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ABBREVIATIONS USED

PS1, PS2 : Photosystems 1 and 2 respectively (nomenclature
after Duysens et al 1961).
EPR : Electron paramagnetic resonance.

Tris buffer: Tris-(hydroxymethyl)-methylammonium chloride buffer.
NaPOu. KPOQ: Buffer formed from a mixture of sodium or potassium

salts, respectively, of orthophosphoric acid.

KPOU(I:l) Potassium phosphate buffer formed from an equimolar

mixture of hzuroh and thPOA.

DEAE~ : Diethylaminoethyl-.

DCMU : 3-(3', 4'-dichlorophenyl)-1, l1-dimethylurea.
NADP ¢ Nicotinamide adenine dinucleotide phosphate.
LCPrIpP : Dichlorophenol-indophenol.

% digitonin: %(w/v).

mM : millimolar

nm : nanometer, equal to a millimicron.
TEMED : Ny,N,N' N'-tetramethylethylenediamine.
DHT : Diazonium-1-li-tetrazole.

MV : Methyl viologen.

PMS :

N-methylphenazonium methosulphate.

W/ m telieht intensity in watts per square meter.,



GENERAL 1INTRODUCTION

The discovery of plastocyanin in i960 confirmed the long-held
belief that copper was an essential component of the electron
transfer sequence in photosynthesis (hatoh 1960). Much work
has appeared in the literature on the role of plastocyanin
and this has been reviewed in recent articles (Vernon and

- Avron 1965; Hind and Olson 1968; Levine 1969).

Plastocyanin appears to act as the immediate donor
of electrons to the photochemically active chlbrophyll species,
P700, at the reaction centre of photosystem 1 (PS1). This
species has been given the notation P700,because its reversible
oxidation-reduction is accompanied by an absorption change
with its maximum at 700 nm (Kok 1961). The scheme of photo-
synthetic electron transport which is adopted in this thesis
is similar to a multitude of such schemes in the literature,
and is presented diagramatically in Figure 1, The locations
of the various components are known with varying degrees of
certainty. In the region between the two photosystems PS2 and
PS1 there is still doubt about the correct sequence of the
electron carriers, and also the possibility that some
components have not yet been identified: such as the substance
M of Levine (1969).

~ Although there is agreement that plastocyanin acts
close to P700, there is still dispute concerning its exact
~relationship with the two experimentally distinguishable

electron pathways to P700: the DCMU-sensitive pathway from PS2,
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The scheme of electron transport in chloroplasts
adopted in the present work. The abbreviations used
for the electron transport components are defined
here and are employed throughout:

the unknown electron donor to PS2.

the electron acceptor of PS2, which gquenches PS2
fluorescence,

plastoquinone.

cytochrome 559, a b-type cytochrome.

cytochrome f. ‘

plastocyanin.

the unknown electron acceptor of PS1,

ferredoxin

ferredoxin-NADP oxidoreductase (E.C. 1.6.99.4),

cytochrome b believed to be located on the

()I

cyclic pathway of electron transport.




and the DCMU-insensitive pathway from the reductive terminus
of PS1 which gives rise to cyclic electron flow through PS1.
It is certain that plastocyanin is an essential component of
the noncyclic electrén pathway from PS2, for it was shown to
restore NADP reduction by water, which requires both PS1 and
PS2, after the endogenous plastocyanin had been liberated
from chloroplasts by sonication (Katoh and Takamiya 1965;
Elstner et al 1968). Chloroplast fragments from the

Chlamydomonas mutant lacking plastocyanin could not reduce

NADP using water as electron donor unless plastocyanin was
added (Gorman and Levine 1966 b). Plastocyanin added to washed
granae from spinach chloroplasts could be photoreduced by PS2
(Katoh and Takamiya 1961), and plastocyanin added to detergent
treated chloroplasts could be photooxidised by PS1 (Kok and
Rurainski 1965). The work of Wessels with digitonin from
Spinach chloroplasts showed that plastocyanin was essential
for the reduction of NADP by PS1 with electrons provided by
the donor couple ascorbate-DCPIP (Wessels 1966). Although
removal of plastocyanin from chloroplasts by sonication did
not markedly affect reduction of DCPIP (dichlorophenolindo-
phenol) by PsS2 (Katoh and Takamiya 1965), chloroplast fragments

from the Chlamydomonas mutant lacking plastocyanin reduced

DCPIP at a rate which was ten times lower than that by chloro-
Pl?sts from the wild type (Gorman and Levine 1965). It -1s
Possible that DCPIP can be reduced at two sites in chloroplasts,
one site somewhere in’ the electron transport chain from PS2

before plastocyanin has a low activity, whilst the second site




at plastocyanin has a high activity. When the chloroplasts
are disrupted by sonication the activity at the first site
is greatly increased and plastocyanin is no longer required
for high rates of DCPIP reduction.

