyll 
molecules, with chlorophyll to P700 ratios ranging 
from 80-150. A recent preparation of stromal 
lamellae (Mullet et al, 1980), has a chlorophyll, 
to P700 ratio of 100, and was composed of a minimum 
of thirteen polypeptides with apparent molecular 
weights ranging from 5-65KDa. The proposed function 
of some of these polypeptides is shown in the table 
below.



POLYPEPTIDES (KDa) FUNCTION COMPONENTS
BOUND

62,19 and 14 Reaction 
C entre

P700 and 
Primary 
acceptor 
of PSI

19-24 Light Harvesting Chi a and b

A PSI preparation with a chlorophyll to P700 ratio 
of 40 was made by Bengis and Nelson (1975),(this 
contained five polypeptides with molecular weights: 
70,25,20,18 and 16 KDa) which was capable of NADP 
photoreduction provided ferredoxin, ferredoxin NADP- 
reductase and plastocyanin were added.

Recently it has been shown that PSI has an antenna 
complex specifically associated with it, and which 
has been named light-harvesting complex I (LHCI).
Three lines of evidence suggested the existence of 
this complex: 1) Mullet £t aJ (1980 ) extracted a
PSI particle, designated PSI-110 indicating the 
ratio of Chl:P700, which exhibited two peaks in the 
chlorophyll fluorescence emmission spectrum, 
reflecting the presence of two chiorophyl1-protein 
populations. Removal of polypeptides having 
molecular weights between 19-24KDa from this particle, 
resulted in a Chl:P700 ratio of 65 and the loss of 
the long wave length fluorescence peak; 2) Haworth 
et al ^1983) showed that 10% of the Chi associated 
with PSI-110 was Chib. Degradation of this preparation 
to P5I-65 results in a parallel loss of Chi b, longwave 
fluorescence and a group of polypeptides with molecular 
weight of 19-24 KDa; and 3) Lam et al (1984) extracted 
a Chi b binding protein with a molecular weight of 
about 20 KDa. This polypeptide showed no immunological 
reactivity with antibodies to the PSII Chi a/b protein.
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A topographical model for PSI organisation in the 
thylakoid membrane has been proposed by Oritz £t al 
(1985). This model emphasises the transmembrane 
organisation of each peptide component of the PSI 
complex and this is further supported by Ryrie et al 
( 1985 ) .

1.6.3.3 The Cytochrome b/f Complex.

This is a non-pigmented protein complex which 
mediates electron transfer between the two 
photosystems: electrons are received into the complex
from piastoquinone and are passed out onto the 
primary donor of PSI (P700). The manner in which 
electrons are handled by the components of this 
complex is still not clear (see section 1.4.7).

The Cyt b/f complex was first isolated and identified 
by Nelson and Neumann (1972). Following this Hurt 
and Hauska (1981) isolated a complex which was 
composed of four polypeptides with molecular weights 
of 34/33,23,20 and 17.5 KDa. The functional 
components associated with this complex are two 
cyt b>6, one cyt f and the Reiske iron-sulphur centre. 
The polypeptide and redox component relationship 
is shown in the table:

POLYPEPTIDE (KDa) REDOX COMPONENT
33/34 cyt' _f
23 cyt _bg
20 Reiske Fe-S
17 -
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The stoichiometry of the polypeptides is believed 
to be 1:1:1:1 for the 33,23,20 and 17 KDa respectively. 
However there is a suggestion that a ratio of 1:2:1:2 
may be more correct (Hauska £_t al_, 1983 ). The 
structure of the functional unit of this complex in 
the membrane is not known although some experimental 
findings (see Hauska ejt a_l, 1983 ) support a dimeric 
structure having a molecular weight of 500-550 KDa.

This complex spans across the thylakoid membrane 
and recent evidence for this arrangement is given 
in section 1.7.

1.6.3.4 The ATPase Complex.

The ATP enzyme complex is anisotropically arranged 
across the thylakoid membrane. Two distinct 
components can be distinguished, (1) CF0 : the 
hydrophobic membrane-bound portion which forms a 
proton channel across the membrane and 
(2) CF^: the catalytic, extrinsic part which is
hydrophillic and protrudes out from the membrane 
into the stroma (Nelson, 1981).

The CF^-CF^ complex is composed of eight different 
polypeptide sub-units. Five of these make up CF^ 
and have been designated: a (59KDa), P (56KDa),
Y (3 7KDa) , 6 (2 5 K D a ) , e (13.5KDa). The 

stiochiometry of these sub-units has been proposed 
to be 3 a : 3 P : 1 Y : 16 : 1 £ , as found for
the coupling factor of C o l i (Nelson, 1981).
The remaining three polypeptides comprise the CF q 
and have been designated: I(,18KDa), II (14KDa),
III (8KDa). The stoichiometry of these sub-units 
has not yet been established in the chloroplast

\



The five sub-units of the CF^ complex have been 
shown to have specific functions. The a sub-unit is 
believed to have a regulatory role in catalysis while 
the active site is located in the psub-unit. CF^ is 
bound to the membrane by the 6 sub-unit (Nelson, 1976) 
and the e sub-unit has been assigned an inhibitory role 
(Nelson e_t a_l,1972). The Y sub-unit appears to have 
a central function in the regulation of proton 
movements: it may either mediate proton movements
within the enzyme or mediate charges induced by protons 
(McCarty and Carmeli, 1982). Interactions occur 
between the sub-units with the Y sub-unit having 
a central position from where it interacts with all 
the other sub-units. T h e Y  sub-unit has also been 
implicated in the formation of CF.,, where it may 
act as a template (Nelson £t al ' -jq a q. ) .

1.7 PROTEOLYSIS OF MEMBRANES.

Proteolytic digestion of thylakoid membranes has 
been widely used to investigate the structure and 
function of the thylakoid membrane. This experimental 
approach has yielded information on the topology and 
functions of PSII, LHCP-II, and the Cyt b/f complex.

Proteolytic enzymes are useful tools to investigate 
the topography of the membrane because they are 
large molecules and cannot pass across the membrane. 
Therefore, provided moderate concentrations of 
enzymes are used, general disruption of the membrane 
will not occur, and the enzyme can be used as a 
specific probe on the outside of the membrane.



PHOTOSYSTEM II - the effects of trypsin on the 
functions of PSII were studied in detail by Renger 
( 1976 ) and Renger e_t_ al_ ( 1976 ). This led to the 
identification of a polypeptide which is situated 
at the outside of the thylakoid membrane and has 
binding sites for Qb (see 1.4.3) the secondary 
acceptor of PSII and for the triazine and urea 
herbicides (Tischer and Strotmann, 1979). This 
protein is essential for the functioning of linear 
electron transport and has subsequently been 
identified as a 32KDa protein (Mullet and Arntzen, 1981).

Recently a technique has been developed which has 
allowed the isolation of inside-out thylakoid 
vesicles (Andersson and Akerlund,
1978). This has been used to expose the inner side 
of the thylakoid membrane to trypsin. These results 
have shown that the proteins exposed on the inside 
of the membrane are different from those on the 
outside and that three polypeptides (33KDa, 23KDa 
and 16KDa) are implicated in the water splitting 
capacity of PSII (Akerlund and Jansson, 1983)).

THE LIGHT HARVESTING COMPLEX ASSOCIATED WITH PSII - 
extremely mild proteolytic (trypsin) digestion of 
thylakoid membranes results in the loss both of 
membrane stacks and of the cation-induced transfer 
of energy from PSII to PSI (Steinbeck et al ,19 79 ) .
These functional changes occurred concomitant with 
the removal of a 2KDa portion of the 25KDa light 
harvesting protein associated with PSII. These 
data suggest that a surface-exposed portion of the 
LHC-II was involved in membrane stacking and in the 
regulation of energy distribution between PSII and 
PSI (Steinbeck e_t a 1_, 1 9 7 9 ; Carter and Staehlin, 1980).



THE Cyt b/f COMPLEX - the distribution of cytochrome 
across the membrane was investigated using right-side 
out and inside-out thylakoid vesicles (Mansfield and 
Bendall, 1984). The study suggested that the haem 
groups of Cyt b 559 cyt fc>563 , and cyt f are buried 
within the membrane as none of these were affected 
by trypsin or pronase. However, the apoprotein of 
cyt b559 appears to be more exposed on the outside 
of. membranes while that of cyt f was exposed on the 
lumenal side. However, Willey £t â l ( 1984) showed 
that a portion of cyt f was exposed on both the 
stromal and lumenal side of the membrane. More 
recently a proteolysis study, using pronase E, 
has shown that all four polypeptides of this complex 
(see section 1.6) span the membrane (Oritz and 
Malkin, 1985).

1 •8 EXPERIMENTAL RATIONALE

The use of proteolytic enzymes has yielded many 
important findings about the structure and function 
of the thylakoid membrane (see 1.7). In this 
research the effects of the serine proteases, trypsin 
and chymotrypsin have been compared. The rationale 
behind using these particular enzymes is that they 
have a similar structure, molecular weight, pH optimum 
and the same inhibitor can be used to stop their 
reactions while they have different specificities 
for the bonds they attack. This allows all the 
parameters to remain the same and to observe changes 
due to the change in enzyme only.

Spec i f i cty - Trypsin cleaves bonds involving 
arginine or lysine residues; these are aliphatic 
amino acids that have a positive charge.
Chymotrypsin cleaves bonds involving aromatic amino



acids e.g. phenylalanine, tyrosine and tryptophan 
and bulky uncharged aliphatic amino acids e.g. 
asparagine or methionine. It was hoped that trypsin 
and chymotrypsin would alter different functions 
and that this could be correlated with the differences 
in specificities.

1.9 THEORY OF EXPERIMENTAL METHODS.

1.9.1 Flash Absorption Spectrophotometry.

1.9.1.1 The electrochromic bandshift at 515nm ( AA515)

This absorption shift was first observed by Duysens 
(1954) using flash absorption spectrophotometry on 
the green unicellular algae Chlorella. The light- 
minus-dark difference spectrum showed a maximum at 
515 nm and minima at 478 and 420 n m ; at that time 
the pigments involved were unknown. A similar 
absorption change was observed in chloroplasts 
(Junge and Witt, 1968) which had a maximum of 515 nm 
and a minimum at 480 n m . These changes are now 
thought to be due to an electrochromic effect of the 
membrane pigments.

Electrochroism (Platt, 1961) is the effect of strong
7 -1electric fields (10 Vm ) on the absorption spectrum 

of dye molecules, the major change being a homogenous 
shift of an absorption band by a few nanometers.

When a quantum of light is absorbed by pigments e.g. 
in the chloroplast membrane, the constituent molecules 
are raised from low-to high-energy states. If an 
electric field is present it will interact with these 
energy states changing the ground and excited state 
energy levels thereby bringing about a change in the



absorption spectrum of the molecules. The band- 
shift effect is therefore based on the potential 
energy of permanent and induced molecular dipole 
moments in the electric field. This effect can 
be expressed mathematically:

^  +.2 h AV = -(ye - yg ) F - \ (ae - ag ) F

Where He and Pg are the permanent dipole moments, ae 
and ag are the polarizabi1ities of excited and 
gound states and F is the field (Junge and Witt,
1968).

Three lines of evidence have linked the absorption 
changes, AA515, with an electrochromic response of 
carotenoids and chlorophylls to a light-induced 
electric field across the thylakoid membrane.

1) Kinetic Evidence
After flash excitation of chloroplasts a fast rise 
phase of < 20 ns is seen which subsequently decays 
in the dark in the time range of 0.01 to 1 second 
(Junge and Witt, 1968), (see Fig. 8). The fast rise 
phase has been attributed to primary charge separation 
occurring at the reaction centres of PSI and PSII 
which occurs on a similar time scale (Wolff et a_l ,
1969). Inhibition of either reaction centre 
inhibits AA515 by ^ 5  0% indicating that both 
contribute,about equally, to the absorbance change.

Acceleration of the dark decay can be observed under 
a number of conditions: ageing, osmotic shock and
the presence of solvents or ion transporting antibiotics 
(Junge and Witt,1968); under phosphorylating conditions 
an increase in the rate of decay was observed by Rumberg 
and Siggel (1968) and they associated this with an
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increase in proton flux through the coupling factor; 
moreover removal of the coupling factor also results 
in a rapid rate of decay.

2) Spectroscopic Evidence
Model systems were prepared and comparisons made 
between these and the i_n vivo system. The models 
consisted of layers of photosynthetic pigments 
built up on glass slides across which an electric 
field was applied (Schmidt ej: {*1,1971), this produced 
an absorption spectrum which w a s r similar to the 
light-induced in vivo spectrum. In this way it was 
found that both chlorophyll b and carotenoids are 
involved in the electrochromic effect of higher 
plants.

3) Electrical Evidence
a) Diffusion Potentials

Diffusion potentials were induced in chromatophores 
from Rhodopseudomonas sphaeroides and, the extent of the 
absorption changes were seen to vary linearly with 
the diffusion potential (Jackson and Crofts, 1969). 
Analogous studies have been done on chloroplasts but 
the earlier work proved to be less clear due to light 
scattering artifacts. However more recently 
Schapendonk and Vredenberg (1977) showed a similar 
linear relationship between the extent of the 
absorption change and the diffusion potential in 
chloroplasts.

b) Macroscopic Electrodes
These were introduced by Fowler and Kok (.1.974) and 
subsequently used by Witt and Zickler (1974) who 
showed that the electrochromic absorption change 
induced by light could be correlated linearly with 
the voltage measured by electrostatic induction.
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c) 'Blebs'
More recently osmotically swollen chloroplasts 
(blebs) have shown that the spectra of the absorption 
changes at 515 nm induced in the dark by electric 
fields are identical to those generated by light 
(de Grooth ê t a_l,1980).

THE RELATIONSHIP OF THE ELECTROCHROMIC BANDSHIFT TO VOLTAGE

Evidence has been accumulated suggesting that the electrochromic 
bandshift is linearly related to voltage across the membrane. 
Jackson and Crofts(1969) showed a linear relationship between 
the carotenoid bandshift and the membrane potential,using • 
pulses of KC1 added to chromatophores in the presence of 
iva1inomycin. Similar experiments were done on thylakoids by . ;
Schapandonk ;and Vredenberg (1977). Two further lines of evidence 
gave support to the existence of this relationship in thylakoid 
membranes: the ionophore almethicin forms pores in black lipid 
|membranes which are dependent on the presence of a potential 
(difference across the membrane- this method has been used to 
correlate voltage with absorption changes; the number of charges 
translocated across the membrane in one turnover of the electron 
transport chain was measured and this gave a good correlation with ! 

|the extent of the bandshift(Witt,1978).

Absorption changes iri vivo give a linear function 
of the electric field while those in vitro give a 
quadratic function as would be expected for 
symmetrical carotenoids. Schmidt £t a 1 (1971) 
explained this observation by assuming that 
carotenoids jin vivo are exposed to a permanent 
electric field which is much stronger than the light- 
induced one. It was demonstrated by Reich and Sewe 
(1977) that in the presence of such a permanent field 
a pseudo-linear electrochromic response can be seen, 
even though the real response is quadratic.



THE SLOW RISE PHASE OF AA515

In addition to the fast rise kinetics of the AA515, 
Joliot and Delosme (1974) observed a slow rise phase 
in algae. They called the fast rise phase a and the 
slow rise phase b (see ,Fig. 8). The light-minus-dark 
difference spectrum of the slow rise is the same as 
that for the fast rise phase and therefore is also 
thought to be due to an- electrochroism of the pigments 
in the membrane.
The origin of the slow phase in chloroplasts is 
not unequivocal. However in Rhodopseudomonas 
sphaeroides it was shown that two slow phases exist 
in the rise of the carotenoid bandshift (Jackson and 
Dutton,1973)..''-'The first phase rises with a half- 
time of 0.15 ms and may be due to ^hoto-oxidation 
of cyt c_ and the re-reduction of P . A much slower 
phase with a half-rise time of 5 ms (possibly corres­
ponding to the slow phase in chloroplasts)has been 
correlatedj with the oxidation of cyt b 563 and the 
reduction of cyt c_ ( Jack son and Dutton, 1973;Prince 
et a l , 1 978)

In chloroplasts an extra electrogenic step has been 
proposed either in an H+-transporting Q-cycle 
(Velthuys, 1979 ; 1980) or in cyclic electron transport
around PSI (Crowther and Hind,1980). Olsen and 
Barber (1980) suggest that the slow component appears 
as a consequence of the delocalisation of charge due 
to the release of H+ and OH” into the aqueous phase 
during electron transport reactions. Finally 
Vredenberg and Shapendonk (1981) and Schuurmans ejt al_ 
(1981) suggest a different model: the slow rise phase
is thought to be a reflection of localised inner 
membrane conformational changes probably involving 
the ATPase, these changes being accompanied by 
changes in strength and orientation of local membrane 
fields.



The magnitude of this slow phase can be reduced by 
addition of valinomycin (Schapendonk and Vredenberg,
1979) and increased by nigericin (Crowther and Hind,
1980). A reduction was also seen with_adenine 
nucleotides (Girault and Galmiche, 1978) and by 
substances that alter the ATP synthesising complex 
(Schuurmans et al_,1981; Vredenberg and Schapendonk ,
1981). Although intensive experimentation has 
produced a number of hypotheses as to the origin 
of the slow phase n o n e ,has proved to be totally 
satisfactory. However more recently experimental 
data has suggested that an extra electrogenic step 
involving a Q-type cycle (Joliot and Joliot, 1984),

linked to cyclic electron transport (Crowther 
and Hind, 1980; Moss and Bendall, 1984), may be the 
source of the slow phase.

L IMITATIONS

Care has to be taken in the interpretation of these 
changes. A number of other phenomena can cause 
absorption changes at 515 nm 1) carotenoid triplet 
formation a £>) light
scattering changes. Normally these effects can be 
separated kinetically: carotenoid triplets

decay in ps time range while light scattering 
changes come into play >  one second, therefore by 
using flash conditions and observing changes at ^ 500 
ms the changes should be due to electrochroism 
alone (Junge, 1977).

1. 9 .1. 2, Light Induced Oxonol . VI Absorbance Changes.

Oxonol VI is one of a group of dye molecules that can 
be used as an extrinsic probe of membrane potential.



Changes in the absorbance of oxonol VI are measured 
around 600 n m , a wavelength where chloroplast 
absorbance is low. When oxonol VI reacts with 
proteins and lipoproteins there is a red shift of its 
absorption band - the absorbance changes are related 
to the number of dye molecules which are bound 
(Galmiche and Gi r a ult, 1981).