The requirement for plastocyanin in cyclic electron
flow around PS1 is not quite so clear. It has been demonstrated
that plastocyanin is not essential for cyclic photophosphoryl-
ation catalysed by N-methylphenazonium methosulphate (PMS) in
PS1 digitonin particles (called D-144) from spinach chloroplasts
(Arnon et al 1968). When plastocyanin was added back to a
chlorophyll-protein particle preparation from Anabaena, from
which the plastocyanin had been removed and which was both
deficient in PMS catalysed cyclic photophosphorylation and had
a2 reduced ability to photoreduce NADP with ascorbate-DCPIP,
Phosphorylation was not affected although the electron transport
reaction was restored (Lee et al 1969). However, in contrast,
it has been shown that the plastocyanin-deficient mutant of

Chlamydomonas has a greatly reduced rate of PMS-catalysed cyclic

pPOtOphosphorylation compared to the wild type (Gorman and
Levine 1965). An attempt has been made in the present work
to clarify the effect of plastocyanin on cyclic electron flow
by followiﬁg the effect of plastocyanin on the light-induced
redox changes of P700.

N Hind (1968) demonstrated that adding plastocyanin
gave a large enhancement of the rate of dark reduction of P700

~in large Triton X-100 particles from spinach chloroplasts. The

quantity of plastocyanin added was only a two-fold molar excess




over the P700 content of the chloroplast particles. This
pPlastocyanin-P700 interaction was investigated more closely

in the present work,by following the dependence of the dark
reduction rate over a range of added plastocyanin concentrat-
ions below that equal to the concentration of P700, in chloro-
Plast particles prepared using digitonin.

The work of Crane and co-workers has implicated

pPlastoquinone C in the partial noncyclic sequence from ascorbate-%

~-DCPIP to NADP (Henninger and Crane 1967 a). It is known that
plastocyanin, but not cytochrome f, is required for NADP
reduction by digitonin particles with ascorbate-DCPIP as

electron donor (Wessels 1966). Also, in mutants of Chlamydomonas

it was found that the lack of plastocyanin resulted in the loss
of NADP reduction by ascorbate-DCPIP but the lack of cytochrome
553, a cytochrome f analogue, did not inhibit this activity
(Gorman and Levine 1965) . Therefore if it is accepted that the
site of entry of electrons from the couple ascorbate-DCPIP is
at plastocyanin, then plastoquinone C must be part of the
Partial electron transfer sequence from plastocyanin through
P700" to NADP. The redox potential of isolated plastoquinone C
has been measured to be +55 mV at pH 7 (Carrier 1967), but it
is possible that it could be considerably altered on interaction
with other components in the chloroplast lamellae in vivo.
Therefore a titration of the dark reduction of P700 by plasto-
¢yanin was made in digitonin particles of chloroplasts from

which plastoquinone C had been extracted with organic solvents.

The interaction of plastocyanin and P700 in the digitonin

i




particles from unextracted and extracted chloroplasts were
%ompared to observe any difference which might arise from
the removal of plastoquinone C. It has been shown that
plastoquinones are not solubilised from chloroplasts by the
action of digitonin alone (Henninger et al 1967).

To obtain chloroplasts extracted with organic
solvents it was found preferable to prepare chloroplasts from
Spinach by the nonaqueous technique of Thalacker and Behrens
(1959), rather than to prepare chloroplasts by the usual aqueous
pProcedures and extract subsequently with organic solvents.

This led to a closer investigation of the properties of non-
aqueously prepared chloroplasts (referred to as nonaqueous
chloroplasts), which is included in the present work in
Appendix A. There have been reports in the literature of the
absence of photochemical activity in nonaqueous chloroplasts
(Stocking 1959; Heber and Tyszkiewicz 1962), however when the
conditions of the preparation were controlled so as to prevent
the loss of any chlorophyll, it was found that the chloroplasts
retained many of the characteristics of aqueously prepared
chloroplasts. Both PS1 and PS2 activities were detected and
the usual pattern of chloroplast digitonin fragments was
obtained on isodensity equilibrium centrifugation on a sucrose
density gradient according to Wessels (1965).

i After plastocyanin had been discovered there still
remained the possibility that another copper-protein was
essential for electroh transport in photosynthesis, because

copper analyses of chloroplasts revealed that the plastocyanin

content could only account for 30-50% of the copper actually




determined (Katoh et al 1961), In the present work the concept
of a basic unit of photosynthesis will be adopted and copper
analyses will be referred to a unit of 400 moles of total
chlorophyll a and chlorophyll b. This unit is not related to
the photosynthetic unit of Gaffron (s5chmid and Gaffron 1968)
nor to the quantosome of Park (rark and Pon 1963), but is
rather the sum of one PS1 unit and one PS2 unit, each consist-
ing of one reaction centre and its accessory pigment molecules.
The size of the basic unit can be judged from analyses of
chloroplasts for P700, cytochromes, plastocyanin and ferredoxin,
which lead to a value of between 400 and 500 molecules of total
chlorophyll (Foardman 1968). A copper content of approximately
3 gram atoms per 400 moles chlorophyll was found by both

katoh et al (1961) and by earlier workers (Whatley et al 1951) .
In the present work chloroplasts were prepared by techniques,
Quoted in the literature as giving preparations free from
contamination by other organelles, and were analysed for

Copper content to confirm this number of copper atoms per

basic photosynthetic unit.