Bashford £t al̂  ( 1979a) studied the ineractions of a 
series of oxonol dyes on phospholipid dispersions.
Three major factors affecting the interaction of oxonols 
were 1) the structure of the dye 2) the physical 
chemistry of the vesicle 3) the ionic strength of the 
medium. In addition to these major factors the 
chemical composition of the membrane is also thought 
to be important.

Light-induced shifts of absorption spectra were seen 
on adding oxonol VI to chroraatophores of bacteria 
(Bashford £t ail, 1979 ). The oxonols appeared to 
respond to light-induced energization of the 
chromatophore membrane by shifting their absorption 
maxima. From experiments using valinomycin/K+ and 
nigericin (Bashford ^t a l , 1979; Galmiche and Girault,
1981 and Schuurmans e_t al,1978) it was concluded that 
the oxonols respond to the light-induced membrane 
potential. These dyes are anions at neutral pH 
values and probably distribute across the membrane 
in accordance with the p o t e n t i a l , which is positive 
to the inside of both thylakoids from plants and 
chromatophores from bacteria. This influx of anions 
(oxonol) partly discharges the membrane potential which 
can be seen from the increase in rate of decay of AA515. 
The response of oxonol VI is much slower than for the 
intrinsic electrochromic band shift and therefore can 
be used only to monitor slow changes or steady state



levels of membrane potential. In addition since 
oxonol VI dissipates the field, low concentration 
( rV' 1 pm) must be used.

1.9.2 Chlorophyll Fluorescence.

Light absorption by the antenna pigments (see 1.3)
is the first process to occur in photosynthesis.
The energy absorbed in this way raises the electrons
within these pigments from a ground state to an
excited state. This excited state is unstable having

-9 'a lifetime of ^ 1 0  *s . Four dissipative processes 
compete for this energy: 1) light emission,
(fluorescence); 2) radiationless: transition (heat);
3) intersystem energy transfer from PSII to PSI; 4) 
photochemistry.The chlorophyll fluorescence yield 
of photosystem II can be defined as the ratio of the 
fluorescence rate constant to the sum of all the 
de-excitation, rate constants.! (Clayton, 1965)

<f>f = Kf / (Kf + Kt + Kh + KpQ )

Where <f>f == quantum yield of fluorescence, and the 
rate constants associated with the decay process of 
Kf = fluorescence, = transfer of light energy from
PSII to PSI, = heat loss, KpQ=photochemistry. It 
can be seen that if any of the rate constants 
change then the fluorescence yield will also change.

Fluorescence measurements can be used to follow the 
primary processes of PSII. Duysen and Sweers (1963) 
showed that the fluorescence intensity was dependent 
on the redox state of the primary acceptor (Q) of 
PSII. When Q is reduced (Q~), and if no re-oxidation 
occurs, fluorescence reaches a maximum, conversely 
when Q is in the oxidised state fluorescence is 
quenched



When Q = 1 all traps are open and Of'/ is low:

<J>f = Kf/Kf + K̂ _ + Kĵ  + Kpl
but when Q = 0 all traps are closed and is high •

= Kf/Kf + K-j- +
There is thus an inverse relationship between 
fluorescence and photochemistry: when fluorescence is

r
high, photochemistry is low.

Fluorescence induction curves can be used to assess 
the photochemical efficiency of PSII. When dark 
a d a p t e d  chloroplast samples are exposed to light the 
initial fluorescence rises to a level, F© (this 
fluorescence is constant and is not related to the 
redox state of Q) as Q becomes reduced the reaction 
centre traps close and fluorescence rises to a maximum 
level, F m . But intersystem transfer of electrons 
will re-oxidise Q and consequently the fluorescence 
level may vary. To prevent this variation DCMU, a 
herbicide which inhibits electron transfer between 
Qa and Q b , is added to the sample and the fluorescence 
rises rapidly to a maximum level and remains steady.
By deducting F^ from F^ a parameter F ■■ (variable 
fluorescence) is obtained, and this is the 
fluorescence which occurs as the PSII traps close.
It is possible tc use chlorophyll fluorescence 
induction curves to estimate the photochemical 
efficiency of PSII; if FQ : and Fm are measured •

Fm — F q Fv Kn Q x .————   = —~ — — — -t - 9p max .Fm Fm Kf fKĵ  + K-̂  + Kp Q

Opmax is the maximum photochemical efficiency of PSII 
and has a value between 0 and 1: the closer to 1 the 
higher the efficiency of PSII.(Malkin and Siderer, 
1974). However, discrepancies have been noted between 
the measured and predicted levels of Fm and F0 and to



account for this it has been assumed that an extra 
radiationless de-activation pathway occurs in closed 
reaction centres (Van Grondelle and Duysens , 1 9'80 ) ' 
Haenel £t ajL, 1982).

The expression Fv , , , , , ,. o.. ,— = (J>D niax should be modified 
* m

to Fy Kn7T— = (f>n max x --- --Fm r Kp -x -Kd

Where K , i s  the rate constant for a further d
radiationless de-activation step.
(Van Grondelle and Duysens , 1 9 8£-)



CHAPTER TWO - MATERIALS AND METHODS.



MATERIALS AND METHODS.

2 * 1 GROWTH CONDITIONS.

Peas (P i sum sativum var. Little Marvel) were grown in 
trays of vermiculite for 10-14 days at a temperature
of 23°C. The light was provided by, mercury vapour 

_olamps (15 Wm ) with a 12h photoperiod.

2 * 2 ISOLATION OF CHLOROPLASTS.

5 0 g o f  peas was homogenised in 200ml of a medium 
containing: 0.33M Sorbitol, 50mM KH2P04> 5mM MgClg, 
0.1% (w/v‘) NaCI and 2%(w/v ) sodium iso^ascorbate, 
pH 6.5.. Grinding was at high speed for 5 seconds 
in a poiytron- (Hompgfeni serlTypel'PT! 10^35 Kinematica, 
Switzerland). The homogenate was filtered first 
through 2 then through 8 layers of muslin and a thin 
layer of cotton wooi. The filtrate was centrifuged 
at 2200 x g for 90 seconds in a bench top centrifuge 
(MSE- super minor) yielding a pellet of chloroplasts. 
Osmotically shocked chloroplasts were prepared by 
resuspending the pellet in 2mM MgCl2 , lOmM KCl and 
20mM Tricine — NaOH ,pH' 7.4. The chloroplasts were 
routinely stored in the dark on ice for a minimum 
of one hour before use (Stokes and Walker,1971)

2 •3 d e t e r m i n a t i o n  OF CHLOROPHYLL CONCENTRATION.

Chlorophyll concentration was determined spectrophoto 
metrically: 25pl of the chloroplast suspension was
added to 10ml of 80% (v/v) acetone; the solution was 
then filtered through a Watmans No. 1 paper and the



absorption measured at 645,654 and 663 n m , using 
a scanning spectrophotometer (Pye-unicam SP8-500). 
The concentration of chlorophyll was determined 
using the method of Arnon (1949):

A663 = 8 2. 0 4 C a + 9.27Cb

A645 = 16 . 7 5 C a + 45.6Cb

Solving for Ghla and b using simultaneous equations

C = 20.2 A645 + 8.02 A663 
correcting for the dilution factor gives an answer 
in jigChl ml”  ̂.

The intersection of the Chla and Chib peaks is
at 652nm and the specific absorption co-efficient
at this wavelength is 34.5 therefore:

A652 x 1000 ,-1C =   = mg 1

3 4.5

2 •4 e x p e r i m e n t a l  PROCEDURES.

2.4.1 Enzyme Incubation Procedure.

Trypsin, type XIII (N-Tosyl - phenylalanyl 
chloromethyl ketone treated to exclude chymotrypsin 
activity) and chymotrypsin, Type VII (Tosyl-lysyl- 
chloromethyl ketone to exclude trypsin activity) 
were purchased from Sigma Chemical Company.

The enzymes were prepared as solutions in 20mM 
tricine buffer pH 7.4, at x 100 the required 
concentration, and were stored as 1 ml aliquots in 
the freezer. Enzyme solutions were never re-frozen 
as this had a detrimental effect on enzyme activity 
(section 2.4.2).
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The enzyme in'cubation procedure was as follows: 
the stock solution of enzyme was diluted to the 
required concentration in the assay buffer (details 
in legends of figures), and divided into small 
(0.5-4ml) aliquots. The tubes containing these 
samples and the control samples (buffer containing 
no enzyme) were equi1ibriated at 23°C for a minimum 
of 5 min. Chloroplasts were then added to the . 
required concentration (see figure legends).
After the incubation period was complete soy bean 
trypsin inhibitor (Sigma Chemical Company) was 
added to stop the reaction. Immediately following 
this any necessary co-factors were added and the 
required measurement made.

The light source used for enzyme incubation in the
light was a microsope lamp (Watson Bafnet) giving

_ o *white light with an intensity of 120 Wm .
\ .

2.4.2 Enzyme Assays.

The activity of the enzymes was assayed 
spectrophotometrically as indicated by Schwert and 
Takenaka , ( 1955). Chymotrypsin in 1 mM HCl (0.2ml) 
was added to 3ml of acetyl tyrosine ethyl ester 
(ATEE) (10 3M) in phosphate buffer (0.05M) pH 6.5.
The .activity in this sample was measured' against

\

a blank containing phosphate buffer and ATEE: at
237nm where a decrease in absorption occurred due 
to hydrolysis of the ester.

Trypsin in .1 mMHCl (0.2ml) was added to 3ml of
■̂ 3benzoyl arginine ethyl ester (10 M) in phosphate 

buffer (0.65M) pH 7.0. The activity was measured 
at 253nm where an increase in absorption was 
brought about by hydrolysis of the ester.



The activity in these assays was measured over 
90 seconds. These assays were used to check that no 
deterioration in the activity of the enzymes occurred 
from day to day. In addition the presence of trypsin 
activity in the chymotrypsin was tested and vice versa.
No observable activity was seen in either case this 
indicating that there was less than 1 % contamination.

_ iThe trypsin inhibitor will inhibit 1-3 mgml of trypsin 
per mg of inhibitor. In general at least a 20 fold excess 
was used (see legends for details)
2.4.3 Protein Assay.

A tannin assay was used to measure the concentration 
of protein in the samples prior to gel/ electrophoresis. 
Bovine serum albumin (BSA) was used as a standard: 
a series of samples were prepared containing from 
! 10 - 150pgi°f BSA. The required amount of BSA was put into 
each tube and the volume made up to 1ml with water, 
these samples were equi1ibriated for lmin, at 30°C, 
after which 1ml of tannin medium (1M HCl , 10% (w/v)
tannic acid and 0.5% (w/v) phenol ) was added. The 
samples were incubated for lOmin at 30°C, on the 
completion of which 1ml of gum acacia (0 .2% w/v) 
was added. The turbidity of the samples was 

v measured at 500nm indicating the amount of protein.
A graph was then produced plotting BSA concentration 
against the absorbance reading at 500nm (A500).
To find the concentration of protein in the 
experimental samples the absorbance at 500nm was 
measured and the concentration read off from the 
graph, (Mejbaum-Katzenellenbogen and Drobryszka (1951)•



2.4.4 PSII Blocked ChloropIa s t s .

To inhibit PSII activity, chloroplasts (25pgml *) 
were incubated in the light for 1.5min in the presence 
of D C M U (lOpM ),)and hydroxy1amine (lOOpM). To stimulate 
PSI the electron donors TMPD (0.2M) or DCPIP (O.lmM) 
were added with the reducing agent sodium ascorbate 
(3m M ).

2.5 MEASUREMENT OF OXYGEN EVOLUTION.

2.5.1 The Steady-State 0„ Electrode.

The principle on which the oxygen electrode is 
based is that of polarography : this technique is 
used for analysing and studying ions in solution; 
the concentration of the ions is obtained by using 
an electrolytic cfell and by producing a graph of the 
current against the potential.

The electrode used was a modified Clarke type,
(Delieu and Walker, 1972). It comprises a reaction 
chamber, enclosed by a perspex jacket, separated 
from the electrode itsfelf by a semi-permeable 
teflon membrane. Water, the temperature of which was 
thermostatically controlled, was pumped through the 
perspex jacket of the electrode and maintained the 
sample at a constant temperature. A platinum wire 
embedded in plastic was the cathode while a silver

i .wire bathed in saturated KC'l was the anode. The 
polarity was set up by applying a voltage of 0.65V 
across the two electrodes. 0  ̂ was reduced at the 
platinum electrode:

0 2 + H 20 + 4 e ~ ----- >40H



while the reaction at the silver (+ve) electrode:

4Ag + 4C1 ——  >4AgCl + 4e

The resulting electron flow was proportional to the 
concentration of 02 in the sample. The rate of 0 2 
being evolved was measured by putting the output from 
the 0 2 electrode, which measures the concentration of 
C>2 , onto a pot enti onmetr i c chart recorder.

The scale on the chart recorder was calibrated 
using maximum and minimum 0^ levels obtained from 
aerated water and 0 2 free water respectively. The 
scale set in this manner gives the total span of 0^ 
levels and was recorded in units read off the chart
recorder paper. The 0 evolved was expressed in

- 1 - 1  |i moles C>2 mg Chi hour

2.5.2 Flash 0  ̂ Electrode.

The electrode used*was similar to the model described 
by Joliot and Joliot ,( 1968). It is composed of two 
sections separated by a dialysis membrane (Fig. 9): 
the bottom section houses the pi ati num electrode 
whilst the silver electrode is in the top section.
A reservoir containing buffer (20mM Tricine, lOOmMKCl,
2mM MgCl9 , lOOpM NADPH ) was connected to the top£ 2
section and, by gravity flow; this solution renews 
the medium between the two electrodes. The sampleof 
algae or chioroplasts(chi orophyl1. coneentratioh 
1 OO pg mi"-1) was placed on the platinum electrode, which 
was recessed such that the volume of the electrode 
chamber was approximately 2 Ml, when the electrode 
assembly is pushed upwards against a taut dialysis 
membrane. The platinum disc was the cathode and 
the silver electrode (bathed in KC1) was the anode: 
this polarity was set up by applying 0.65V across 
the two electrodes. (See section 2.5.1).
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FIGURE 9.

The flash oxygen electrode. This shows the 
two sections described in the text. The 
symbols are: FL, flash iamp; 'PLG, perspex
light guide; Ag, silver electrode and Pt, 
platinum electrode.



The chloroplast sample was excited by a 5 ps xenon 
flash and 'in order to prevent
the turnover of PSI to be limiting,steady state light 
was supplied from a microscope lamp (Watson Barnet) 
protected with a red filter (RG 715 Schott). The 
flash yield was°measured by passing the signal 
from the electrode to a digital transient recorder 
(Datalab DL901) arid then the data was stored and 
analysed by a Digital Equipment Corporation Computer 
(DEC PDP-11-34). The equipment set up is shown in 
Figufcfe:10.

The flash lamp was triggered by the computer and a 
series of 23 flashes were given with 0.75 s between 
each. To make measurements of the light saturation 
curve, filters were inserted in every 6th flash 
allowing three experimental flashes per series of 23. 
The data was analysed by counting flashes 2-5, 8-11, 14
20-23 as controls and flashes 6 , 12 and 18 as 
experimental. After each flash the 0 signal was 
displayed on an Oscilliscope screen along with the 
signal size. This procedure was repeated for each 
optical density filter and a saturation curve of 0
yield versus flash intensity was obtained (see Results

\
Chapter 6 ).
The e r r o r  bars i n d i c a t e d  in the g r a p h s  are s t a n d a r d !  
e r r o r s  c a l c u l a t e d  f r o m  the s t a n d a r d  d e v i a t i o n s  fromi 
a m i n i m u m  of four ,repeats. F i g u r e s  61 and 62 s h o w  
the d a t a  from 2 r e p e a t s  only.
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2.6 MEASUREMENT OF PHOTOPHOSPHORYLATION AND 
HYDROLYSIS.

Phosphorylation and hydrolysis measurements were 
made using the pH-method of Nishimura £t al (1962). 
This method uses the differences in pK between 
ADP and ATP. When the following reaction takes 
place, a small change in pH is brought about:

ADP + P. + nHV  " ATP + H O1 ' w
The value of n(= H+ /PU) is calculated theoretically, 
using the Henderson-Hasselbalch equation, and the 
buffering capacity of the medium (H+/pH) is 
determined experimentally by titrations. Values of 
n were taken from Nishimura £t  ̂ aJ ( 1962): in the 
experiments described here a value of n=0.925 was
used at pH 7.8. The buffering capacity was measured

-2 + by adding 10pl of 10 M HCl (lOOng H ions) to each
sample. It is possible to calculate the rate of
production or consumption of H+ and from this the
rates of phosphorylation and hydrolysis can be
calculated. A typical phosphorylation trace is
shown in Figure' ll. The reaction was carried out in
a Clarke type 0 electrode where simultaneous
measurements of rates of 0 evolution and
phosphorylation/hydrolysis could be measured. This
method allows control over temperature (23°C) and
constant stirring of the reaction mixture. The
light source, from a 150W quartz-iodine lamp
powered by a stabilised D.C. supply (Coutant
Electronics) was passed through a water filter and
a Wratten 29 red filter. pH changes were measured
using a micro-combination pH electrode (EIL-
.Chertsey, Surrey) connected to a pH meter (MSE
spetroplus)> , the sensitivity of this was increased
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FIGURE 11. A typical phosphorylation trace.
u  ) indicates the addition of HCL.
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by using a chart recorder (Linseis LS-4 series,
Selb, W. Germany) giving a full span of 0.1-0.5pH
units. The experimental set up is shown in Figure 12 
The ADP and ATP were prepared in the buffer being 
used in the experiment(see figure legends)and the 
pH was adjusted at this stage to the. required level-.

2.7 FLASH-INDUCED SPECTROPHOTOMETRY

2.7.1 Measurements of the flash-induced 
electrochromic bandshift___________

Measurements were made in a laboratory-constructed 
single : beam jspectrophotometer: (Fig* 13). The
chloroplast sample, contained in a |lcm pathlength ! 
cuvette, was excited by a 5 ps xenon flash 
(General Radio, Stroboslave) which had been passed 
through a red filter (Kodak, Wratten 25 and 92).
The absorption change was monitored using a weak 
continuous measuring beam from a 150W quartz-iodine 
lamp powered by a stabilised D.C. supply. . The 
measuring beam passed through a monochromator 
(M380 Applied Physics Limited) giving light at 
515nm, and after passing through the sample was 
detected with a photo-multiplier tube (EMF 9659B) 
which was protected with blue filters (Corning 4-96). 
The photomultiplier tube was powered by a 
Brandenburg 47 5R H .T. supply. The output of the 
photomultiplier tube was passed through a current- 
to-voltage converter and amplifier followed by an 
R .C. filtering circuit, to improve the signal to 
noise ratio, and stored in a 20MHz Datalab 922 
transient recorder. The signal was then transfered 
to a Digital Equipment Corporation PDP-11-34 
cpmputer.
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The computer added a number of similar digitally 
converted signals together thus improving the 
signal“to-noise ratio: if each signal is exactly 
synchronised then the signal will increase as each 
one is summed but because the noise is random it 
will diminish. " • •• •- •
Unless otherwise stated the electrochromic bandshift 
traces shown in the figures were the summation of 64 
;single flash sweeps at a repetition rate of one per 
(second.. The appearance of the slow rise phase (see 
control Fig . 24) was variable but did not affect the 
results of the experiments when the two types of data 
were compared. On the figures an arrow indicates the point 
at which the flash was f ired.
The rate of decay of AA515 is indicative of the ionic 
permeability of the membrane. Therefore, in order to 
make accurate comparisons between samples, it is 
necessary to quantify the rate of decay. The data 
were fitted to a variety of functions using a computer 
assisted 1east-squares fit.

Three functions were used:
1 . for a simple first-order exponential decay 

Y (t ) = A e x d (- k t )O '
2 . for a linear combination of two first-order 

dec a y s :
Y(t) = A Q exp(-kt) + Bb exp(-lt), and

3. for a curve including a second, slow phase of 
increase (Hipkins and Must o', 1985 )
Y (t ) = (A^ + B ̂  (1- exp ^ )) exp ( - k t )

Where
A = initial amplitude 
Y = amplitude after a given time 
k = first order rate constant 
1 = first order rate constant



2.7.2 F l a s h - i n d u c e d  oxonol VI absorption c h a n g e s .

The experimental arrangement used for measurements 
of flash-induced oxonol absorption changes was 
essentially the same as that described in 8.7.1 
for A A 5 15.

Oxonol VI was synthesised by Dr. V. Math of the 
Botany Department Glasgow University, adapting \ ; lr 
the method of Smith et, al_ , ( 19 8 2 ) . •

2.8 MEASUREMENT OF FLUORESCENCE.

2.8.1 Chlorophyll â  Fluorescence.

These measurements were made in a laboratory 
constructed flucrimeter (Fig. 14). The light was 
provided by a 150W quartz-iodine lamp which, was 
passed through a filter combination (Corning 4-76 
and 4-96; Balzen Camflex infra-red filter), to give 
broad-band blue light. A solenoid-operated shutter 
was used to admit the light to the chamber. 
Fluorescence was measured at right-angles to the 
actinic beam with a photomultiplier tube (EMI' 9659) 
powered by a Bradenburg 47 5R H . T. supply and 
protected with a 685nm interference filter (Balzens 
B40) and an RG 695 (Schott) cut-off filter. The 
photo current was passed through a current-to- 
voltage converter and amplifier and was passed to 
a potentiometric chart recorder. In the case of fast 
fluorescence transients the output from the 
amplifier was passed to a Datalab (DL 922) digital 
transient recorder and onto the computer.



F2 [

PM

1 1

C
:

S1 F1

L

FIGURE 14.

Schematic diagram of the fluorimeter.
The symbols are: L, light source; SI,
shutter; F , blue filter; F ,'red filter; 
P.M, photomultiplier tube; C.R., chart 
recorder;CRO, oscilliscope; C, computer 
and A , ampli f i e r .



2.8.2 9-Aminoacridine Fluorescence (Pick and McCarty, 1980)

Measurements were made in a laboratory-constructed 
fluorimeter. The chloroplast sample, to which 
9-Aminoacridine had been added, was contained in 
a lcm. s. pathlength cuvette. The 9-AA fluorescence was 
excited with 400nm light derived from a 150W 
quartz-ioaine lamp, and passed through a monochromator. 
Fluorescence was detected, at right angles to the 
exciting light, by a photomultiplier tube (EMI 9659B) 
powered byoa Bradenburg 47 5R H .T. supply and 
protected by a green (Wratten 57) and a blue 
(Corning, 4-96) filters. The output from the 
photomultiplier tube was passed to a current-to- 
voltage converter and amplifier, then to a 
potentiometric chart recorder (Linseis).

Photosynthesis was excited by light, from a second 
quartz-iodine lamp, which had been passed through 
a red (Wratten 70) filter (see Fig. 15).

2 * 9 COUPLING FACTOR ISOLATION AND PURIFICATION.

2.9.1 Isolation of Chloroplasts.

200g of peas (see 2.1) was homogenised in 250ml of 
a medium containing: 0.4M Sucrose, 20mM Tricine and
lOmM NaCl (Lien and Racker, 1971). The
extraction procedure was as described in section 2.1 
with the exception that the filtrate was 
centrifuged at 3000 x g for lOmin. The pellet 
produced was washed in the extraction medium and 
centrifuged as before, producing 'intact1 
chloroplasts.
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2.9.2 Extracti on o f th e Coupling Factor.

The pellet from the above procedure was resuspended,
in a medium containing: lOmM NaCl, 2mM Tricine -
pH8.0, and was incubated on ice in the dark for 1 hour.
This procedure caused osmotic lysis of the chloroplasts
producing free thylakoid membranes. The suspension
was then diluted in the resuspending medium to give a

-1chlorophyll concentration of lOOpg ml and, in the
case of enzyme treated samples, the required amount
of trypsin or chymotrypsin was added. On completion
of enzyme treatment, trypsin inhibitor was added,
and the suspension centifuged (MSE high speed 18)
at 10000 x g for lOmin. The pellet was resuspended
in a medium, containing 0.25M sucrose, lOmM Tris -
‘S0^-(pH 7.6), ImM EDTA, 2mM ATP and 5mM dithiothreitol ,
to give a chlorophyll concentration of 2.5 - 3mg ml"**.
To this solution a half-volume of chloroform was
added at room temperature and the mixture was stirred
for 15s. This was centrifuged (EBA 25 Hettich, Arnold
R. Horwell Limited; London N W 6 2B D ) at 300 x g for 2min
the top aqueous layer was removed and recentrifuged at
12000 x g for 30min at room temperature. The golden
yellow supernatant thus produced contained CF^. To
store this preparation a 50% (NH4 )2S 0 4 precipitate
was formed: 3.14g of (NH.) So. was added for each4 2 4
10ml of solution containing this was centrifuged
at 12000 x g for 20min and the pellet was stored in
a saturated solution of ( N H „ ) „ S 0 . at 4°C.----------- —  4 2 ' 4
(Younis et al,1977)



2.9.3 Purification of C F ^

The (NH4 )2S04 precipitate containing CF^ was 
resolubilised in a medium containing 20mM Tricine,
2mM EDTA and ImM DTT (pH 8.0). This suspension 
(^ 3 m l ) was passed through a Sephacryl (Pharmacia)
S 300 column (100cm x 3cm) which had been washed

with the buffer containing: 20mM *Tr i. c i.n e ,
2mM EDTA and ImM DTT. 10ml fractions were collected 
(2070 iXlltrorac 11, LKB Biochrom ,Cambridge) and were 
assayed spectrophotometrically (280nm) for protein.
CF^ was present in fractions 10 to15 ; these fractions 
were pooled and concentrated to a volume of 2ml using 
an ultrafiltration device (Amicdn PM Model 12). The 
concentration of protein in this extract was measured 
using a tannin protein assay and the presence of CF^ 
identified by polyacrylamide gel electrophoresis.

2.9.4 Polyacrylamide Gel Electrophoresis.

Electrophoresis employed a vertical slab-gel apparatus 
with a gradient gel of 12.5 to 15% (w/v) acrylamide in 
the presence of 0.4% (w/v) sodium do-decyl sulphate 
(SDS). The running gel buffer contained 1.5M Tris- 
HCl, 0.4% SDS (w/v) pH8.0 and the stacking gel buffer 
contained 0.5M Tris-HCC, 0.4% SDS (w/v) pH 6 .8 .
The protein sub-units were separated using a boiling 
solution which contained 50mM Tris, 2% SDS (w/v), 10%
glycerol (v/v), 2% Mercaptoethanol (v/v) and
bromophenol blue ,pH 8.0. The gels were run at a 
current of 30mA (2103 power supply LKB Biochrom) for 
6 .hours using an electrolyte containing 23mM Tris,
0.192M glycine and 0.1% SDS (w/v). The protein was 
stained overnight in a solution containing 25% 
propanol (v/v), 10% acetic acid (v/v) and 0.04%
coomassie blue (w/v), and destained in a solution 
containing 10% methanol (v/v) and 10% acetic acid (vv/v). 
(Laemmli,1970);



CHAPTER THREE - RESULTS.
THE EFFECTS OF TRYPSIN AND 
CHYMOTRYPSIN ON ELECTRON 
TRANSPORT IN ISOLATED CHLOROPLASTS.



R E S U L T S .

THE EFFECTS OF TRYPSIN AND CHYMOTRYPSIN ON ELECTRON 
TRANSPORT IN ISOLATED CHLOROPLASTS.

3 . 1 INTRODUCTION.

In this chapter a comparison is made between the 
effects of trypsin and chymotrypsin on electron 
transport in isolated thylakoids. A number of workers 
has previously shown that trypsin can inhibit and 
uncouple electron transport.(Mantai, 1969 and 1970; 
Selman and Bannister, 1973} Regitz and Ohad, 1976; 
Renger, 1976 ) . The conclusion from these . papers was 
that electron transport was inhibited primarily by 
an effect on the PSII polypeptides with PSI being 
unaffected: the water splitting enzyme complex was 
proposed to be the primary site of attack (Regitz 
and Ohad, 1979; Selman and Bannister, 1973) but 
subsequent work (Renger , 1976 ; Renger ejt al,1976 ) 
suggested that a proteinaceous component covering 
over the reducing side of PSII was responsible for 
the observed functional changes. Further evidence 
to support this proposal came from studies using the 
inhibitor DCMU which is known to inhibit electron 
transfer between the reaction centre of PSII and the 
Plastoquinone pool without affecting the functional 
integrity of the reaction centre'(Bennoun, 1970).

j.It was shown that digestion of 
membranes with trypsin led to the removal of the DCMU 
binding sites and DCMU is then unable to inhibit electron
transfer (Tischer and Strotmann, 1979 ; Renger £t al , 
1981). The binding site is now known to be part of a 
32KDa protein (Mullet and Arntzen, 1981) which is a 
functional part of PSII, lying at the outside of the 
membrane on the reducing side of PSII.



Trypsin is a specific protease breaking bonds which 
involve arginine or lysine residues only: since
trypsin has the ability to decrease herbicide binding 
(Tischer and Strotmann, 1979; Trebst, 1979; Pfister and 
Arntzen,1979) it is attractive to propose that arginine 
and lysine are important bonds participating in the 
binding site. With this in mind, it was decided to 
use another specific protease, chymotrypsin, which 
has specificity for aromatic amino acids, i.e. 
tryptophan, tryosine and phenylalanine. It was 
hoped from these experiments to correlate any 
differences in changes in function, brought about by 
these enzymes, with their different specificities.
The results in this section show that both trypsin and 
chymotrypsin have-similar effects on electron transport 
but some subtle differences were evident.

3.2 RESU L T S .

Figures 16 and 17 show that when thylakoid membranes 
were incubated in the presence of trypsin the rate 
of oxygen evolution became sensitive to the nature 
of the electron acceptor present. When potassium 
ferricyanide (KgFe-(CN) ) was used as an electron 
acceptor the rate of oxygen evolution was little 
affected by trypsin incubation. However, if 
p-benzoquinone was used almost total inhibition of 
oxygen evolution was observed (Figs 16 and 17). These 
results are in agreement with those of Renger et al_ 
(1976). Chymotrypsin (Figs 18 and 19) displayed 
similar but less marked effects as trypsin: in this
case inhibition of oxygen evolution occurred with 
both K^Fe(CN) or p-benzoquihone, but the reduction 
in the rate of oxygen evolved was greater in the 
presence of p-benzoquinone. These results suggested
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FIGURE 16.

The effect of trypsin on the rgte of oxygen 
evolution in the presence of K3Fe(CN)_( O  ) 
or p-Benzoquinone (A), in uncoupled tnylakoid 
membranes. Thylakoids wijh a chlorophyll 
concentration of 50 /4gml were incubated 
with trypsin (50 /4gml~l) in 2ml of medium 
containing: Tricine (20 mM), KCI (10 mM)
and MgC12 (2 m M ) PH 7.4. The reaction was
stopped by adding trypsin inhibitor 
(1 m g ml-1 ). All samples contained NH4CI 
(2.5 mM) and either K 3Fe(CN)g (1.5 mM) or 
p-benzoquinone (3 mM).

The.control rate of oxygen evolution was usually- j
90-100 jnmole oxygen/mg chlorophyll/hour. '
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FIGURE 17.

The effect of trypsin on the rate of oxygen 
evolution, in the presence of K j F e f C N j g t O  ) 
or p-benzoquinone (A)> in uncoupled thylakoid 
membranes. Thylakoids with a chlorophyll 
concentration of 50 /-(gml-1 were incubated
with trypsin (3min) in 2ml of medium 
containing: Tricine (20 m M ) ,• KCI (10 mM) and 
MgCl*? (2 m M ) pH 7.4, The reaction was 
stopped by adding trypsin inhibitor 
(1 mgml- 1 ). All samples contained NH4CI 
(2.5 m M ) and either K 3Fe(CN)g (1.5 mM) or 
p-benzoquinone (3 m M ).

The control rate of oxygen evolution was usually
90-100 jjmole oxygen/mg chlorophyll/hour.
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FIGURE 18.

The effect of chymotrypsin on the rate of 
oxygen evolution in the presence of K 3F e ( C N )5 
( O ) or p-benzoquinone (A), in uncoupled 
thylakoid membranes. Thy’lakoids with a 
chlorophyll concentration of 50 /(gml- *
were incubated with chymotrypsin (100 /4gml- 1 ) 
in 2ml of medium containing:; Tricine (20 mM), 
KOI (10 mM) and MgCl^ (2 raM) pH 7.4. The 
reaction was stopped by adding trypsin 
inhibitor (1 mgrnl- -̂). All samples contained 
NH4C1 (2.5 mM) and either K 3F e ( C N )6 (1.5 mM) 
or p-benzoquinone (3 m M ) .

The control rate of oxygen evolution was usually
90-100 pnole oxygen/mg chlorophyll/hour.
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FIGURE 19.

The effect of chymotrypsin on the rate of 
oxygen evolution, in the presence of K jFe (CN)g 

( O  ) or p-benzoquinone (A ) , in 
uncoupled thylakoid membranes. Thylakoids 
with a chlorophyll concentration of 50 y^gml 
were incubated with chymotrypsin (5min) in 
2ml of medium containing: Tricine (20 mM),
KC1 (10 mM) and MgC l2 (2 m M ) pH 7.4. The 
reaction was stopped by adding trypsin inhibitor 
(1 mgml” 1 ). All samples contained N H 4C 1 
(2.5 mM) and either K 3 Fe(CN)g (1.5 mM) or 
p- benzoquinone (3 m M ).

The control rate of oxygen evolution was usually
90-100 jimole oxygen/mg chlorophyll/hour.



that chymotrypsin may have the ability partially to 
digest a PSII protein necessary to mediate electron 
transport from Qa, the primary acceptor of PSII, to 
Qb which acts as a two-electron gate between Q and 
the pi astoquinane pool (1.4.3). To test this 
proposal further the effect of trypsin and 
chymotrypsin on the inhibitory action of DCMU was 
investigated; the results are shown in Figures 20 and 
21. Trypsin was shown (Fig. 20) to induce DCMU - 
insenstive oxygen evolution, thus supporting the 
results of Renger £t al̂  ( 1976 ) and Pfister el: al_ 
(1979). Figure 21 shows that after chymotrypsin 
incubation DCMU is unable totally to inhibit oxygen 
evolution as can be seen in the case of the controls. 
This result again suggests that chymotrypsin was able 
to digest the PSII protein in a manner similar to 
trypsin, in spite of their different specificities.

The experiments previously described in this section 
concerned thylakoids which had been uncoupled, using 
NH^Cl, prior to measurements being made. The effects 
of trypsin and chymotrypsin on coupled electron 
transport are shown in Figures 22 and 23; the enzyme 
concentrations used here were an order of magnitude 
lower than in the experiments described previously. 
Under these conditions it can be seen that trypsin 
"Figure 22 stimulated the rate of 0 2 evolution in both 
dark-and light - treated samples. At incubation times 
less than 5min there was a significant difference 
between dark-and light- treated samples. However, 
after lOmin incubation both treatments gave a 
similar level of oxygen evolution. The maximum rate 
of oxygen evolution induced by trypsin was almost 
that observed with NH^Cl. This uncouling effect is 
most likely due t o • -d i ges t i on of •' theyCFj 1 (Moroney and 
McCarty, 1982), the extrinsic portion of the ATPase
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FIGURE 20.

The effect of trypsin on the inhibition of 
oxygen evolution by D C M U  on uncoupled 
thylakoid membranes. Control ( O  ), 
trypsin (A). Thylakoids with a chlorophyll 
concentration of 50 /fgml- * were incubated 
with trypsin (50 yMgml'l) for 8min in 2ml 
of medium containing Tricine (20 mM), KCl 
(10 m M ) and MgC l 2 (2 mM) pH 7.4. The 
reaction was stopped by adding trypsin 
inhibitor (1 mgml- 1 ). All samples 
contained K 3Fe(CN)g (1.5 mM) and N H 4Cl 
(2.5 mM ) .

The control rate of oxygen evolution was usually
90-100 pmole oxygen/mg chlorophyll/hour
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FIGURE 21.

The effect of chymotrypsin on the inhibition 
of oxygen evolution of D C M U  on uncoupled 
thylakoid membranes. Control ( A  )» 
trypsin (Q). Thylakoids with a chlorophyll 
concentration of 50 y<gml"** were incubated 
with chymotryps in ( 100 n̂gral- -̂) for 5 min 
in '2ml■of medium containing fricine (20 mM) , 
KC1 (10 mM) and MgCl2 (2.mM) pH 7.4. The 
reaction was stopped by adding trypsin 
inhibitor (1 mgml“ l). All samples contained 
K3F e (CN)6 (1.5 mM) and NH4CI (2.5 m M ) .

The control rate of oxygen evolution was usually
90-100 jumole oxygen/mg chlorophyll/hour.*
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FIGURE 2 2 .