Apart from this analytical evidence, work on the
inhibition of the Hill reaction in chloroplasts by chelating
agents regarded as fairly specific for copper has suggested
that there exists another copper-protein essential for photo-
synthetic electron transport. Therefore the site of action of
the chelating agents sglicylaldoxime (Trebst 1963) and
Cupferron'ﬂLightbody‘and Krogmann 1967 ) were investigated in

three types of experiment, Firstly, the effect of the chelating
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agents on the Hill reaction with DCPIP, cytochrome ¢ and
Potassium ferricyanide as Hill oxidants was measﬁred spectro-
photometrically. Secondly, their effect on the oxidation-
reduction of P700 in chloroplasts on illumination and in the
subsequent dark period was measured on a dual wavelength
Spectrophotometer. Finally, the effect of the chelating agents
on the light-induced fluorescence yield increase in chloro-
Plasts was investigated using an apparatus designed and
constructed by Drs. Elgersma of the Philips Research Laborator-
ies in Eindhoven. The fluorescence of chloroplasts at room
temperature arises mainly from PS2 and the fluorescence yield
increase induced by actinic light is believed to reflect the
reduction of the quencher @ at the reductive terminus of PS2
(Fork and Amesz 1969). In this way the inhibition of electron
transport by the chelating agents was followed at
Various points along the electron transfer chain from PS2 to
5200 B

Pertinent to this work on the possibility of a
Second copper-protein in electron transport, was the discovery
of a red-coloured substance, isolated as a precipitate in
thawed solutions of impure plastocyanin kept in the deep
freeze for several weeks. This substance could be resuspended
to yield an optically-clear solution which possessed the
visible spectrum of rubimedin, a protein isolated for the
first time several yeéars ago but not reported by any other
group of workers (Henﬁ;nger and Crane 1966 a). This red
coloured substance isplated in the course of the present work

will be called rubimedin, although the visible spectrum is
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the only evidence to equate it with the protein of Henninger
and Crane. It was found that rubimedin contained copper and
therefore a study of its physical properties was made in
order to decide whether it represented a genuine electron
transport carrier or merely a degradation product of plastocyanin.
One of the main purposes of the present work was to
characterise plastocyanin further, and to understand the manner
in which it acts as an electron carrier by an analysis of its
molecular properties. Since Katoh and co-workers described the
properties of plastoéyanin from Chlorella (Katoh 1960) and from
spinach (Katoh et al 1962; Katoh and Takamiya 1964) little
further work has been reported in the literature to confirm
these observations. The properties of the protein from

Chlamydomonas were found to agree with the data of Katoh

except that the molecular weight estimated by gel filtration
was lower (Gorman and Levine 1966 a). Plastocyanin from french
beans has been studied by Wells (Wells 1966; Milne and wells
1968) and his results were in agreement with Katoh for the
most part, except that, again,gel filtration led to a molecular
weight estimation much lower than the value found by Katoh for
Spinach plastocyanin. The importance of the molecular weight
of plastocyanin is reflected in the recent report that
Plastocyanin was a two-electron acceptor of electrons in the
noncyclic electron pathway from water (Chain et al 1968).
Although not stated explicitly, it can be assumed that these

workers obtained this result employing the molecular weight

and molecular extinction coefficients of plastocyanin determined
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by Katoh and co-workers. However redox titrations of plasto-

cyanin from Chlorella (Katoh 1960), from Chlamydomonas

(Gorman and Levine 1966 a), and from spinach (Katoh et al 1962)
have shown that the change in redox state of plastocyanin was
accompanied by the transfer of a single electron only. There-
fore the molecular weight and the molecular extinction
coefficients of plastocyanin were investigated in order to
resolve these conflicting reports.

The properties of the plastocyanin molecule as
an electron carrier in photosynthesis are determined to a
large extent by the structure of the copper binding site, for
this determines both the redox potential of the protein and
also the rate of transfer of electrons between the copper
and other oxidation-reduction species., It has been shown for

Chenopodium plastocyanin that the copper is not located on

the surface of the protein molecule, and electron transfer
must take place between the ligand atoms of the copper and
the amino acid residues on the surface of the molecule, and
thence to other redox molecules (ﬁlumberg and Peisach 1966).
Other factors, such as the degree of hydrophobic character of
the amino acid composition and also the isoelectric point,
would also be expected to influence the interaction of
Plastocyanin with the other electron transport components
in*the chloroplast. Therefore the above properties of
Plastocyanin were studied and the results are presented in

the first two chapter§. In the third and fifth chapters the

work carried out on the possibility of a second copper-protein
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in 'ﬁhﬁtoayhﬁhesulis described. In the fourth éh;pé;'gl,

chloroplasts; and mathematical analyses and equations ar

placed in Appendix B.
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CHAPTER ONE. PREPARATION AND PROPERTIES OF PLASTOCYANIN