The effect of trypsin on the rate of oxygen 
evolution in coupled thylakoids. Thylakoids 
with a chlorophyll concentration of 50 ^ g m l -  ̂
were incubated with trypsin (5 ^ g m l - 1 ), in 
the light ( A  ) or dark (0 ), in .2ml medium 
containing Tricine (20 mM), KCl (10 m M ) and 
MgC12 (2 mM) pH 7.4. The reaction Was 
stopped by adding trypsin inhibitor (1 mgml""1 ) 
K3Fe(CN)g (1.5 mM) was added to all samples.
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FIGURE 23.

The effect of chymotrypsin on the rate of 
oxygen evolution in coupled thylakoids. 
Thylakoids with a chlorophyll concentration 
of 50 yMgml~ 1 were incubated with chymotrypsin 
(15/Kgml-1 ), in the light ( A  ) or dark (0 ), 
in 2ml medium containing Tricine (20 mM),
KC1 (10 mM) and MgCl2 (2 m M ) pH 7.4, The 
reaction was stopped by adding trypsin 
inhibitor (1 mgml“ M  . K>jFe(CN)g (1.5 m M ) 
was added to all samples.
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enzyme complex resulting in inhibition of phosphorylation 
(selman and Bannister, 1973). Figure 23 shows that 
chymotrypsin treatment of coupled thylakoids resulted 
in an increased rate of 0  ̂ evolution when membranes 
were incubated in the light. In dark-treated samples 
a significant stimulation of 0 evolution was seen 
only after 6min incubation time. This result suggests 
that chymotrypsin may also digest partially CF^ but 
either (1 ) to a lesser extent or (2 ) at a different 
site from trypsin.

3 . 3 DISCUSSION.

3.3.1 The results in this chapter show that trypsin 
and chymotrypsin have similar effects on the functions 
of the thylakoid membrane. Both enzymes were shown 
to: l) cause electron transport to be dependent on
the presence of a particular electron acceptor; 2 ) 
reduce the inhibitory effect of DCMU on electron 
transport. These results indicate that chymotrypsin 
is capable of digesting the 32KDa protein on the 
acceptor side of PSII which has previously been shown 
to be one of the sites of attack for trypsin (Renger 
et a l , 1976.}Mullet and Artzen, 1 9 8 The effect of 
chymotrypsin is less marked than that of trypsin and 
this may be related to their different specificities. 
Lysine-specific protease has been shown to impair the 
inhibitory effect of a DCMU- like inhibitor (SN 58132) 
while arginine-specific protease has no effect 
(Renger ert al̂ , 1983 ).

Renger et al_ ( 1983 ) concluded that the lysine 
specific protease induces structural changes in the 
32KDa protein (X 320-B-apoprotein) of PSII which 
bring about allosteric effects preventing DCMU binding.

\
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The results of the present experiments using 
chymotrypsin further support this suggestion: 
chymotrypsin attacks completely different bonds 
from tryspin yet it can bring about similar changes 
in function. The results in this section do not 
clarify whether chymotrypsin actually removes 
inhibitor binding sites or whether it allows electrons 
to pass directly from Q of PSII to an external 
electron acceptor thus by-passing the site of DCMU 
inhibition.

3.3.2 To investigate the effects of trypsin and 
chymotrypsin on coupled thylakoid me m b r a n e s ,the 
enzyme concentration was one order of magnitude 
lower than that used in the previous sections.
Under these conditions a difference was noted between 
the effects of trypsin and chymotrypsin on electron 
transport: trypsin stimulated electron transport
significantly in both light-and dark-treated samples; 
chymotrypsin on the other hand had a much less 
marked effect than trypsin under both experimental 
conditions, and in the case of the dark treated 
samples almost no stimulation was in evidence.
This effect may be due to an uncoupling of electron 
transport from phosphorylation induced by changes in 
protein structure: l) general membrane disruption
resulting in greater membrane permeability; 2 ) 
alteration of the ATPase complex either by a) 
complete removal of the extrinsic portion CF^ or 
by b) subtle changes of its structure causing an 
increase in membrane conductivity.

The effects of these enzymes on the conductance of
the membranes and on the functions of the ATPase complex
are further considered in Chapter 4.



CHAPTER FOUR - THE EF FECTS OF TRYPSI N AND
CHYMOTRYPSIN ON THE FUNCTION 
OF THE ATPase ENZYME COMPLEX.



THE EFFECTS OF TRYPSIN AND CHYMOTRYPSIN ON THE FUNCTIONS 
OF THE ATP as e ENZYME COMPLEX.

4.i INTRODUCTION.

In Chapter 3 it was shown that incubation with 
trypsin, and to a lesser extent chymotrypsin, can 
stimulate the rate of oxygen evolution in coupled 
thylakoids. This effect may be due to the uncoupling 
of electron transport from phosphorylation, as was 
previously shown for t r y p s i n '  (Mantai, 1970 and 
Selman £t al_, 1973 ), possibly induced by enzymic 
digestion of CF^ the ATPase enzyme complex. On 
the other hand the integrity of the membrane may be 
altered by en*zyme digestion of other membrane 
polypeptides (1 .6 ) inducing conformational changes 
which result in altered membrane permeability.
Previous investigations using trypsin suggest that 
general membrane disruption does not occur and that 
CF^ is not removed from the membrane (Selman £t a l , 
1973). This indicates that proteolysis is having 
a more subtle effect on the membrane. In support 
of this Moroney and McCarty (1982) showed that the 
permeability of the membrane could be increased by 
digestion of theYsubunit of CF^ alone.

In order to investigate the effect of trypsin and 
chymotrypsin on membrane permeability, measurements 
of the electrochromic bandshift at 515nm were made 
(see section 1.9.2). In addition,the effects of 
these enzymes on the coupling factor were assessed 
by measuring ATP hydrolysis and phosphorylation 
rates.



4.2 RESULTS.

4.2.1 The effects of dark adaption and light incubation 
on the electrochromic bandshift.

The electrochromic bandshift ( AA515) signal seen in 
dark-adapted isolated thylakoid membranes was 
different from that observed after the membranes had 
been subjected to light treatment (Fig. 24). In 
samples which had been dark adapted for a minimum of 
one hour, a characteristic electrochromic bandshift 
signal was obtained: a fast rise phase too rapid to 
be resolved by the apparatus, (probably in the ns 
time range, see section 1.9. 1.1) followed by a slow 
rise phase in the ms time range; both of which decay 
slowly in the ms to s time range (Fig.24A). When 
dark-adapted samples were illuminated with strong

_ gwhite light (120W.m ) the signal changed (Fig. 24B-E).
As the duration of light treatment was increased a 
decrease in the extent of the slow phase together with
a decrease in the half-time of decay (tv )-were

A2
observed. These modifications induced by light could 
be due to changes in membrane permeability induced 
by light energisation of the membrane. These results 
indicated that it was necessary to standardise the 
1ight-pretreatment of the samples. Thus in all 
experiments involving measurements of the 
electrochromic bandshift the chloroplasts were 
dark adapted for at least one hour prior to making 
measurements. The light treatments given are noted 
in the experimental conditions in the figure legends.

N o t e : a n  a l t e r n a t i v e  e x p l a n a t i o n  for the e f f e c t s  of 
l i g h t  on the e l e c t r o c h r o m i c  b a n d s h i f t  s i g n a l  m a y  be 
d u e  to p h o t o - i n h i b i t i o n  c a u s i n g  an i n h i b i t o r y  e f f e c t  
on PSII. The fact t h a t  t his l i g h t  e f f e c t  w a s  i r r e v e r s i b l e  
s u g g e s t s  t hat it was n o t  due to m e m b r a n e  e n e r g i s a t i o n .
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FIGURE 24.

The effect of light ( 120 Wm“ 2 ) incubation
of dark-adapted thylakoids on the
electrochromic bandshift. Thylakoids with* _  1a chlorophyll concentration of 25 ^gml  
were incubated in 3.5ml of medium containing 
Tricine (20 m M ), KCl (10 mM) and M g C l 2 ( 2 m M ) 
pH 7 .4 . K3tFe ( CN ) g ( 0 . 7 5 mM ) was added as 
electron acceptor. DARK: A) Control; LIGHT:
B) Imin; C) 3min; D) 5min; E) lOmin.
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4.2.2 Changes in the electrochromic bandshift 
induced by treatment of thylakoids with 
trypsin or ichymotrypsin .___________________

1. Incubation with trypsin or chymotrypsin in the 
dark. Incubation of dark-adapted thylakoids in the 
presence of trypsin had two effects on the 
electrochromic bandshift ( A A515): 1) the half-time
decay was decreased and 2 ) the extent was reduced 
considerably (Fig. 25). The curve fitting data for 
these transients is shown in Table 1: it can be
seen that in the control (Fig. 25(A) and Table 1(A)) 
there was a slow rise phase with a half rise time of 
8.7 + 1.7ms and a half-time of decay of 290 + 5ms. 
However, after trypsin treatment the slow rise phase 
was no longer evident and the decay phase was 
biphasic (Fig. 25 (B) and Table 1 (B)) , having a slow
half-time of decay of 260.5 + 37ms and a fast half- 
time of decay of 38.1 + 8.7ms, these being 64 and 
36% of the total signal respectively. After lOmin 
trypsin treatment (Fig. 25 (D) and Table 1 (D)) only 
one phase of decay was evident which had a decay 
half-time of 30.3 + 5.0ms. The extent of the band­
shift was also affected and,after lOmin trypsin 
incubation,only 30% of the extent remained as 
compared to the control (Table 1). The effect of 
chymotrypsin on dark-adapted thylakoid membranes is 
shown in Figure 26 and the curve fitting data for 
these transients is shown in Table 2. The data 
shows that the control (Fig. 26 (A) and Table
2(A)) had a slow rise phase with a half-time of 11.7 
+ 2ms and a half-time decay rate of 280.6 + 5ms.
After treatment with chymotrypsin for 2min the slow 
rise phase was no longer evident and the decay was 
biphasic having a slow phase with a half-time decay
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FIGURE 25.

The effect of dark trypsin-treatment of 
thylakoids on the electrochromic bandshift. 
Thylakoids with a chlorophyll concentration 
of 25 ^ g m l -1 were incubated with trypsin 
(5 y^gml- 1 ) in 3.5ml of medium containing 
Tricine (20 m M ), K C 1 (10 mM) and MgC l2 
(2 m M ) pH 7.4. The reaction was stopped by 
adding trypsin inhibitor (0.5 m g m l ~ M  and 
K 3Fe(CN)g (0.75 m M ) was add.,ed as electron 
acceptor. Trypsin treatment: A) Zero;
B) 2min; C) 6min; D) lOmin.
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FIGURE 26.

The effect of dark chyraotrypsin-treatment 
of thylakoids on the electrochromic bandshift 
Thylakoids with a chlorophyll concentration 
of 25 yqgml-1 were incubated with chymotrypsin 
(15 y^gml- 1 ) in 3.5ml of medium containing 
Tricine (20 m M ), KCl (10 m M ) and M g C l 2 (2 m M ) 
pH 7.4. The reaction was stopped by adding 
trypsin inhibitor (0.5 mg ml- 1 ) and K3 F e ( C N )6
(0.75 m M ) was added as electron acceptor. 
Chymotrypsin treatment; A) Zero; B) 2min; C) 6min; 
D ) 10mi n .
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of 176.4 + 6ms and a fast phase with a half-time of 
decay of 17.8 + 3ms (Fig 26(B) and Table 2(B)) these 
constituting 76 and 24% of the signal respectively.
On completion of lOmin incubation with chymotrypsin 
only one phase of decay was seen, this having a half- 
time decay of 66.4 + 11ms (Fig 26(D) and Table 2 (D)).
Chymotrypsin had a much less marked effect on the 
extent than trypsin with 69% of the signal remaining 
after lOmin chymotrypsin treatment compared to 30% 
in similar trypsin treated samples.

2. Incubation with trypsin or chymotrypsin in the light.
-2Trypsin incubation in white light (120Wra ) caused

two changes in the electrochromic bandshift (Fig. 27):
1 ) the half-time decay was decreased and 2 ) the extent 
was reduced. The effects observed here were similar to 
those observed after trypsin incubation in the dark 
(Fig. 25).

The curve fitting data (Table 3) shows that the light- 
treated control (A) had no slow rise phase and decayed with 
one phase, which had a half-time of 141 + 11ms.
After lOmin incubation with trypsin (Fig. 27D and 
Table 3(D)) the half-time decay has been decreased 
to 17.0 + 5.0ms. The extent of the bandshift was 
reduced considerably with only 31% of the control 
remaining after ten minutes incubation (Fig 27).

The results for chymotrypsin treatment in the light 
are given in Figure 28 and the curve fitting analysis 
is shown in Table 4. The half-time decay rate for 
the light-treated control was 141 + 11ms (Fig 28A and 
Table 4A). On completion of lOmin incubation with 

chymotrypsin the half-time decay was reduced to 
96 t 4 ms.
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FIGURE 27.'

The effect of light (120 W m “ 2 ) trypsin- 
treatment of thylakoids on the electrochromic 
bandshift. Thylakoids with d chlorophyll 
concentration of 25 ^4gml“ l were incubated 
with trypsin (5 /4gml“ l) in 3.5ml of medium 
containing Tricine (20 mM) , KCfl (10 mM) and 
MgC l2 (2 m M ) pH 7.4. The reaction was 
stopped by adding trypsin inhibitor 
(0.5 mgml- 1 ) and K j F e f d O g  (0.75 m M ) was 
added as electron acceptor. Trypsin treatment 
A) Zero; B) 2min; C) 6min; D) lOmin.
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FIGURE 28.

The effect of light (120 Wm- ^) chymotrypsin­
treatment of thylakoids on the electrochromic 
bandshift.Thylakoids with a chlorophyll 
concentration of 25 yMgml-1 were incubated 
with chymotrypsin (15 ^gml~l) in 3.5ml of 
medium containing Tricine (20 m M ), KC1 
(10.mM) and MgCl2 (2 m M ) pH 7.4. The 
reaction was stopped by adding trypsin 
inhibitor (0.5 mgml- 1 ) and K3 Fe(CN)g 
(0.7.5 jnM) was added as electron acceptor. 
Chymotryosin treatment; A) Zero; B) 2min;
C) 6min; D) 10m in.
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Here, as in the dark treated samples, chymotrypsin 
had a less marked effect on the extent than trypsin 
with 55 and 31% of the extent of the control remaining 
respectively.

Comparing the results of trypsin and chymotrypsin on 
light-and dark treated membranes shows that the effects 
of these enzymes have similar trends. However, it can 
be seen that the effect of chymotrypsin on the half- 
time of decay and on the extent of the bandshift, in 
all cases, is much less marked than that of trypsin.

Trypsin appeared to have a greater effect on light- 
treated compared to similar dark-treated membranes but 
care has to be taken in the interpretation of these 
results. It was shown in Figure 24 that light treatment 
alone affects the electrochromic bandshift signal, 
therefore it was not possible to make a direct 
comparison between the light- and dark-treated samples. 
Never-the-less it can be seen from these results that 
trypsin (Fig. 27) caused a further decrease in the 
half-time of decay on top of that caused by light 
treatment alone. Although chymotrypsin has a similar 
effect it was significantly less than that observed 
with trypsin. Moreover, in contrast to trypsin, 
chymotrypsin did not accelerate the rate of decay in 
the light-treated samples any further than was 
observed for similar dark-treated membranes.

It was concluded that trypsin, and to a lesser extent 
chymotrypsin, were altering the functions of the membrane 
in such a way that the ionic permeability of the 
membrane was increased. This was observed as a decrease 
in the decay half-time of the electrochromic bandshift 
and is most probably caused by enzymic digestion of one or 
more of the extrinsic membrane polypeptides. There 
is evidence to suggest that the ATPase complex may



be a susceptible site on the membranes as a number 
of workers have shown that alterations in the function 
of this complex can alter the half-time of decay of 
the bandshift (Girault and Galmiche, 1978; Itoh and 
M'orita, 19 8 2 and Peters £t al_, 19 83 ).

The reduction in the extent of the bandshift, induced 
by treatment of thylakoids with trypsin or chymotrypsin 
may be due to a number of factors and this is 
discussed in Chapter 5.

4.2.3 The effects of adenine nucleotides on the 
electrochromic bandshift in thylakoids 
pretreated with dithiothreitol, trypsin 
and chymotrypsin. __________________________

Addition of ATP and A D P , to dark-adapated untreated
thylakoid membranes, had no effect on the half-time
decay of the electrochromic bandshift signal obtained
from these samples (see Fig 29 A - C ). However, if the
thylakoids were first incubated in strong white light 

_ 2(~ 1 2 0 W m  ) for 3min, addition of ATP in the
sub sequent dark period induced a slight decrease
in the half-time decay (Fig. 29E), whilst addition
of ADP still had no effect (Fig. 29F). The effect
of dithiothreitol (DTT) on the electrochromic bandshift
in thylakoids, treated in the dark or in strong light,
is shown in Figure 30., It can be seen that neither
ATP nor ADP had any effect on samples treated with
dithiothreitol in the dark (Fig. 30 A-C). But Figure
30E shows that, in membranes incubated in the light
in the presence of dithiothreitol, ATP caused a
marked decrease in the half-time decay of the bandshift
whilst ADP had no effect (30F). It is known that
DTT can stimulate ATP hydrolysis (Petrack et a l , 1965)
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FIGURE 29.

The effect of ATP and ADP on the electrochromic 
bandshift of isolated thylakoids. Thylakoids 
with a chlorophyll concentration of 25 ^ g m l -1 
were incubated for 3min in the dark or light 
( ^  120 Wm“ 2 ), in a medium containing Tricine 
(20 mM), K C 1 (10 mM), MgCl2 (2 m M ) and 
K2HPO4 (2.0 m M ), pH 7.4. On completion of 
incubation ATP (0.5 m M ) or ADP (0.5 mM) was 
added, K g F e ^ N j g  (0.75 m M ) was the electron 
acceptor. DARK TREATED: A) Control, no
additions; B) + ATP; C) + ADP. LIGHT 
TREATED: D) Control no additions; E) + ATP;
F) + ADP.
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FIGURE 30.

The effect of ATP and ADP on the electrochromic 
bandshift of thylakoids pretreated with 
dithiothreitol. Thylakoids with a chlorophyll 
concentration of 25 y4gml~i were incubated 
with dithiothreitol (5.0 mM) ..for 3min in the 
dark or light ( ^ 1 2 0  Wm~2 ), in a medium 
containing Tricine (20 m M ), KCl (10 mM),
M g C 12 (2 mM) and K 2HP04 (2.0 m M ) , pH 7.4.
On completion of incubation ATP (0.5 m M ) or 
ADP (0.5 mM) was added, KjFe(CN)g (0.75 m M ) 
was the electron acceptor. DARK TREATED:
A) Control, no additions; B) + ATP; C) + ADP. 
LIGHT TREATED: D) Control, no additions;
E) + ATP; F) +ADP.



therefore the effect of ATP (Fig 30E) may be due to 
the hydrolytic activity of the activated ATP 
hydrolase.

The effects of ATP and ADP on membranes which had 
been pretreated with trypsin or chymotrypsin are 
shown in Figures 31 and 32 respectively. It can be seen 
(c.f. Figs 29 and 30) that after dark pretreatment 
with trypsin or chymotrypsin neither ATP nor ADP had 
an affect on the electrochromic bandshift (Figs. 31 
and 32). However, addition of ATP to thylakoids 
treated with trypsin or chymotrypsin in the light 
resulted in a marked decrease in the half-time of 
decay (Fig 31E and 32E); ADP had no effect (Fig. 31F 
and 32F). These results are similar to those obtained 
using dithiothreitol.

4.2.4 The effect of tentoxin on the ability of ATP 
to decrease the half-time of decay of the 
electrochromic bandshift, in thylakoids 
pretreated with dithiothreitol, trypsin 
and chymotrypsin. _______________________________

Tentoxin is an inhibitor of ATP hydrolysis, provided 
that it is used at low concentrations (^2|iM) (Steele 
e t al , 1978). The effect of tentoxin (2 |iM) on the
electrochromic bandshift in untreated thylakoid 
membranes is shown in Figure 33 (A-C): it can be seen
that addition of ATP to light-treated control membranes 
caused a slight decrease in the half-time of decay of 
the electrochromic bandshift and that tentoxin 
inhibited this effect. Tentoxin was only able to act 
as an inhibitor if it was present during the light 
incubation period.
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FIGURE 31.

The effect of ATP and ADP on the electrochromic bandshift of trypsin- 
treated thylakoids. Thylakoids with a chlorophyll concentration of 
25 yg ml"1 were incubated for 1 min with trypsin (5 yg ml-1) in the 
dark or light (120 Wm” 2), in 3.5 ml of medium containing Tricine 
(20 mM), KC1 (10 mM), Mg Cl2 (2 mM) and K 2HP0tf (2 mM) pH 7.4. The 
reaction was stopped by adding trypsin inhibitor (0.5 mg ml” *) then ATP
(0.5 mM) o£ ADP (0.5 mM) and KgFe^N) § (0.75 mM) were added. Dark
treated: A) 1 min trypsin, no additions; B) + ATP; C) + ADP. Light
treated: D) 1 min trypsin, no additions; E) + ATP; F) + ADP.
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FIGURE 32.

The effect of ATP and ADP on the electrochromic bandshift of 
chymotrypsin-treated thylakoid. Thylakoids with a chlorophyll 
concentration of 25 yg ml” * were incubated for 3 min with chymotrypsin 
(15 yg ml""1) in the dark or light (120 Wm” 2), in 3.5 ml of medium 
containing Tricine (20 mM), KC1 (10 mM)., Mg Cl2 (2 mM) and £2^ 0*+
(2 mM) pH 7.4. The reaction was stopped by adding trypsin inhibitor 
(0.5 mg ml” *) then ATP (0.5 mM) or_ ADP (0.5 mM) and K 3Fe(CN)g were 
added. Dark treated: A) 3 min chymotrypsin, no additions; B) + ATP;
C) + ADP. Light treated: D) 3 min chymotrypsin; E) + ATP; F) + ADP.
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FIGURE 33 .

The effect of tentoxin on the electrochromic 
bandshift of thylakoids treated with 
dithiothreitol in the light (120 Wm“ 2 ). 
Thylakoids with a chlorophyll concentration 
of 25 y^gml"*l were incubated either in the 
light alone or in the light with dithiothreitol 
(5.0 m M ) and tentoxin (2.0 ^M) (where 
indicated) for 3min in a medium containing 
Tricine (20 m M ), KC1 (10 m M ), M g C l 2 (2 mM) 
and K2HP0v4 m M ) , pH 7.4. On completion of 
incubation ATP (0.5 m M ) was added then K3 F e ( C N )6 
(0.75 m M ). Controls: A) no additions; B) + ATP;
C) + ATP and tentoxin. Dithiothreitol treated:
D) no additions; E) + ATP; F) + ATP and tentoxin
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FIGURE 34 .

The effect of tentoxin on the electrochromic 
bandshift of thylakoids treated with trypsin or 
chymotrypsin in the light (120 Wm- ^).
Thylakoids with a chlorophyll concentration of 
25 y^gml-1 were incubated with tentoxin ( 2 . 0 yM M ) 
(where indicated) in the presence of trypsin 
(5 ^ g m l - 1 ) for lmin or with chymotrypsin 
(15 yugml ) for 3min, in a medium containing 
Tricine (20 m M ) , KC.l (10 mM), Mg Cl2 (2 m M ) and.
K g H P O^ (2 m M ) pH 7.4. On completion of 
incubation trypsin inhibitor was added (0.5 mgml- *) 
followed by ATP (0.5 m M ) then K 3Fe(CN)g (0.75 m M ) . 
Trypsin: A) no additions; B) + ATP; C) + ATP and
tentoxin. Chymotrypsin: D) no additions; E)
+ ATP; F) + ATP and tentoxin



As whs shown previously (Fig. 30) incubation of 
thylakoids with dithiothreitol in the light, 
resulted in a marked decrease in the half-time of 
decay when ATP was added. However, the presence of 
tentoxin during the light pretreatment with 
dithiothreitol inhibited this effect of ATP (Fig.33 
(D-F)).

The effect of tentoxin on trypsin and chymotrypsin 
treated thylakoids is shown in Figure 34. ATP was shown 
previously to accelerate the rate of decay of the 
electrochromic bandshift in thylakoids pretreated 
with either trypsin or chymotrypsin in the light 
(Figs 31 and 32). Tentoxin was seen to inhibit 
this effect of ATP in both trypsin-(Fig 34 (A-C)) 
and chymotrypsin- treated (Fig 34 (D-F)) samples.

4.2.5 The effect of trypsin and chymotrypsin on 
ATP hydrolysis._______  ___  ____

Measurements of ATP hydrolysis were made on
thylakoids which had been treated with trypsin or
chymotrypsin: the conditions used were the same as
those which caused the ATP-induced decrease in the
half-time of decay cf the electrochromic bandshift
(4.2.3 Fig. 31 and 32). The results in Table 5
show that incubation of thylakoids with trypsin in

_ 2strong light ( 120Wm ) resulted in a stimulation of
ATP hydrolysis by a factor of 3.5. A basal rate of 
hydrolysis was observed in the control samples even 
though the chloroplasts were given no pretreatments

(this result ties in with the slight decrease 
in the half-time decay of the electrochromic bandshift



TABLE 5. The effect of trypsin on the rate of hydrolysis.

INCUBATION CONDITIONS HYDROLYSIS RATE 

(H* ng min” 1 mg Chi” 1)

Control no Trypsin 

1 min Light + Trypsin 

1 min Dark + Trypsin

200 ± 24.3 

698 ± 60.9 

130 ± 29.3

TABLE 6. The effect of chymotrypsin on the rate of hydrolysis.

INCUBATION CONDITIONS HYDROLYSIS RATE 

(H+ ng min-1 mg Chi” 1)

Control no Chymotrypsin 

1 min Light + Chymotrypsin 

1 min Dark + Chymotrypsin

165 ± 25.8 

405 ± 36.7 

177 ± 39.4

Hydrolysis rates were measured by following pH changes 
induced by addition of ATP to thylakoid membranes.
Thylakoids with a chlorophyll concentration of 25yg ml""1 
were treated with trypsin (5yg ml*"1) or chymotrypsin 
(15yg ml""1) in the dark or in strong light (120 Wm” 2) in 
3.5 ml of medium containing NaCl (50mM), ^HPO^ (2mM) and 
MgCl2 (2mM), pH 7.4. On completion of incubation trypsin 
inhibitor (0.5 mg ml” 1), ATP (0.5mM), and Methyl viologen 
(l.Oym) were added.
To convert H+ to ATP multiply by a factor of .925.
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induced by addition of ATP to light-treated- 
control thylakoids (see 4.2.3 Fig. 29)). A slightly 
slower rate of hydrolysis occurred in thylakoids 
which had been pretreated with trypsin in the dark 
compared to that of the controls.

Table 6 shows the effect of chymotrypsin on ATP 
hydrolysis; it can be seen that these results show 
similar trends to the results observed with trypsin 
(Table 5). Comparing the rates of ATP hydrolysis 
in the controls with that of the light-treated 
chymotrypsin samples shows that chymotrypsin stimulated 
the rate of ATP hydrolysis by a factor of 2.5. The 
dark-treated- chymotrypsin samples gave similar 

rates to that of the controls.

This result indicated that both trypsin and chymotrypsin, 
under the conditions investigated here, had the ability 
to stimulate ATP hydrolysis. Lynn and Straub (1969) 
showed that trypsin could stimulate ATP hydrolysis 
but these workers indicated that chymotrypsin had an 
inhibitory effect. In contrast, it was shown here 
that chymotrypsin, under certain conditions, can 
stimulate ATP hydrolysis.

4.2.6 The effects of trypsin and chymotrypsin on 
ATP synthesis .________________  ______

Thylakoid membranes were treated with trypsin or
chymotrypsin, either in the dark or in strong light 

_ 2( 120Wm ), and subsequently measurements were made
of the rates of phosphorylation and oxygen evolution 
(H^O to methyl viologen). The effects of trypsin on 
the rate of phosphorylation and oxygen evolution are 
shown in Table 7. From these data it can be seen

\



that trypsin had a different effect on dark-and 
light- treated samples: in the dark- treated thylakoids 
66% of the control rate of phosphorylation remained 
on completion of 5rain trypsin treatment whilst in 
similar light-treated samples complete inhibition 
occurred. Moreover lmin incubation with trypsin in 
the light stimulated the rate of phosphorylation and 
also stimulated the rate of oxygen evolution; these 
effects were not seen in dark- treated samples.
This trypsin-induced increase in phosphorylation may 
be due to activation of the ATPase enzyme induced by 
movement (or removal) of the esub-unit of CF^ (see 
1.5) which is believed to be an inhibitor of ATP 
synthesis (' Nelson -.et al_, 1972 ). Table 7 shows
the effects of trypsin on oxygen evoltuion using methyl 
viologen as an electron a c c e p t o r ;these measurements 
were made simultaneously with the phosphorylation 
measurements. It is evident from these data (Table 7) 
that oxygen evolution was inhibited by trypsin in 
both dark- and light- treated samples with 92 and 82% 
of the control rate remaining respectively after 5min 
incubation with trypsin. This decrease in the rate 
of electron transport (measured as oxygen evolution) 
is probably not sufficient to account for the marked 
decrease in phosphorylation.

Table 8 shows that chymotrypsin inhibited phosphorylation 
in both dark- and light- treated thylakoids: the effect
in light- treated samples was more marked than in 
similar dark treated samples. After 5min incubation 
with chymotrypsin 58% of the control rate of 
phosphorylation remained in dark- treated thylakoids 
whilst only 36% remained in light- treated membranes. 
These results show similar trends as were seen with 
trypsin (Table 7) but chymotrypsin (Table 8 ) appeared
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to have a more marked effect on the dark- treated 
membranes than trypsin, whilst trypsin had a more 
marked effect on the lights treated samples than 
chymotrypsin.

The oxygen evolution data for chymotrypsin (Table 8 ) 
showed that chymotrypsin inhibited the rate of 
oxygen evolution in both dark- and light- treated 
samples with 73 and 66% of the control rates remaining 
respectively. This result indicated that chymotrypsin 
may, in part, inhibit phosphorylation indirectly by 
inhibiting electron transport. In addition a direct 
inhibition of phosphorylation due to chymotrypsin 
incubation probably involves partial digestion of
CF„ .1

4.2.7 The effect of ATP on 9-Aminoacridine 
fluorescence in thylakoids pretreated 
with trypsin and chymotrypsin._________

In these experiments the 9-Aminoacridine fluorescence 
was excited by a weak measuring beam at 400nm, whilst 
photosynthesis was excited by an actinic beam of 
saturating red light. On excitation of the thylakoids 
with the actinic beam a decrease in 9-Aminoacridine 
fluorescence was seen (Fig 35). This decrease is due 
to membrane energisation and proton pumping induced 
by the light; the decrease in 9-Aminoacridine 
fluorescence was inhibited by gramicidin which uncouples 
the thylakoid membrane by dissipating the proton gradient. 
Addition of ATP to thylakoid membranes in the dark 
resulted in a rapid decrease in the level of 
9-Aminoacridine fluorescence (Fig 35); ATP has a 
direct quenching effect on the 9-Aminoacridine 
fluorescence and this is not affected by uncouplers

\
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and is not related to the functional state of the 
membrane (and Schuurmans and Kraayenhof, 1983) Figures 
36 and 37 show the effect of ATP on membranes which 
have been pretreated with trypsin. It can be seen 
that in dark- treated trypsin samples (Fig 36A) 
that addition of ATP caused a rapid decrease in the 
9-Aminoacridine fluorescence intensity level and 
this decrease was insensitive- to uncouplers (Fig 36(B)). 
However, when membranes were treated with trypsin 
in the light (Fig. 37A) addition of ATP resulted 
in a slow decrease in the fluorescence, in addition 
to the fast decrease observed in the controls and 
dark- treated trypsin samples. Moreover, this slow 
decrease was sensitive to both gramicidin and 
tentoxin (Fig. 37 B and C).

The effects of ATP on chymotrypsin- treated samples 
are shown in (Figs. 3 8 and 39): dark- treated 
chymotrypsin (Fig.38A) samples gave the same results 
as the control and dark- treated trypsin samples, 
in that addition of ATP caused a rapid, uncoupler- 
and tentoxin - insensitive decrease in 
9-Aminoacridine fluorescence (Fig 38 B and C). But, 
like trypsin, the addition of ATP to light- treated 
trypsin samples caused a slow, uncoupler-and tentoxin- 
sensitive, decrease in fluorescence (Fig 39).

These results suggest that both trypsin and 
chymotrypsin altered the membranes in such a way 
that addition of ATP induced membrane energisation.
The inhibition of this effect by gramicidin and 
tentoxin further suggests that trypsin and 
chymotrypsin activated ATP hydrolysis and it was the 
reverse proton-pumping activity of the ATPase which 
was responsible for membrane energisation.
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4 2.8 The effect of trypsin and chymotrypsin on 
the sub-units of th£ coupling factor . __

The effects of trypsin and chymotrypsin on the CF^ 
sub-units were investigated using polyacrylamide gel 
electrophoresis (PAGE). Figures 40 and 42 show the 
results of a 5 "lin dark incubation of thylakoids 
with trypsin or chymotrypsin. Lanes 1 and 8 
(Fig 40) show the four standards which are bovine 
serum albumin (68 KDa), alcohol dehydrogenase 
(43 KDa), myoglobin (17 KDa) and cytochrome £
(12.4 KDa). The untreated CF^ is depicted in Lanes 
9 and 10 and the five sub-units corresponding to the 
polypeptides of CF^ can be seen; these sub-units are 

a (59 KDa), P (56 KDa), Y (37 KDa), 6 (17.5 KDa)
and e (13.5 KDa). Looking next at Lanes 5-7' , these 
show the effect of 5 min trypsin treatment in the 
dark on the sub-units of 'CF^. It can be seen that 
the five bands are essentially the same as seen in 
the control (Lanes 9 and 10). On the other hand 
chymotrypsin incubation in the dark (Lanes 2 -4) 
appears to affect the p sub-unit in that a third 
band not previously visible can now be seen.
Moreover the P band is much lighter than in the 
controls (Lanes 9-10) or similarly treated trypsin 
samples (Lanes 2-4). Figure 42 shows the region of the 
a and p bands in higher magnification. The effect 

of trypsin and chymotrypsin incubation in the light 
is shown in Figures 41 and 43. Lanes 2-4 in Figure 41 
show the effect of trypsin and it can be seen that 
there is a hint of a third band lying below t h e P  
sub-unit. In the case of chymotrypsin it can be 
seen here, as in the dark treated samples, that the 

Psub-unit appears to split into two bands. The 
results presented here although preliminary at best 
suggest that chymotrypsin (in either the light or 
dark) and trypsin in the light affected the P sub-i\nit



1 2 3 4  5 6 7 8  9 10

FIGURE 40.

Polyacrylamide gel electrophoresis of CF1 extracted from thylakoids 
treated in the dark with trypsin or chymotrypsin. Thylakoids with a 
chlorophyll concentration of 25 yg ml- 1 were incubated with trypsin 
(5 yg ml-1) were incubated with trypsin (5 yg ml-1) or chymotrypsin 
(15 yg ml-1) in a medium containing Tricine (20 mM) , KC1 (10 mM) and 
MgCl2 (2 mil) pH 7.4. The reaction was stopped by adding trypsin 
inhibitor (0.5 mg ml-1) Lanes 1 and 8 are standards; 2-4 chymotrypsin 
treated; 5-7 trypsin treated and 9 and 10 are untreated controls. This 
was a gradient gel (12-15%) and the loading of protein was in the range 
of 10-25 yg.
P r o t e i n  l oaded:  l anes  2 and 5, l anes  3 and 6 ,15pq ;
1 ines ‘1 and 7 , 2 5 / r j ; ]. an e 9 , 2 ;  l ane  10,50/ kj .



1 2 3 4  5 6 7 8  9 10

FIGURE 41.

Polyacrylamide gel electrophoresis of CF ̂ extracted from thylakoids 
treated in the light with trypsin or chymotrypsin. Thylakoids with a 
chlorophyll concentration of 25 yg ml~1 were incubated with trypsin 
(5 yg ml-1) or chymotrypsin (15 yg ml-1) in a medium containing Tricine 
(20 mM), KC1 (10 mM) and MgCl2 (2 mM) pH 7.4. The reaction was stopped 
by adding trypsin inhibitor (0.5 mg ml-1) Lanes 1 and 8 are standards; 
2-4 trypsin treated; 5-7 chymotrypsin treated and 9 and 10 are 
untreated controls. This was a gradient gel (12-15%) and the loading 
of protein was in the range of 10-25 yg.
Protein loaded: lanes 2 and 5, 10^xj;lanes 3 and 6,15^g ; 
lanes 4 and 7,2 5y*g; lane 9,25yW-g; lane 1 0 , 5 0 ^ .  y
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4.3 DISCUSSION.