SUMMARY
1. Plastocyanin has been prepared from spinach and
parsley and purified to a degree shown to be homogeneous on
electrophoresis and in the ultracentrifuge. The most persistent
impurity is a cytochrome b of unknown origin, which has an
apparent molecular weight by gel filtration close to that of
Plastocyanin. The lowest value of the absorbance index obtained
was about 1.6, however it is proposed that the purity of
Plastocyanin cannot be judged by this criterion, becaﬁse of
the variation of the absorption at 278 nm produced by conform-
ational changes of the protein molecule.
2. Precipitation of plastocyanin from 0.1 M tris
buffer pH 7.5 by saturated ammonium sulphate is not complete
unless sodium pyrophaesphate is added to raise the pH to 8.
3. The amino acid composition of plastocyanin from
Parsley and lettuce has been determined and compared with the
Published analysis for spinach plastocyanin. All three proteins
are found to have similar compositions, with only minor
differences, and show a high proportion of hydrophilic residues.
When parsley plastocyanin was treated with DHT,
only two of the four tyrosyl residues, but both of the two
hiftidyl residues, reacted with the reagent.
by The isoelectric points of the plastocyanins in
50 mM sodium citrate Duffer have been estimated and small

differences were found. For parsley plastocyanin the isoelectric
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point lay between pH 4.3 and 4.0; for lettuce plastocyanin
between pH 4.0 and 3.85; and for spinach plastocyanin between
pH 3.85 and 3.65., This order of isoelectric points agreed

with both the net charges on the protein molecules, calculated
from the amino acid composition, and also the order of electro-
phoretic mobility at pl 4.8 and pll 8.9.

B The EPR spectrum of oxidised parsley plastocyanin
showed that the cupric ion possessed axial symmetry and that '
the hyperfine splitting of the low-field signal was small,

typical of native blue copper proteins. Calculations of the
bonding parameters fﬁr the copper-ligand bonds indicated a
considerable degree of covalency.

6. The difference spectrum between oxidized and

reduced parsley plastocyanin in the ultraviolet was similar

to the perturbation spectrum of tyrosyl residues in proteins
Produced by acidic pH. The oxidised and reduced forms of

Parsley plastocyanin could be separated by electrophoresis

at pH 7.2 and higher pll values, but at pH 4.8 no separation
Occurred, suggesting that a histidyl residue was free to ionise

in the reduced form but not in the oxidised form.

s The molar absorbance coefficient of oxidised
Plastocyvanin at 597 nm was found to be close to the published
value of 4,900 with respect to copper. Spinach plastocyanin
was shown to accept one electron only per molecule indicating
4 copper content of one atom per molecule and the absence of

-

other electron accepting groups on the protein.
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INTRODUCTION

Plastocyanin has been shown to be a typical member
of a group of proteins which contain copper bound directly to
the polypeptide chain without any further prosthetic group.
These so-called blue copper proteins are characterised by
their visible spectrum in the oxidised form which is unusually
intense for copper-containing chromophores, and also by their
€lectron paramagnetic resonance (EPK) spectrum which shows an
Unusually small hyperfine splitting in the low field signal
(Vallee and Williams 1968 ). The number of copper atoms per
molecule varies from one in the case of the bacterial blue
Proteins to eight in the case of ceruloplasmin (BErill et al 1964).
Spinach plastocyanin was found to contain two copper atoms per
molecule calculated on the basis of a molecular weight of 21,000

(Katoh et al 1962), and Chenopodium plastocyanin has been quoted

48 containing two copper atoms per molecule of 11,500 (Blumberg
and Peisach 1966).

It is the hypothesis in the present work that
Plastocyanin has only a single copper atom per molecule and is
analogous to the bacterial blue copper proteins, which have
been shown to be active in electron transport to the cytochrome

Oxidase of Pseudomonas (Horio et al 1961). Plastocyanin is not

Capable of reacting with molecular oxygen, being different in
thig respect from the multi-copper proteins ascorbate oxidase,
Ceéruloplasmin and the laccases. It is however rapidly oxidised

v

Or reduced by chemical agents (Nakamura and Ogura 1968).
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The electrophoresis of plastocyanin on starch gel
(Wells 1966) has shown that only two redox states of plastocyanih
exist, the oxidised and the reduced forms, no intermediate
semi-reduced form being noted. lHowever, redox titration of
Plastocyanin has shown that it is a one-electron acceptor
(Katoh 1960; katoh et al 1062; Gorman and Levine 1966 &)y
Therefore if there exist two copper atoms per molecule, then
these must accept electrons in separate steps, and a stable.
intermediate semi-reduced form might be expected to be observed.
In discussing the EPR spectrum of plastocyanin (Flumberg and
Peisach 1966), it was stressed that the spectrum was very
similar to that of the bacterial blue copper proteins, and
that although the autliors believed plastocyanin to contain
two divalent copper atoms in the oxidised form only a single
Paramagnetic species was seen by EPR.

The mechanism of oxidation-reduction of plastocyahin
and the structure of the copper binding site are properties of
the molecule which are important for its role in photosynthesis,
and which can be investigated by standard protein chemistry
techniques. In the oxidised form, the optical spectrum and the
EPR spectrum can be used to probe the environment of the copper
ion, however interpretation of the results is difficult (Brill

2 1 1964). The divalent copper ion in Chenopodium plastocyanin

— c——

is present at a site showing axial symmetry from the EPR spectrum,

but possessing some rhombic character from the results of the

”

optical rotatory dispersion measurements (Blumberg and Peisach

1966) .,
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The data on the redox potential of spinach
plastocyanin (katoh et al 1962) has been interpreted as in-
dicating that a destabilisation of the oxidised form of the
Protein occurs at acid pH values owing to the dissociation
of a group tentatively identified as a histidyl residue (Brill

et al 19p4)., A detailed analysis of the binding of copper in

spinach plastocyanin (Katoh and Takamiya 1964) showed that the
sulphydryl group of cysteine might be implicated in copper
binding, for the addition of parachloromercuribenzoate caused

a decrease in the blue colour of the native oxidised plastocyanin
with a corresponding release of copper from the protein. However,
inspection of the time courses of the decrease in blue colour

and of the increase in absorbance at 250 nm due to the formation

of a sulphydryl-parachloromercuribenzoate bond (Figure 4 of this

reference), indicates that the release of copper may be a second- |

ary effect of the reaction of parachloromercuribenzoate with
another group, possibly histidyl, rather than a direct displace-
ment of copper from the sulphydryl group.

By the measurement of the proton relaxation rate

for oxidised Chenopodium plastocyanin, it was shown that the

copper was located inside the protein molecule rather than
on the surface, because the cupric ion was not available for
interaction with water molecules (Blumberg and Peisach 1966).
It therefore follows that water cannot occupy one of the ligand
POs;tions of the copper atom.

Copper binding in parsley plastocyanin has been

investigated in the present work by comparison of the electro-

Phoretic mobility of the oxidised and reduced forms, and also
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by observation of the difference spectrum of the two forms in the
ultraviolet region of the spectrum around 280 nm. From these
experiments both histidyl and tyrosyl residues could be im-
pPlicated in copper binding.

Flastocyanin has been isolated from many plant
Sources, but the only published amino acid analysis is that

t al 1962). Recently a note

for spinach plastocyanin (Katoh

has appeared that the amino acid composition of french bean

Plastocyanin is under study, but no details were given (Milne

and Wel%s 1968 ). The amino acid composition of some bacterial

blue copper proteins is known (Ambler and Brown 1967), and a

comparison of the compositions of plastocyanins with these

would be useful in judging the similarity between the electron

transport blue copper proteins from chloroplasts and from bacteria.

Therefore parsley plastocyanin has been analysed in the present

Work; the analysis of lettuce plastocyanin has already been

Undertaken (Searle 1966). The amino acid composition has also

been used to calculate a value for the partial specific volume

(Cohn and Edsall 19&3). a necessary parameter for the evaluation

Of molecular weight by ultracentrifugation (see Chapter 2).
Electrophoresis of proteins on polyacrylamide gels

was introduced by Raymond and Weintraub (1959), who employed a

continuous buffer system as in classical electrophoretic

techniques. Later, the disc gel electrophoresis technique

employing a discontinuous buffer system was shown to give far

better resélution. becaise the proteins could be concentrated

‘to a very narrow starting zone (Davis 1964). However it is also
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possible to obtain a narrow starting zone at the surface of
the polyacrylamide gel, from the proteins in free solution,

by simply using the effect of the much greater viscosity of
the gel towards the protein molecules compared to the free
buffer solution (Clarke 196&). A further aid to the concentrat-
ion of the proteins at the gel surface is a sharp rise in
conductivity going from the protein sample solution to the

gel (Hjerten et al 1965). The use of gels in the form of
cylindrical rods instead of flat slabs produces a symmetrical
temperature distribution within the gel during electrophoresis
which in turn results in sharper protein bands.

By using a continuous buffer system throughout
the gel and electrode buffers, and by applying the protein
sanple on the gel surface in a low conductivity buffer with
sucrose added to prevent convective mixing, a very simple
technique results which gives the same resolution as the
much more complicated discontinuous buffer system of Davis
(1964). since the completion of the work reported here an
article has appeared which is in complete agreement with this
statement (Brackenridge and Bachelard 1969).

PolyacrYlamide gels can be formed by polymerisationA
of a ménomer mixture either chemically with ammonium persulphate
as catalyst, or with light using riboflavin as photocatalyst
(Davis 1964)., 1t was found that residual persulphate caused
the oxidation of reduced cytochrome ¢ during electrophoresis
ﬁFlatmark 1964 ), and, asfin the present work it was required
to separate the oxidised and reduced forms of plastocyanin,

this method of polymerisation was avoided.
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The visualisation of protein bands after electro-
phoresis is usually achieved with amido black. However the dye,
coomassie blue, has been shown to have several advantages over
amido black, the more important of which are greater sensitivity
and ease of removal of excess dye (Fazekas de St.Groth et al
1963; Chrambach et al 1967).