4.3.1 Uncoupling of the thylakoid membrane 
caused by trypsin and chymotrypsin 
treatments.

It was shown in Chapter 3 (Figs 18 and 19) that 
trypsin treatment ,and to a lesser extent chymotrypsin 
treatment, stimulated the rate of electron transport 
(water to ferricyanide ). This effect was more marked 
when the enzyme (either trypsin or chymotrypsin) 
incubation was carried out in the light. These data 
suggested that trypsin and chymotrypsin may uncouple 
thylakoid membranes. In this chapter, trypsin and 
chymotrypsin were shown to decrease the half-time of 
the decay of the electrochromic bandshift; this is 
indicative of an increase in the ionic permeability 
of the membrane and supports the suggestion that these 
proteolytic enzymes uncouple the membrane. Here again 
it was noted that trypsin had a more marked effect than 
chymotrypsin. Moreover, the effect of trypsin 
treatment in the light on the electrochromic bandshift 
was greater than for similar dark treatment; this 
was not the case for chymotrypsin, where little 
difference was noted between light- and dark- 
treated samples.

Further support for the uncoupling hypothesis came 
from measurements of phosphorylation rates. These 
results showed (Tables 7 and 8 ) that both 
trypsin and chymotrypsin inhibited
phosphorylation. In dark- treated membranes tryps in 
and chymotrypsin had comparable effects. In light- 
treated membranes the inhibition was more marked, and 
trypsin had a much greater effect, with total 
inhibition of phosphorylation occurring after 5min.



97 .

Another difference which was noted between the effects 
of trypsin and chymotrypsin was that after lmin light- 
treatment with trypsin a stimulation of phosphorylation 
(and oxygen evolution) occurred; this was not seen in 
the case of chymotrypsin. Moreover measurements of 
oxygen evolution (water to methyl viologen) were made 
simultaneously with phosphorylation and these showed 
that both enzymes caused some inhibition of electron 
transport. In the case of trypsin this inhibition was 
not very significant and was probably not a
contributary factor in the inhibition of phosophorylation. 
However, chymotrypsin had a more marked effect on 
electron transport than trypsin and this may be at 
least partially responsible for the decrease in the 
rate of phosphorylation observed after chymotrypsin 
treatment.** SEE FOOTNOTE OVERLEAF

4.3.2 Trypsin and chymotrypsin: effects on ATP
h y drolys i s .   _

Treatment of thylakoids in the light with dithiothreitol , 
trypsin and chymotrypsin altered the membrane in such 
a way that addition of ATP caused a marked decrease in 
the half-time of decay of the electrochromic 
bandshift (Figs. 30, 31 and 32). Dithiothreitol is 
known to activate the ATPase hydrolytic (Petrack £t al , 
1965) therefore the decrease in the half-time of decay 
of the bandshift caused by addition of ATP to these 
samples may reflect the presence of this reaction.
Since addition of ATP to trypsin- and chymotrypsin- 
treated samples induced a similar change as was seen 
with DTT this suggested that ATP hydrolysis was 
occurring in these membranes. Tentoxin, which is an 
inhibitor of ATP hydrolysis, inhibited the effect of 
ATP on membranes treated with dithiothreitol, trypsin 
or chymotrypsin in the light. These results, together 
with measurements made of hydrolysis rates in 
similarly treated thylakoids, supported the proposal

\



** FQotnote
It is worth noting that the results in this Chapter 
have shown that the activation of the ATPase complex 
precedes uncoupling of phosphorylation. In addition 
it can be seen that trypsin stimulated the rate of 
phosphorylation and the rate of electron transport 
under conditions which induced the activation of ATP 
hydrolysis. This result is important in relation to 
the proposal made by Mills and Mitchell ( 1 984 )that 
thiol modulation of the ATPase complex enables the 
enzyme to become active over a lower range of pfK



that trypsin and chymotrypsin were activating the ATP 
hydrolase. One model for describing the effect of 
ATP on the electrochromic bandshift of thylakoids 
with an active ATP hydrolase concerns hydrolysis of 
ATP in the dark which would cause reverse proton 
pumping (Carmeli, 1970) resulting in the build up 
of a pH gradient across the membrane. This effect 
increases the total A|i^+ and the steady-state driving 
force across the thylakoids which would then induce 
the light-induced field to decay at a greater rate 
( c . f '. S i g g e 1 , 19 8 4 ) .

This model predicts that in the dark a A pH will 
build up across the thylakoids. Using 9-Aminoacridine 
fluroescence it was shown that, in membranes pretreated 
in the light with trypsin or chymotrypsin, ATP induced 
the formation of a ApH. This result supports the 
model proposed above.

4.3.3 The ATPase Complex: sensitive sites on C F ^

The coupling factor (CF^) of the ATPase complex is 
composed of 5 sub-units called a, P , Y , 6 and e 
in order of descending molecular weight (see section 
1.5). Each of these sub-units has been assigned a 
different function: the a and p subunits contain the
regulatory and active sites respectively and are 
therefore thought to be directly involved in catalysis; 
the Y sub-unit is believed to control the flow of 
protons through the complex; the 6 sub-unit binds CF^ 
to the CFq portion of the ATPase in the membrane; and the 
e sub-unit is believed to have an inhibitory role 

although this is not unequivocal.



The results in this chapter have shown that both 
trypsin and chymotrypsin affect the functions of the 
ATPase complex in two ways: 1) phosphorylation is
inhibited and 2) hydrolysis is stimulated. These 
effects are most likely caused by partial digestion 
of sensitive sites on one or more of the sub-units 
of CF^: two of the sub-units have been proposed as 
candidates for digestion by trypsin and these are the 
Y sub-unit (Moroney and McCarty, 1982) and the e 

sub-unit (Nelson et al, 1972). Comparing the
effects of trypsin and chymotrypsin it appears that 
chymotrypsin had a similar but less marked effect 
than trypsin. However, examining the data more 
closely it can be seen that this is not the case 
because 1 ) the electrochromic bandshift data show 
that trypsin has a more marked effect on light- 
treated samples than similar dark- treated membranes. 
But with chymotrypsin the half-time of decay of the 
bandshift was slightly longer in the light- treated 
membranes than in similar dark- treated ones; and 
\2) the phosphorylation data shows that, after lmin 
incubation in the light with trypsin, the rates of 
phosphorylation and oxygen evolution were significantly 
stimulated. In chymotrypsin-treated samples there 
was no hint of stimulation under any of the conditions 
investigated. Therefore the effects of these enzymes 
on the functions of the ATPase complex are different 
and this may be reflected in the differences in the 
sensitive sites on the CF^. The e sub-unit of CF^ 
is believed to act as an inhibitor of ATPase function 
(Nelson £t aJ, 1972 and Finel £t al_, 1984); it is 
possible that the tryspin-induced stimulation of 
phosphorylation is due to an effect on the e 
sub-unit causing it to change position. However, 
Moroney and McCarty (1982) correlated a trypsin- 
induced change in the Y sub-unit with the activation
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of hydrolysis and the inhibition of phosphorylation.
In addition they suggested that these effects of 
trypsin were dependent on incubation with the enzyme 
in the 1ight.

PAGE analysis of CF^ presented here does not support 
either of these hypothesis and it appeared to be 
either the a or the P sub-units which were affected by 
both trypsin and chymotrypsin in the light. In the 
dark- treated samples a change in the a or p sub-unit 
was caused by chymotrypsin but not by trypsin.
Moreover inhibition of phosphorylation by trypsin 
or chymotrypsin was not strictly light- dependent but 
stimulation of ATP hydrolysis was : this suggests that 
two different sites may be involved in the control or 
catalysis of these reactions.

4.3.4 The sensitivity of the electrochromic bandshift.

The sensitivity of the electrochromic bandshift, to
treatment which alters the membrane integrity or
reduces the efficiency of one or both photosystems,
has been known for some time (see Junge, 1977).
During this investigation it was shown that the
electrochromic bandshift was very sensitive to factors
which alter the functional state of the ATPase
enzyme complex. In Figure 24 it was shown that incubation

_ 2of thylakoids in strong white light (120Vvm )
changed the characteristics of the electrochromic 
bandshift: the slow rise phase was lost and the half-
time of decay was decreased. This effect was not an all- 
or-nothing effect and increasing the light incubation 
time resulted in a more makred change in the electrochromic 
bandshift signal. It is known that light-induced 
membrane energisation induces conformational changes in

\



the ATPase complex which in turn alters the 
permeability of the membrane to protons (Magnusson and 
McCarty, 1976); this could in part explain the light- 
induced decrease in the half-time decay of the 
bandshift. It was previously shown by Girault and 
Galmiche ( 1978) and Schuurmans £t al̂  (1981) that 
addition of either ATP or ADP to thylakoids resulted 
in a decrease in the half-time of the bandshift.
Girault and Galmiche (1978) suggested that the effect 
of ATP and ADP was the same and was due to ATP 
hydrolysis (newly formed ATP in the case of added ADP) which 
increased the proton conductivity of the membrane, 
because of the A pH formed during ATP hydrolysis. In 
experiments carried out here it was possible to separate 
the effects of ATP and ADP on the bandshift. 
Dithiothreitol, trypsin and chymotrypsin were shown to 
alter the functional state of the ATPase enzyme in 
thylakoid membranes treated in the light; addition 
of ATP to these membranes resulted in a marked 
decreased in the half-time decay of the electrochromic 
bandshift. However, addition of ATP and ADP to these 
membranes had no effect.

The effect of ATP on the bandshift may be caused by 
reverse proton pum p i n g , brought about by hydrolysis 
of ATP (Carmeli, 1970), building up a large proton 
motive force resulting in a greater steady state A UJ 
Hence, the flash-induced AUi decays more rapidly 
to the new steady state: the rate of decay being
proportional to the total AUJ (c.f. Siggel, 1984).
The most likely reason why ADP had no effect on the 
bandshift under the conditions looked at here,was 
because the flash length and, repetition rate was not 
sufficient to allow a build up of a large enough 
membrane potential to activate phosphorylation.



CHAPTER FIVE - THE USE OF OXONOL VI AS A MEMBRANE
PROBE TO INVESTIGATE THE EFFECTS
OF TRYPSIN AND CHYMOTRYPSIN ON THE 
ELECTROCHROMIC BANDSHIFT INDICATING 
- PIGMENTS.



The use of Oxonol VI as a membrane probe to investigate 
the effects of trypsin and chymotrypsin on the 
electroch romic.bandshift indicating-pi gment s . .___________

5.1 INTR O D U C T I O N .

Incubation of thylakoids in the presence of trypsin 
or chymotrypsin was shown to have two effects on the 
electrochromic bandshift (Chapter 4): 1) the half-time
of decay was decreased and this has been correlated 
with changes in the function of the ATPase complex;
2) the amplitude was decreased. This decrease in 
amplitude could be due to a number of factors including: 
1 ) a loss of pigments which sense the electrochromic 
bandshift; 2 ) a loss of a portion of the light 
harvesting complex (LHCP) responsible for energy capture 
and subsequent transfer to the reaction centres; and 3) 
a reduction in efficiency in one or both of the 
photosystems by a) a direct effect on the reaction 
centre proteins or b) a redistribution of energy 
between PSII and PSI which could result in an unequal 
contribution of each photosystem to the 
electrochromic bandshift.

The experiments in this section were designed to 
look at one of these possibilities; trypsin and 
chymotrypsin may digest the pigments which sense the 
bandshift thereby reducing the signal. In 
Rhodopseudomonas capsulata bacteria, after incubation 
of membranes in the presence of pronase, no change in 
the reaction centre signal occurred but a loss of 
the carotenoid shift was observed and this correlated 
with the loss of an absorption band of the antenna 
complex pigment (Webster £t ĵ l, 1980). The 
chloroplast pigment-protein complexes are less well
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defined as compared to those of bacteria because of 
the complexity of the chloroplast system. It is not 
possible, as yet, in the chloroplast system to correlate 
particular pigment complexes with specific absorption 
bands. This has made it necessary to use a different 
method to try and elucidate the loss of absorption 
change in chloroplasts after enzymic digestion.

An extrinsic probe, oxonol VI, has been shown to be 
an indicator of the membrane potential in bacteria 
(Bashford e_t ai_, 1979b) and in chloroplasts
(Galmiche and Girault, 1981). (The theory of this 
probe is discussed in 1.9.1). The rationale for 
using oxono 1 VI is that it can be added to the 
thylakoid membranes after the completion of enzyme 
treatment, therefore the absorption shift of this dye 
will not be affected directly by the enzyme treatment.
If trypsin and chymotrypsin were affecting the 
amplitude of the electrochromic bandshift by digesting 
the sensing pigments then the amplitude of the oxonol 
change should remain unaffected.

5 . 2 R ESULTS.

5.2.1 The light-minus-dark difference spectrum of 
chloroplasts treated with oxonol VI.

Figure'44 shows the difference spectrum, of chloroplasts 
treated with oxonol VI, in the wavelength range of 560- 
590nm. It can be seen that the maximum absorption 
change occurred around 575nm therefore this wavelength 
was used in all subsequent measurements of the oxonol 
VI absorption change.
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FIGURE 44.

Light-minus-dark difference spectrum of 
chloroplasts in the presence of 2.0 yMM 
oxonol VI. The thylakoids with a chlorophyll 
concentration of 25 yqgml” 1 were suspended in 
a medium containing 20 mM Tricine, 10 mM KCl 
and 2 mM MgCl2 pH 7.4. The signal obtained at 
each wavelength was the summation of 128 sweeps 
with a frequency of 1 per 5 s. Each sweep 
was composed of a train o f ‘6 flashes spaced 
90 m s  apart.
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5.2.2 Optimum Oxon ol VI concentration.

Oxonol VI has an uncoupling effect on thylakoid
membranes as can be seen by its effect on the
electrochromic bandshift:increasing the concentration 
resulted in a decrease in the half-time of decay of 
the bandshift signal (Fig. 45). For this reason it 
was important to choose an oxonol VI concentration 
which was sufficient to detect the oxonol VI 
absorption change ( AA575), but yet did not have too 
high a concentration such that it dissipated the 
electric field that it was intended to measure.
Figure 45 shows the effect of increasing oxonol VI 
concentration on the electrochromic bandshift and 
on the oxonol VI absorption change: the size of the
oxonol VI signal increased as the concentration of
oxonol VI was increased from 0.5-8.0 pM. But looking 
at the electrochromic bandshift traces it can be seen 
that increasing oxonol VI concentration resulted in a 
decrease in the half-time decay of the bandshift 
showing that oxonol VI was dissipating the electric 
field. As a compromise a 1.0 |iM concentration of 
oxonol was used: this was a high enough concentration
to give a measurable oxonol VI signal and the 
bandshift half-time of decay was reduced from 240ms 
to /V 150ms.

5.2.3 The effects of trypsin and chymotrypsin 
on the oxonol VI absorption change and 
on the electrochromic bandshift.

Trypsin treatment in the dark was shown to decrease 
the half-time of decay of the electrochromic bandshift 
but, under these conditions, had little effect on the 
extent of this change (Fig. 46,1-4). However, under 
similar conditions the extent of the oxonol VI
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FIGURE 45.

Optimumum oxonol VI concentration. The 
thylakoids with a chlorophyll concentration of 
25 yHgml-1- were suspended in a medium containing 
20 mM Tricine, 10 mM KCl and 2 mM MgCl2 pH 7.4. 
The electrochromic bandshift signals (1-6) 
were the summation of 64 single flash sweeps 
having a frequency of ls~^. Whilst the 
oxonol VI signals (7-12) were the summation of 
128 sweeps fired at a frequency of 1 per 5 s. 
Each sweep was composed of a train of 6 flashes 
spaced 90 ms. apart. Oxonol VI concentration: A ) Zero ; 
B) 0.5 /iM; C ) 1.0 / M , D) 2. 0 ; E) 4.0 MM;
F ) 8 . 0 /<M .
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absorption change was almost completely inhibited 
(Fig.46, 5-8). Similar results were obtained for 
light-treated trypsin samples (Fig. 47) with the 
effects being slightly more marked. Chymotrypsin 
caused the same changes in both the electrochromic 
bandshift and oxonol VI absorption change as trypsin 
but in this case there appeared to be little difference 
between the d a r k - (Fig . 48) and the light- (Fig.49) 
treated samples.

It has been noted previously that the ioxonol. VI 
response is much slower than the electrochromic 
bandshift ( Galmiche and Girault, 1981) and this may 
be the limiting factor in these experiments. The rate 
of decay of the electrochromic bandshift was stimulated 
slightly whilst the extent was only marginally reduced 
by these proteolytic enzymes yet the extent of the 
oxonol VI signal was almost completely inhibited 
( Fi gs..46-49 ) . It is possible that, the half-time 
decay rate of the membrane potential is faster than 
the response time of oxonol VI.

5.2.4 A comparision between the effects of gramicidin 
and DCMU on the electrochromic bandshift and on 
the oxonol VI .absorption change.__________________

The effect of DCMU on the electrochromic bandshift and 
on the oxonol VI absorption change is shown in FigureSO . 
It can be seen that the extent of the electrochromic

-7bandshift was reduced by about 50% with DCMU (7.5x10 M) 
whilst under the same conditions the oxonol VI 
absorption change was almost completely inhibited.
The amplitude of the electrochromic bandshift is 
believed to indicate the magnitude of the membrane 
potential created by charge separation at both 
photosystems. Since the oxonol VI absorption change
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FIGURE 46.