In the present work the technique of polyacrylamide
gel electrophoresis has been employed to follow the variation
of the separation of oxidised and reduced plastocyanin over a
range of pH values., A comparison was also made of the electro-
phoretic mobility and of the isocelectric points of the plasto-
cyanins from lettuce, parsley and spinach. The isoelectric point
of spinach plastocyanin had been shown to be below pH 4.7 (Katoh
et al 1962), whilst that of the plastocyanin from the blue-green
alga Anabaena was apparently above pH7.5. (Lightbody and hrogmann 1-967).‘

The preparation of plastocyanin from photosynthetic-
ally active material is a relatively straightforward procedure,
depending upon an initial disruption of the chloroplast lamellae
*whereupon the plastocyanin is released into solution. Further
purification then follows well-established protein chemistry
techniques.

The disruption of the lamellae can be achieved
by homogenisation in a hypotonic buffer, followed by fraction=-
ation‘pf the filtered homogenate with acetone (San Pietro and
Lang 1958),_and this procedure is used in several laboratories
for the preparation of pl%stocyanin (Hall, personal communicat-

ion; wWest, personal communication; Akulova and Mukhin 1968).
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Better yields have been found if a detergent is present during
the initial homogenisation (Borchert and Wessels, personal
communication). In the initial studies of Katoh and co-workers
an acetone powder was first made from which the plastocyanin
was extracted by deionised water or hypotonic buffer (Katoh
1960; Katoh et al 1961; Katoh et al 1962). Recently it has been
shown that extraction of chloroplasts with heptane followed by
resuspension in a hypotonic buffer also releases plastocyanin
(Elster et al 1968 ). Fragmentation of chloroplast lamellae by
digitonin has been employed as a method of obtaining chloroplast -
fragments free from plastocyanin (Wessels 1966), however it
would be unpractical as a method of plastocyanin preparation.

Techniques employed to purify plastocyanin have
include& DEAE-cellulose chromatography and ammonium sulphate
fractionation (Katoh 1960), gel filtration on Sephadex
(Gorman and Levine 1966 a), and fractionation with calcium
phosphate gel (Wells 1966). A combination of all, or some, of
thiese four procedures is sufficient to produce purified
plastocyanin. Of the impurities present in the preparation
those most readily noted are the proteins with characteristic
absorption spectra such as ferredoxin, ferredoxin-NADP reduct-
ase, catalase and a cytochrome b species, the latter being the '1
most difficult to remove.

The purity of plastocyanin has been judged in
all published work by the so-called absorbance index, which

is the ratio of the abso;bance of the plastocyanin at 278 nm
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to the absorbance at the maximum in the visible spectrum in
the oxidised form, which is at 597 nm (Katoh et al 1962).
The value of 0.8 found for spinach plastocyanin has set the
target for which each subsequent investigator has strived.
An absorbance index of 1.9 was the lowest obtainable for

Chlamydomonas plastocyanin (Gorman and Levine 1966 a), a

value of 1.07 was reported for french bean plastocyanin
(Wwells 1966), and 1.57 was obtained for Anabaena plastocyanin
(Lightbody and Krogmann 1967).

Katoh, Shiratori and Takamiya (1962) observed
that although an absorbance index of 0.8 could be reached,
the protein was then apparently unstable because on subsequent
handling the absorbance index rose significantly. This
behaviour was confirmed by Gorman and Levine (1966 a). In
the present work it was found that plastocyanin shown to be
pure bytelectrophoresis and ultracentrifugation had an
absorbance index value in the range 1.5 - 2.0, indicating
that the absorbance index was not a good measure of the
purity once a value of 2.0 had been attained. However in the
early stages of purification the absorbance index was a

valuable guide to the degree of purity.

MATERIALS AND METHODS

Materials. Spinach and parsley were obtained from
a local market, washed, and after the roots and main stems

were removed, stored in a deep freeze at -20° until use.
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DEAE-cellulose chromatography was performed with
DE22 from Whatman.

Ammonium sulphate used in salt fractionation was
a grade specially low in heavy metals for enzyme work, from
British Drug Houses Ltd.

Gel filtration was carried out with Sephadex
dextran gels from Pharmacia. Calcium phosphate gel for differ-
ential adsorption of proteins was made according to the
procedure of Tsuboi and Hudson (1957).

Concentration of protein solutions in dilute
aqueous buffer was achieved using a Diaflo Model 50 ultra-
filtration cell with UM1 or UM2 membranes.

All buffer solutions were made using analytical
grade chemicals and double-glass~-distilled water.

Buffers were made according to the compositions

given by Gomori (1955) and the pH value and ionic strength of
phosphate buffers was found from the data of Green (1933).

The hydrolysis of plastocyanin for aminoacid

analysis was performed with M.A .k, grade hydrochlorié acid
from British Drug llouses, and a Beckman standard aminoacid
mixture was used for calibration of the aminoacid analyser.

Other chemicals used were all analytical reagent grade,

Preparation of plastocyanin. The standard procedure

which is described is that for parsley plastocyanin, and it
was also employed to obtain plastocyanin from spinach. Lettuce
plastocyanin.could not b; obtained in this way, but was
prepared by the method of Katoh et al (1961) from isolated

chloroplasts, as described in a previous report (Searle 1966).
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The whole preparation was carried out in a coldroom at a
temperature near -5°,

About 5 kg parsley in 600 g lots was homogenised
with twice its weight of water in a large Waring blender, the
temperature remaining close to 0°, The pH of the homogenate
usually fell to pH 6 which did not however denature plastocyanin.
After filtering through four layers of muslin to remove large
debris the pH was raised to 7.5 with tris buffer and then the
green honogenate was fractionated with acetone (San Pietro and
Lang 1958). To the homogenape was added half its volume of
chilled acetone (-20°) and after standing 30 minutes to solub-
ilise plastocyanin from the chloroplasts, the particulate
material was centrifuged off at 1,500 g for 20 minutes at -20°,
The clear pale green }3% acetone supernatant was then treated
with further chilled acetone to raise the acetone concentration
to 75%, whereupon the proteins formed a flocculent pale cream
precipitate. After standing for 60 minutes, during which time
the protein precipitate settled under gravity, most of the
supernatant was siphoned off and the precipitate then recover-
ed by centrifugation at 1,500 g for 20 miﬁutes at -20°,

s The precipitate was resuspended in about 200 ml
of 10 mM tris buffer pH 7.5 at 0° with the aid of a hand
honogeniser and the acetone removed by dialysis overnight
at 4° with magnetic stirring,against 10 litres of the same
buffer. The dialysate was centrifuged at 2,000 g for 20 minutes
at ho to remove insolublé material, and the clear, pale, red-

-brown supernatant was then further treated according to the

scheme presented in the Results and Discussion section.
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Detection of impurities. The progress of the

purification after DEAE-cellulose chromatography was followed
spectrophotometrically. Impurities were noted in the visible
absorption spectrum of the plastocyanin fraction and by
estimation of the absorbance index (Kkatoh et al 1962). Catalase
was easily detected by the intense absorption of its Soret band
at 403 nm, wﬂich usually appeared as a shoulder in the dilute
catalase solutions measured. The cytochrome b impurity was

also observed by its Soret band absorption at 412 nm in the
oxidised form. The presence of ferredoxin-NADP reductase could
be detected by its diaphorasé activity (Jagendorf 1963);

The prosthetic group of both catalase and the
cytochrome b was shown to be protohaem by formation of the
reduced alkaline pyridine haemochromogen (Falk 1964 ).

The cytochrome b contamination of a purified
plastocyanin solution is expressed as % cytochrome, which is
evaluated on the assumption that the cytochrome b component

has a molar absorbance coefficient at 412 nm of 100,000.

g

If the plastocyanin is estimated assuming a molar extinction

coefficient of 10,000 at 278 nm, then % cytochrome = 10 x height'fv

of cytochrome Soret band/absorbance at 278 nm. As the cytochrome

: i
b has a molecular weight approximately equal to that of plasto-
cyanin this formula expresses the fraction of cytochrome b

both by weight and as a molar ratio.

Properties of plastocyanin. Amino acid analysis of

parsley plastocyanin was’performed on purified protein which

had been treated with 1 N hydrochloric acid at room temperature‘f
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for 40 minutes, and washed with further 1 N hydrochloric acid
to remove all traces of copper ions. The protein was collected
by centrifugation and washed first with acetone and finally
with ether to give a completely dry, white powder. The powder
was dissolved in 6 N hydrochloric acid containing norleucine
as an internal hydrolysis standard (Walsh and Brown 1962) and
four aliquots measured out into hydrolysis tubes. These were
evacuated as described by Moore and Stein (1963) to remove

all oxygen, sealed, and then heated at 110° in an oven for 24,
48, 72 and 96 hours respectively. After hydrolysis all hydro=-
chloric acid was removed by repeated evaporation on a rotary
evaporator at 40°. The hydrolysate was then dissolved in sodium
citrate buffer pH 2.2 and known aliquots analysed on a Beckman A
120C automatic amino acid analyser, calibrated for the ninhydrin
solution used with a standard amino acid mixture. Calculation.
of the amino acid elution peaks was by the standard half heightﬂtf
x width method, which assumes a Gaussian form. When two peaks ‘
were too close to allow an estimation of the width at half
height, then the width was calculated by a mathematical analysiilt
of the Gaussian curves as described in Appendix B. The average
of the amount of an amine acid at the four hydrolysis times
was taken (except for serine and threonine). as it was found
that all amino acids were fully released after 24 hours.
Threonine was found to decrease linearly with time and serine
in a non-linear fashion; both were extrapolated to zero time
of hydrolysis (see Downs’F. and Pigman W. Int.J.Prot.Chem. 1

(1969) 181.)
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Titration of histidyl and tyrosyl residues in
parsley plastocyanin by diazo-l-l-tetrazole was carried out
as described by Horinishi et al (1964) in 0.67 M sodium
bicarbonate buffer pH §.8 without prior denaturation of the
protein. The calculations were made using the extinction
coefficients of Sokolovsky and Vallee (1966) and the re=-
commended check for monoazo derivatives of histidine and
tyrosine was carried out. Protein concentrations were measured
by Kjeldahl digestion,

EPK spectra of plastocyanin were obtained on: a
Decca X-1 spectrometer equipped with a magnetometer to allow
field calibration and g-value calculation. The spectra are
presented as the first derivative of the microﬁave absorption
spectra. All spéctra were measured at -186° in 3 mm internal
diameter tubes made from spectrosil, which were free of heavy.
metal contamination. The copper ligand bonding parameters were
calculated according to the equations given by Kivelson and
Nieman (1961) for °‘2’ and Malmstrtm and Vﬁnnggrd (1960) for
a® and for (% u'2+h). EPR tubes were cleaned with concentrated
nitric acid, washed with distilled water and dfied with acetone
before use. Freezing and thawing of samples was done as rapidly

as possible to prevent denaturation.