The effect of trypsin treatment in the dark 
on the electrochromic bandshift and the 
oxonol VI absorption change. Thylakoids with 
a chlorophyll concentration of 25 /igml” * were 
incubated with trypsin (1 yqgml- 1 ) in the dark 
in a medium containing 20 mM Tricine, 10 mM 
KCl and 2 mM MgClg.pH 7.4. The reaction was 
stopped by adding trypsin inhibitor (0.5 mgml“ 
followed by oxonol VI (1.0 /tM) . The 
electrochromic bandshift signals (1-4) were 
obtained by summing 64 single flash sweeps 
with a frequency of Is” * whilst the oxonol VI 
signals (5-8) were the summation of 128 sweeps 
fired at a frequency of 1 per 5 s - each was 
composed of a train of 6 flashes spaced 90 ms 
apart. Trypsin incubation times were: A) Zero,
B) lmin; C) 2min; and D) 3min.
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The effect of trypsin treatment in the light 
on the electrochromic bandshift and the oxonol VI 
absorption change. Thylakoids with a chlorophyll 
concentration of 25 yMgml” 1 were incubated with 
trypsin (1 /tgml- 1 ) in the dark in a medium 
containing 20 mM Tricine, 10 mM KCl and 2 mM 
MgCl2 y, pH 7.4. The reaction was stopped by 
adding trypsin inhibitor (0.5 mgml *) followed 
by oxonol VI (1.0 JAM). The el.ectrochromic 
bandshift signals (1-4) were obtained by 
summing 64 single flash sweeps with a frequency 
of ls~l whilst the oxonol VI signals (5-8) were 
the summation of 128 sweeps fired at a frequency 
of 1 per 5 s. - each sweep was composed of a 
train of 6 flashes spaced 90 ms apart.
Trypsin incubation times were: A) Zero; B) lmin;
C ) 2 m i n ; D ) 3 m i n .
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The effect of chymotrypsin in the dark on the 
electrochromic bandshift and the oxonol VI 
absorption change. Thylakoids with a chlorophyll 
concentration of 25 yqgml'"1 were incubated with
chymotrypsin (15 yugml” 1 ) in the dark in a medium
containing 20 mM Tricine^ 10 mM KCl and 2 mM
M g C 1 £ pH 7.4. The reaction was stopped by
adding trypsin inhibitor (0.5 mgm l - ^ ) followed 
by oxonol VI (1.0 ^M). The electrochromic 
bandshift signals (1-4) were obtained by 
summing 64 single flash sweeps with a frequency 
of Is- * whilst the oxonol VI signals (5-8) 
were the summation of 128 sweeps fired at a 
frequency of 1 per 5 s - each sweep was 
composed of a train of 6 flashes spaced 90 ms 
apart. Chymotrypsin incubation times were: A) Zero;
B) lmin; C) 2min; D) 3min.
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The effect of chymotrypsin in the light on the 
electrochromic bandshift and the oxonol VI 
absorption change. Thylakoids with a chlorophyll 
concentration of 25 yugml were incubated with
chymotrypsin (15 yiAgml- ^) in the dark in a medium
containing 20 mM Tricine, 10 mM KCl and 2 mM
MgC12 pH 7.4. The reaction was stopped by
adding trypsin inhibitor (0.5 mgml- ^) followed 
by oxonol VI (1.O ^ M ). The electrochromic 
bandshift signals (1-4) were obtained by 
summing 64 single flash sweeps with a frequency 
of ls-r whilst the oxonol VI signals (5-8) 
were the summation of 128 sweeps fired at a 
frequency of 1 per 5s - each sweep was 
composed of a train of 6 flashes spaced 90ms 
apart. Chymotrypsin incubation times were: A) Zero;
B) l m i n ;  C) 2 m i n ;  D) 3 m i n .
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FIGURE 50.

The effect of DCMU on the electrochromic 
bandshift and the oxonol VI absorption change. 
Thylakoids with a chlorophyll concentration of 
25 y<gml“ l were resuspended in a medium 
containing 20 mM Tricine, 10 mM KCl, 2 mM 
MgCl  ̂> PH 7 *4 an<l oxonol VI (1.0 /\M) . The 
electrochromic bandshift signals (1-4) were 
obtained by summing 64. singld flash sweeps 
with a frequency of Is" . W h i l s t  the
oxonol VI signals (5-8) were the summation of 
128 sweeps fired at a frequency of 1 per 5 s 
each sweep was composed of a train of 6 flashes 
spaced 90 ms apart. The concentration of DCMU 
was: A) Zero; B) 5.0X10~8 M; C) 7.5X10-8 M;-
D) 2.5X10-7 M.
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FIGURE 51.

The effect of gramicidin on the electrochromic 
bandshift and the oxonol VI absorption change. 
Thylakoids with a chiorophyl1 concentration of 
25 yqgml-1 were resuspended in a medium containing 
20 mM T ricine, 10 mM KCl, 2 mM M g C l 2 » pH 7.4 
and oxonol VI (1.0 ^4M) . The electrochromic 
bandshift signals (1-4) were obtained by summing 
64 single flash sweeps with a frequency of 
Is-1 whilst the oxonol VI signals (5-8) were 
the summation of 128 sweeps fired at a 
frequency of 1 per 5 s  - each sweep was 
composed of a train of 6 flashes spaced 90ms 
apart. The concentration of gramicidin was:
A) Zero; B) 5.0xl0~ 12 M; C) 2.5xl0"*11M  and 
D) SX'IO" 11 M.



is also believed to indicate this it was concluded
that a certain 'critical' potential is required 
before an oxonol VI absorbance change is seen.

Gramicidin is an ionophorous antibiotic that can 
increase the half-time decay rate of the membrane 
potential; the effect of this ionophore on the 
electrochromic bandshift and on the oxonol VI 
absorption change are shown in Figure 47. This result 
shows that as the half-time of the decay rate of the 
bandshift decreases the amplitude of the oxonol VI 
change is reduced. It would appear that once a 
certain rate cf decay of the membrane potential is 
reached oxonol VI is unable to respond because it 
needs a sufficiently slow decay in order to respond 
to i t .

5 . 3 DISCUSSION.

In Chapter* 4 (Figs. 25- 29) it was shown that both 
trypsin and chymotrypsin decreased the extent and the 
half-time of decay of the electrochromic bandshift. The 
aim of this investigation was to try to distinguish 
between the hypotheses (see 5.1) of why the extent of 
the bandshift was reduced by these enzymes. In this 
section it has been shown that the oxonol VI signal 
was almost completely inhibited by,trypsin or 
chymotrypsin,treatment under conditions which reduced 
the half-time of decay of the electrochromic bandshift 
but only marginally reduced the extent. From these 
results it was difficult to tell if the loss of 'oxonol 
VI signal was due to a real decrease in the magnitude 
of the field or whether it was due to the inability of 
oxonol VI to respond to the rapidly-decaying field.
To differentiate between these two possibilities the 
effects of DCMU and gramicidin on the electrochromic
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bandshift and the oxonol VI absorption change were
investigated. DCMU and gramicidin had distinctly
different effects, as expected: DCMU reduced the
amplitude by 50% when used at a concentration of 

_ 72.5x10 M; gramicidin on the other hand did not affect 
the amplitude but markedly reduced the half-time 
decay. However, the oxonol VI absorption change was 
completely inhibited by either of these compounds.
This result suggested that oxonol VI could not 
distinguish between a reduction in the membrane 
potential or a decrease in the half-time of decay.
The inability of oxonol VI to act differently in the 
presence of DCMU and gramicidin may be linked to the 
slow response time of this probe (c.f. Admon £t al , 
1982). It was suggested previously that the movement 
of oxonol VI across the thylakoid membrane may be the 
limiting factor, particularly under conditions where 
the membrane potential is changing rapidly ( Galmiche and 
Girault, 1981). The results presented here are in 
agreement with this proposal.

An alternative explanation for the oxonol VI response 
was suggested by Schuurraans £t jal (1981). They 
proposed that oxonol VI responds to the slow rise 
phase of the electrochromic bandshift which they 
associated with a slow electrogenic step involving 
proton displacement at the bulk-membrane interface.
This s1ow phase was called reaction II by 
Schapendonk £t al (I979)and it was proposed that this 
phase was not associated with the electrogenic steps 
at the reaction centres. Peters et al_ ( 1984) 
interpretated the results obtained from experiments 
using PSI-enriched membranes according to the 
reaction II theory (Schapendonk et al_, 1979 ). They 
measured the electrochromic bandshift and the oxonol VI
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absorption change in PSI enriched fractions before 
and after the addition of ferredoxin. It was shown 
that in the presence of ferredoxin a slow rise phase 
of the bandshift and a previously absent oxonol VI 
signal became evident. Peters et al (1984) 
concluded from this that oxonol VI was responding to 
the slow rising phase only and was not an indicator 
of the membrane potential created at the photosystems. 
However, looking at the electrochromic bandshift signal 
produced by the PSI-particles, in the absence of 
ferredoxin, shows that the half-time of decay was 
fairly rapid ( ^ 5 0 m s ) .  The data presented in this 
Chapter would predict that oxonol VI would be unable 
to respond to such a rapidly changing membrane potential. 
Therefore it seems reasonable to suggest that the 
oxonol VI response was more marked in samples 
displaying a slow rise phase in the bandshift signal 
due to the slower rate of decay in these samples and 
not because the slow phase is a different type of 
reaction. Therefore the results presented here give 
no support to the proposals of Schuurmans £t al̂  (1981) 
and Peters £t al̂  (1984).

In conclusion the Oxonol VI probe turned out to be 
more sensitive to enzyme treatments than the 
electrochromic bandshift. Therefore it was not possible 
to use this probe to see if trypsin and chymotrypsin 
were digesting the bandshift sensing pigments. However, 
the results presented here have emphasised the idea 
that oxonol VI is only useful as an indicator of the 
membrane potential when it is changing slowly.



CHAPTER SIX ” EFFECTS OF TRYPSIN AND CHYMOTRYPSIN 
ON PSII-MEDIATED REACTIONS.
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Effects of trypsin and chymotrypsin on PSII- 
mediated reactions.

6 * 1 INTRODUCTION.

Trypsin and chymotrypsin were shown to cause a 
decrease in the extent of the electrochromic bandshift, 
with trypsin having a considerably more marked effect 
than chymotrypsin. As was discussed in the previous 
chapter this could be due to a number of factors 
including: 1 ) a loss of pigments which sense the
electrochromic bandshift; 2 ) a loss of a portion of 
the light harvesting complex protein (LHC?) 
responsible for light energy capture and subsequent 
excitation energy transfer to the reaction c entres;a n d ' 
3) a reduction in the efficiency in one or both of 
the photosystems by a) a direct effect on the reaction 
centre proteins or b) a redistribution of energy 
between PSII and PSI which could result in an overall 
decrease in charge separation at the two photosystems. 
The investigation here is concerned with the effects 
of trypsin and chymotrypsin on the PSII-. arid PSI- 
induced membrane potential.

Trypsin is known to digest a 32 KDa protein associated 
with the acceptor side of PSII (Mullet and Arntzen, 
1981) and the results in Chapter 3 indicated that 
chymotrypsin may also digest this protein. However,

_ ialthough both trypsin (50 pg ml , 5-10 min) and
chymotrypsin (100 pg ml \ 5-10 min) treatments appear
to affect the acceptor side of PSII, there is a 
significant difference between the effects of these 
enzymes on the extent of the. bandshift. In Chapter 
4 it was shown (Figs 25-28) that trypsin treatment

\



110.

(1.5 p g  ml 1-5 min) reduced the amplitude of the 
bandshift by 70% whilst chymotrypsin treatment 
(5 pg ml, 1-5 min) caused only a 40% reduction.

Trypsin is known to remove a portion of the LHCP 
which has been implicated in the regulation of 
energy transfer between the two photosystems (Burke 
et al , 1978 ; Steinback et al 1979) . Bearing this in
mind the effects of these enzymes were investigated.

6 * 2 R ESULTS.

6.2.1 The effects of trypsin and chymotrypsin on 
the electrochromic bandshift in thylakoids 
resuspended in low-ror high- salt media.__

Figures 52 and 53 Show': the.f lasheinduced electrochromic
bandshift at 520 nm obtained when thylakoids were
treated with trypsin and chymotrypsin in media
containing either 10 mM NaCl but no divalent cations

2 +(low- salt) or 10 mM NaCl and 2 mM Mg (high- salt).
It can be seen (Figs 52 or 53) that resuspension of 
chloroplasts in a high- salt medium resulted in a 
greater amplitude of the electrochromic bandshift 
than in similar samples resuspended in low- salt 
medium. This could be due to a reduction in the PSII 
mediated membrane potential: 1 ) caused by conformational
changes in PSII (Bose and Arntzen, 1978); or 2) by 
redistribution of excitation energy, away from PSII 
in favour of PSI, provided PSI was already maximally 
excited. Trypsin caused a reduction in the extent of 
the electrochromic bandshift in both high- and low- 
salt samples (Fig 52). This, effect was more marked 
in samples treated with trypsin in high- salt than 
those in low- salt media: after 3min incubation,

\
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FIGURE 52.

The effect of trypsin on the amplitude of the 
electrochromic bandshift. Thylakoids with a 
chlorophyll concentration of 25 yAgml- * were 
treated with tryosin (1.5 yugml- *) in a medium 
containing 20 mM Tricine, 10 mM KCl containing 
either no divalent cations (0) or 2 mM MgCl2 
( A ) pH 7,4. The reaction was stopped by adding
0.5 rag ml-1 of trypsin inhibitor. Potassium 
ferricyanide (7.5 mM) was present as electron 
acceptor.

\
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* FIGURE 53.

The effect of chymotrypsin on the amplitude of 
the electrochromic bandshift. Thylakoids with 
a chlorophyll concentration of 25 ^ g m l -  ̂ were 
treated with chymot rvns i n (5 yugml ) in a 
medium containing 20 mM Tricine, 10 mM KCl 
containing either no divalent cations (0 ) or 
2 mM M g C l 2 ( A  ) pH 7.4. The reaction was 
stopped by adding trypsin inhibitor (0.5 mgrnl” ). 
Potassium ferricyanide (1.5 m M ) was added as 
electron acceptor.
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the extent of the bandshift in the high- salt samples 
was reduced to the level of similarly treated low- salt 
thylakoids. In the case of chymotrypsin treatment 
(Fig 53) there was no difference observed in the effects 
of this enzyme in either low- or high- salt media.
The data show (Fig. 53) that in both high- and low- 
salt samples that chymotrypsin reduced the extent to 
a similar degree. This differential effect of these 
enzymes may be due to the ability of trypsin to remove 
a portion of LHCP, associated with PSII, which is 
involved in the maintenance of granal stacks and in 
the control of energy redistribution between the two 
photosystems.

6.2.2 The effects of trypsin and chymotrypsin on the 
2 +Mg - induced chlorophyll fluorescence r ise._

Addition of Mg to thylakoids resuspended in a low-
salt medium resulted in the w e 11 known increase in
fluorescence, which has been correlated with the
restacking of grana ( Akoyunoglou' and Akoyunoglou, 19 77 ).
The effects of trypsin and chymotrypsin on this
fluorescence rise are shown in Figure 54. It can be
seen that chymotrypsin had almost no effect on this
phenomenon but trypsin almost completely inhibited
the rise after 5 min incubation. This result indicated
that trypsin may inhibit energy redistribution changes
and granal stacking which are known to be induced by 

2 +Mg . Electron micrographs (Fig. 55) show the effect 
of trypsin and chymotrypsin on the morphology of 
thylakoid membranes. It can be seen that resuspension 
of isolated thylakoids in high- salt (Fig. 55D) 
allowed them to retain the granal stacks found in vi_vo.
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* FIGURE 54.

The,effect of trypsin and chymotrypsin on the 
M g 2 + - induced chlorophyll fluorescence rise. 
Thylakoids with a chlorophyll concentration of 
5 yugml-1 were treated with trypsin (0.3 ^ g m l - 1 ) 
(0) or chymotrypsin (1.25 yMgml“ ^)( A ) in a 
medium containing 20 mM Tricine and 10 mM KCl 
pH 7.4. The reaction was stopped by adding 
trypsin inhibitor (0.15 mgrnlT1 ). DCMU (10 ^4M) 
was added to the sample and the level of 
fluorescence recorded then 2 mM M g C l 2 was 
added. After 5min a second fluorescence 
measurement was made.

v



FIGURE 55.

The effects of trypsin and chymotrypsin on the morphology of the 
thylakoid membranes. Thylakoids with a chlorophyll concentration of 
25 pg ml- * were incubated with trypsin (1.5 pg ml- *) or chymotrypsin 
(5 pg ml-1) in a medium containing 20 mM Tricine, 10 mM KC1 and 2 mM 
MgC^pH 7.4. The reaction was stopped by adding trypsin inhibitor 
(0.5 mg ml-1). A) Control (low salt); B) trypsin 1 min; C) trypsin 5 
min; D) Control (high salt); E) chymotrypsin 1 min; F) chymotrypsin 5 
min.



112.

On the other hand resuspension in low- salt caused 
granal destacking (Fig 55A). Figure 55 shows that 
trypsin induced unstacking of grana while 
chymotrypsin had no apparent effect on the grana.
These results suggest that trypsin is removing the 
portion of the LHCP which has been implicated in 
energy redistribution and in the maintenance of 
granal stacks, whilst chymotrypsin does not appear 
to affect this polypeptide.

6.2.3 The effects of trypsin and chymotrypsin 
on the electrochromic bandshift induced 
by PSI alone.________________________________

The data from this investigation are shown in Figure 56: 
treatment of thylakoids with trypsin resulted in a 
small but significant increase in the electrochromic 
bandshift associated with PSI only, whereas chymotrypsin 
caused a small decrease in this signal. The results 
shown here are from experiments using TMPD and 
ascorbate as the electron donor pair but experiments 
using DCPIP and ascorbate gave similar results (data 
not shown). Measurements of the electrochromic 
bandshift from high- and low- salt controls showed 
that the extent of the PSI-induced bandshift signal 
was greater in high- salt than in similar low- salt 
samples. These results suggest that trypsin inhibits 
the PSII- mediated membrane potential and 
simultaneously increases the PSI response.
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FIGURE 56.

The effects of trypsin and chymotrypsin on the amplitude of the 
electrochromic bandshift induced by PSI alone. Thylakoids with a 
chlorophyll concentration of 25 yg ml” 1 were incubated with trypsin 
(1.5 yg ml-1) (0) or chymotrypsin (5 yg ml” 1) (A) in a medium 
containing 20 mM Tricine, 10 mM KC1 and 2 mM MgCl2, pH 7.4. The 
reaction was stopped by adding trypsin inhibitor (0.5 mg ml” )• PSII 
was inhibited by DCMU (10 yM) and hydroxylamine (100 yM). TMPD (0.2 
mM) and ascorbate (3 mM) were added as donors to PSI. (See Materials 
and Methods for details).



6.2.4 The relative flash yield of oxygen as a 
function of light intensity._____________

Figure 57 shows that incubating thylakoids in the 
presence of trypsin (5 min) altered the shape of the 
1ight-saturation curve of- flash-induced oxygen 
evolution when compared with that of t h e .untreated 
samples. Thylakoids treated with trypsin required 
a higher light intensity in order to yield the same 
relative amount of oxygen as untreated membranes.
On the other hand chymotrypsin (5 min ) (Fig 58) 
gave a result which was essentially the same as the 
control. This result again suggests that trypsin 
is affecting the LHCP associated with light harvesting 
to PSII whilst chymotrypsin does not.

6.2.5 Induction of chlorophyll fluorescence in 
DCMU - blocked thylakoid membranes.

The level of variable chlorophyll fluorescence (Fv )
in DCMU-blocked thylakoids was obtained by making
measurements of rapid fluorescence induction curves
from which the F level (minimum fluorescence) ando
F level (maximum fluorescence) were obtained m
(Fv = Fm - F ). The data presented in Figures 59
and 60 is given as values of F /F which is a measure b v m
of the photochemical efficiency of PSII: the closer
F^/F^ is to 1 the greater the efficiency;conversely
the lower the value of F /F the lower the efficiencyv m J
(see 1.9.2 for more details on theory). The DCMU 
binding is not affected by the enzymes because they 
are being used at very low concentrations. Figure 59 
shows the effects of trypsin on Fv /Fm in thylakoids 
suspended in low- and high- salt media. It can be
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FIGURE 57.

The relative flash oxygen yield as a function of flash intensity after 
thylakoids were treated with trypsin. Thylakoids with a chlorophyll 
concentration of 100 pg ml~ 1 were incubated with trypsin (6 pg ml“ ) in 
a medium containing 20 mM Tricine, 10 mM KC1 and 2 mM MgCl2» pH 
The reaction was stopped by adding trypsin inhibitor (0.5 mg ml )•
The assay medium contained 20 mM Tricine, 100 mM KC1, 2 mM MgCl2»
100 pM NADP and 2 pM Ferredoxin. Control, no treatment (0), 
Trypsin-treated (A).
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FIGURE 58.

The relative flash oxygen yield as a function of flash yield intensity 
after thylakoids were treated with chymotrypsin. Thylakoids with a 
chlorophyll concentration of 100 pg ml- * were incubated with 
chymotrypsin (20 yg ml-"*) in a medium containing 20 mM Tricine, 10 mM 
KC1 and 2 mM MgCl2» pH 7.4. The reaction was stopped by adding trypsin 
inhibitor (0.5 mg ml-1). The assay medium contained 20 mM Tricine, 100
mM KC1, 2 mM MgCl2, 100 pM NADP and 2 pM Ferredoxin. 
treatment (0); Chymotrypsin-treated (A).
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FIGURE 59.

The effect of trypsin on chlorphyll fluorescence 
in thylakoids blocked with DCMU. Thylakoids 
with a chlorophyll concentration of 5 ^ g m l -1 
were treated with trypsin (0.3 yAgml- *) in a 
medium containing 20 mM Tricine, 10 mM KCl 
With either no divalent cations (A ) or 2 mM 
MgC12 (0). The reaction was stopped by adding
trypsin inhibitor (0.15 mgml-  ̂) then DCMU (l̂ tH) 
was a dded. ,



r\

U_E
\
u_>

LU 
O  
Z  
UJo
CO 
UJ CL
O
3  -J
Ll.

>-X  CL 
O  
CL 
O
_JX
o 0 .

INCUBATION TIME, MIN

FIGURE 60,

The effect of chymotrypsin on chlorophyll 
fluorescence in thylakoids blocked with DCMU. 
Thylakoids with a chlorophyll concentration of 
SyMgml-1 were treated with chymotrypsin (1.25 
y*4gml- 1 ) in a medium containing 20 mM Tricine, 
10 mM KCl with either no divalent cations (A ) 
or 2 mM MgCl2 (0). The reaction was. stopped 
by adding trypsin inhibitor (0.15 mgml- 1 ) 
then DCMU (lô H) was added.
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seen that F /F was lower in control samples v m
resuspended in low- salt than in similar high- salt 
samples. This indicates,as expected,that PSII- 
mediated photochemistry is reduced in thylakoids 
resuspended in low- salt media. It can be seen that 
trypsin reduced ^v /^m from 0.62 to ^  0.5 in thylakoids 
resuspend in high- salt . But in similarly treated 
thylakoids resuspended in low- salt, trypsin did not 
appear to affect Fv /F . The effect of chymotrypsin 
on thylakoids resuspended in low- and high- salt media 
is shown in Figure 60. It can be seen that, unlike 
trypsin, chymotrypsin had no effect on Fy/Fm in either 
low- or high- salt media.

6.2.6 The effects of low concentrationsof trypsin
and chymotrypsin on the rate of light-induced 
oxygen evolution in uncoupled thylakoid 
membranes.

The rates of oxygen evolution were measured in 
thylakoids treated with trypsin. These membranes 
were uncoupled using NH^Cl, and p-benzoquin one or 
potassium ferricyanide were used as electron acceptors. 
Figure 61 shows that trypsin inhibited oxygen evolution 
in both cases ; oxygen evolution using p-benzoquinone
as acceptor was inhibited by 45% whilst ferricyanide 
mediated oxygen evolution was reduced by 30%.
Similar results were obtained for chymotrypsin (Fig 62) 
where it can be seen that the rate of oxygen evolution 
in the presence of ferricyanide or p-benzoquinone is 
reduced by 20% and 40% respectively.
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FIGURE 61.

The effect of low concentrations of trypsin on the rates of oxygen 
evolution in uncoupled thylakoids. Thylakoids with a chlorophyll 
concentration of 50 yg ml” 1 were treated with trypsin (3 yg ml” 1) in a 
medium containing 20 mM Tricine, 10 mM KC1 and 2 mM MgCl2> pH 7.4. ^The 
enzyme reaction was stopped by adding trypsin Inhibitor (.15 mg ml )• 
Measurements of oxygen evolution were made using KgFeCClOg (1.5 mM) (A) 
or p-benzoquinone (3 mM) (0).
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FIGURE 62.

The effect of low concentrations of chymotrypsin on the rates of oxygen 
evolution In uncoupled thylakoids. Thylakoids with a chlorophyll 
concentration of 50 pg ml""1 were treated with chymotrypsin (10 yg ml" ) 
in a medium containing 20 mM Tricine, 10 mM KC1 and 2 mM MgCl2> pH 
7.4. The enzyme reaction was stopped by adding trypsin inhibitor (.15 
mg ml""1). Measurements of oxygen evolution were made using K 3Fe(CN)g 
(1.5 mM) (A) or p-benzoquinone (3 mM) (0).
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These results show that at low concentrations and
—  1short incubation times trypsin (5 pg ml ) and

_ ichymotrypsin (10 pg ml ) inhibited electron transport.
It would also appear that the rate of electron 
transport after enzyme treatment was dependent on 
the type of electron acceptor present. This shows 
similar trends as the data in Chapter 3 and suggest that 
even at low concentrations these enzymes affect the 
acceptor side of PSII.

6 . 3 DISCUSSION.

The results in this chapter have shown that trypsin
reduced the amplitude of the e 1ectrochromic bandshift
to a greater extent in thylakoids resuspended in high-
salt media compared to similarly treated membranes in
low- salt. In the case of chymotrypsin no such
difference was evident. Trypsin was also seen to
stimulate the PSI-mediated electric field and inhibit 

2 +the Mg - induced chlorophyll fluorescence increase. 
Chymotrypsin had little or no effect on these two 
parameters.

A possible hypothesis to account for these results 
is that the decrease in the electrochromic bandshift 
(of both PSII and PSI), brought about by trypsin in 
high- salt, is due to a decrease in the PSII- induced 
field caused by a redistribution of energy in favour of PSI. If 
under these conditions PSI was limited by the 
availability of electrons then it would not be able 
to use this energy and the overall size of the bandshift 
would decrease. However, addition of exogenous electron 
donors to PSI would remove this limiting factor;an 
increase in the PSI-mediated response would be expected. 
Therefore it is possible that the increase in 
amplitude of the PSI-induced bandshift signal, seen 
after trypsin-treatment, is due to removal of a
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portion of LHCP from PSII which has been implicated
in the control of energy redistribution between the
two photosystems and in the maintenance of granal
stacks (see 1.6.2). Support for this proposal comes

2 +from the loss of the Mg — induced fluorescence 
increase and in the electron micrographs showing that 
granal stacks are lost after trypsin treatment.
Further evidence suggesting that trypsin removes a 
portion of LHCP associated with PSII came from the 
light-intensity curve data which showed that after 
trypsin treatment a more intense flash of light is 
required to produce the same yield of oxygen.

However, this explanation cannot account for the 
reduction in amplitude induced by trypsin in low- 
salt or by chymotrypsin. Measurements of the flash- 
yield of oxygen as a function of light intensity 
suggests that chymotrypsin has no effect on the light- 
harvesting pigments associated with PSII. Therefore 
two possible explanations for this decrease remain:
1 ) it could be due to a loss of the electrochromic 
bandshift sensing pigments, as occurs in photosynthetic 
bacteria (Webster £t al_, 1980); or 2) a direct effect 
on one or more of the reaction centre polypeptides.

Measurements of chlorophyll fluorescence indicate that
neither trypsin (in low- salt) nor chymotrypsin
affect the level of F /F which can be used as anv m
indicator of the efficiency of photochemistry in PSII. 
Therefore it seems unlikely that the reduction in 
amplitude of the bandshift is due to a direct inhibition 
of the primary photochemical reactions. This result 
points the finger even more .strongly at a loss of 
bandshift sensing pigments. However, measurements 
of steady-state oxygen evolution showed that trypsin

— 1 _ i( 1 . 5 Mg ml , 5 min) and chymotrypsin ( 5 Mg ml ,5 m m  )

\
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inhibited oxygen evolution. This effect was more 
marked in the presence of p-benzoquinone compared 
to potassium ferricyanide. These results show 
similar trends but are less marked than the effects 
seen with trypsin (50 Mg ml *) and chymotrypsin 
(100 Mg ml 1 ) in Chapter 3. These results suggest 
that an effect on the reaction centre polypeptides 
cannot be ruled out. But there are problems involved 
with comparing steady-state light and flash 
illumination studies. Inhibition of oxygen evolution 
may be caused by a reduction in the efficiency of 
secondary electron transfer steps which would not 
necessarily affect the single-turnover events occurring 
during bandshift measurements. Therefore this still 
leaves an effect on the bandshift pigments as a 
candidate to explain the effects of trypsin (low- 
salt) and chymotrypsin on the extent of the bandshift.

This study suggests again (c.f. Steinback £t al_, 1979) 
that the primary site for trypsin digestion of the 
membrane is the LHCP of PSII. This effect is 
observed at very low concentrations and incubation 
times. The implication of this is that,,in order to 
examine the effects of trypsin on the function of the 
thylakoid membrane it is virtually impossible to do 
so without causing membrane destacking which brings 
along with it a number of functional changes.
Therefore it might be useful to use chymotrypsin as 
a tool to investigate the structure and function of the 
membrane, particularly when it is desirable to maintain 
granal stacks.
iIn fact looking at Figure 55 it would appear that chymotrypsin
;induces tighter stacking compared to the control. The possibility 
exists that the differential effect of these enzymes may also be 
due to problems of accessibility. It is clear from the data in this 
Chapter that trypsin is always actingupon a destacked system whilst 
chymotrypsin is not. However the results in Figure 53'<suggest that 
this is not the case:chymotrypsin is shown to have a similar . effect 
on the electrochromic bandshift of thylakoids treated in the presence 
or absence of cations.
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D ISCUSSION.

7 * 1 i n t r o d u c t i o n .

In this thesis a comparison has been made between the 
effects of two proteolytic enzymes, trypsin and chymotrypsin, 
on the functions of the thylakoid membrane. These two 
enzymes attack bonds between different specific amino 
acids. The intention of this work was to look at the 
changes in function induced by trypsin and chymotrypsin 
and to see if it was possible to distinguish differential 
action, which may be correlated with the availability of 
particular amino acid bonds at the outer surface of the 
membrane.

The results have shown that under some circumstances 
differences in the effects of trypsin and chymotrypsin 
were evident. In this concluding section these effects 
will be discussed with an emphasis on the differential 
action.

7.1.1. Electron Transport.

Trypsin and chymotrypsin were shown to have similar effects 
on uncoupled electron transport (Chapter 3 Figs 16-21).
These results agreed with the work of Renger £t al_ ( 1976 ) 
for trypsin and Zhang e_t al_ ( 1980) for chymotrypsin.
However, using much lower enzyme concentrations, a 
difference between the effects of these enzymes was 
observed. Trypsin, and to a lesser extent chymotrypsin, 
stimulated the rate of electron transport in coupled 
thylakoids. Trypsin had a marked stimulatory effect on 
both dark- and light- treated membranes. However, in 
the case of chymotrypsin a small but significant 
stimulation of electron transport was seen in light- 
treated samples whilst in similar dark- treated membranes 
little or no effect was observed. \
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These results suggested that trypsin and chymotrypsin 
had an uncoupling effect on thylakoid membranes in 
agreeance with the results of Selman and Bannister (1973).

7.2.2. The ATPase Complex.

The results in Chapter 4 support the proposal made in
7.2.1 that trypsin and chymotrypsin tend to uncouple 
the thylakoid membrane. Moreover it was shown that this 
effect was most likely due to partial digestion of the 
ATPase complex. Trypsin and chymotrypsin were shown to 
affect both functions of this complex: 1 ) phosphorylation
was inhibited and 2) hydrolysis was stimulated. The 
action of trypsin and chymotrypsin on the hydrolytic 
function appeared to be essentially the same (Chapter 4 
Tables 5 and 6 ). However examining the data more closely 
some of the results suggest that the action of trypsin 
and chymotrypsin on-the phosphorylation u reactions of the 
ATPase, complex was different.

1. Trypsin was seen to have a more marked effect on 
the half-time of decay of the electrochromic bandshift 
of light- compared to dark- treated membranes. But in 
the case of chymotrypsin the half-time of decay of the 
bandshift was slightly longer in light- compared to dark- 
treated samples.

2. Comparing the phosphorylation data (Chapter 4, Tables,
7 and 8 ) with the oxygen evolution data (Chapter 3, Figs.
18 and 19) it can be seen that trypsin stimulated the rate 
of oxygen evolution (H20 to potassium ferricyanide) under 
conditions where phosphorylation was inhibited. In the 
case of chymotrypsin this correlation is not as clear
and in dark- treated membranes phosphorylation was markedly 
decreased whilst no stimulation of oxygen evolution was 

evident.
\
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These two observatons suggested that trypsin had a more 
marked uncoupling effect than chymotrypsin. But more 
importantly these results make it possible to propose 
that, in the case of trypsin, inhibition of phosphorylation 
is due entirely to uncoupling of electron transport 
caused by an increase in the permeability of the membrane.

In contrast it is proposed that at least two factors are 
involved in the chymotrypsin - induced reduction in the 
rate of phosphorylation ; one may be due to uncoupling of 
the membrane in a similar manner as trypsin but in 
addition chymotrypsin may directly affect the catalytic 
reaction thus inhibiting phosphorylation without 
stimulating oxygen evolution.

These differences may be attributed to different sites on 
the ATPase complex being sensitive to each enzyme: if for
example trypsin digested the Y sub-unit (Moroney and 
McCarty, 1982) whilst chymotrypsin digested both theY 
and P sub-unit this might explain the above results. 
However, the PAGE analysis in this thesis did not support 
the data of Moroney and McCarty (1982) and in addition 
it suggested that both trypsin and chymotrypsin affected 
P sub-unit.

Another important difference between the effects of these 
enzymes was that, after incubation in the light with 
trypsin,phosphorylation and oxygen evolution (from H 20 to 
rftethyl viologen) were stimulated quite markedly (Chapter 4, 
Table 8 ). In the case of chymotrypsin- treated samples 
no stimulation occurred under the conditions investigated.

This stimulatory effect of trypsin could be due to 
digestion of the e sub-unit believed to be the natural 
ATPase inhibitor which in the solubilised enzyme, is 
known to be sensitive to trypsin (Nelson et al , 1972 ).
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Harris and Crofts (1978) suggested that initiation of 
phosphorylation by light was dependent on the reversible 
detachment of an inhibitor polypeptide of the ATPase 
complex. However, the data of Moroney and McCarty (1982) 
and the PAGE analysis data presented here do not support 
this. In addition Finel et al_ ( 1984) suggested that 
trypsin still had the ability to further stimulate ATPase 
activity in membranes from which the e sub-unit is absent. 
Nelson e_t al_ (1973) suggested that there is an interaction 
between the Y and e sub-units therefore it is possible 
that digestion of the Y sub-unit by trypsin may by pass 
the e - controlled activation step.

7.1.3. PSII-Mediated Reactions.

The extent of the electrochromic bandshift was reduced 
by trypsin and to a lesser degree by chymotrypsin. It 
was shown (Chapter 6 ) that trypsin had a more marked 
effect in samples treated in high-salt than in similar 
low-salt samples. In contrast, chymotrypsin had a 
similar effect in both media. It is suggested that the 
large reduction in the extent of the bandshift induced by 
trypsin, in chloroplasts resuspended in high salt, was 
in part due to the removal of a part of the LHCP leading 
to a reduced excitation of PSII and enhanced excitation 
of PSI. These data indicated that chymotrypsin had no 
effect on the light harvesting pigments of PSII and this 
was supported by measurements of the flash yield of 
oxygen versus light intensity.

The reason for the effect of trypsin in low-salt and 
chymotrypsin on the extent of the electrochromic 
bandshift has still not been elucidated. However, it 
appears that only two possible sites of action remain
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1 ) the reaction centre polypeptides;or 2 ) the pigments 
in the membrane which sense the electrochromic bandshift. 
Both hypotheses lead to further lines of experimentation 
because: 1) although o the i. polypeptides: of PSII have been
identified the function of these polypeptides are still 
unclear; 2 ) the pigment/proteins involved in the indication 
of the bandshift have not been identified. These enzymes 
may therefore prove useful in helping to solve at least 
one of these problems.

7 . 2 Conclus i o n s .

In conclusion it can be said that the work presented 
here has shown that in spite of the different specificities 
of the two enzymes used, in both cases, the differences 
in functional changes they induced were subtle. At high 
enzyme concentrations these differences could easily 
have been missed. But by using the minimum amount of 
enzyme necessary to get a change in function the 
differences in effects emerged. In addition, the results 
presented here indicate that aside from the availability 
of the amino-acid bonds being important in deciding 
functional changes the susceptibility of the functions 
of the protein to conformational changes also plays 
a large role. This factor was particularly evident in 
the experiments involving the binding of DCMU to the 
acceptor side of PSII: it can be seen that changes in
amino acid bonds occurring in positions distant from the 
binding site may still cause conformational changes which 
would alter the shape of this site thus preventing the 
binding of the inhibitor.

\
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The differences in effects of trypsin and chymotrypsin 
on the ATPase has important implications despite 
intensive research it is still not clear exactly how 
the sub-units of this complex interact. If it can be 
shown that the sub-units affected by trypsin and 
chymotrypsin are different then this might yield 
information on the functions of this complex.
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7.2.1 Summary Table
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