Polyacrylamide gel electrophoresis. The compositionS}fF

of thé gel monomer mixtures were based on that originally

prescribed by Davis (1964). The buffer concentration was 50 mM,

electrode buffers, thus providing a continuous buffer system.

The plastocyanin sample in 5 mM KPOM (1:1) buffer containing

e
at the several pH values employed, both throughout the gel and the

s
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20% sucrose was applied to the gel surface using a microsyringé,
the volume of sample usually being 10 - 20 microlitres. As
plastocyanin was anionic at all pH values used, the anode was
always connected to the electrode of the lower buffer compart-
ment of the Shandon gel electrophoresis apparatus.
The polymerisation mixture for the gels and the
overlayering mixture were made up from three solutions, which
were stored at 4° in the dark, but warmed to room temperature
before use.
A. Riboflavin :t (4 mg/100 ml).
B. Monomer mixture, filtered before use: (30 g acrylamide,
.0.5 g bisacrylamide
in 100 ml water).
C. 0.4 M buffer containing 0.75 ml TEMED per 100 ml.
The gel mix was composed of 1 part of A, 2 parts of E, 1 parf
of C and 4 parts of water; and the overlayering mix was composed
of 1 part of A, 1 part of C and 6 parts of water. The gels were
formed in glass tubes rinsed with Kodak Photoflo 200 as describ-ifi
«~ ed by Davis (1964), and sealed at the bottom with transparent ~
parafilm. 1 ml gel mix was pipetted into the tubes and 0.1 ml
overlayering mix carefully pipetted on the surface without
mixing. The use of an overlayering mix containing riboflavin
and TEMED ensured the formation of a perfectly flat upper
surfate to the gel, The gels were then photopolymerised for
at least 30 minutes. The’time required is naturally dependent
‘on the light intensity, but is also dependent upon the pH of

the gel mixture. The‘necessary polymerisation time increases
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from a rubber teat.

with increasing pH for constant riboflavin, monomer and T

concentrations. The gels were stored overnight at 49, and

immediately before use the overlayering mixture was removeq;
and the top of the gel washed with water, and also thé par
removed from the bottom of the tube.

The buffers employed were: sodium acetate pH 4
sodium potassium phosphate pH 7{2. tris buffer pH 7.6, and
sodium borate pH £.9, All of these solutions have high buffe
ing capacity and prevent pH changes from occurring during
electrophoresis,

Electrophoresis was carried out in the cold roq-
at 4° with apparatus and buffer at 4°. The current through
each gel during electrophoresis was kept constant at a valug
such that the temperature of the outside of the gel rod did?
not rise above about 10°., After the plastocyanin sample had
been applied to the gel surface, the current was kept ai thﬂF
value of 1 mA per tube until a narrow blue band of plastdcy
had formed at the gel surface and migrated a few millimetre
into the gel; the current could then be increased to about
per tube without the danger of convective disturbance of th§
protein bands.

Electrophoresis was usually continued until the
band of oxidised plastocyanin had moved to about the midd
of the gel. The gel was removed from the gel tube by rimﬁ

under water with a needle and forcing the gel out by pressure
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Fixing and staining the gels with Coomassie Blue
was performed in one of two ways; either in trichloroacetic
acid as described by Chrambach et al (1967), or in methanol-
-~acetic acid-water (5-1-5 V/v/v). The latter mefhod is prefer-
able for rapid staining as Coomassie Blue is more soluble in
the organic solvent mixture than in trichloroacetic acid. In
the organic solvent the gels are seen to shrink a little, whilst
in the acid the gels increase in length. The stained gels can
be kept for many months in the dark but in the light the dye
fades gradually.

To estimate the isoelectric point of native
oxidised plastocyanin, polyacrylamide gels were made in 50 mM
sodium citrate buffer pH 4.3 and before use 50 mM sodium citrate:
buffer of the required pH from 3.65 to 4.30 was placed in the
upper and lower electrode compartments and a current of 10 mA
per tube passed for at least 45 minutes to equilibrate the
gel with the required pH. Then the plastocyanin in 5 mM hPOh
(1:1) and 20% sucrose was added to the gel surface and the
direction of movement of the blue colour of the oxidised plasto=- ‘f
cyanin noted on passing a low current. With the anode connected |
to the lower buffer compartment electrode, the plastocyanin
formed a narrow blue band at the gel surface at pH values abovev<ﬁ
its isoelectric point, but when the pH of citrate buffer used

was below the isoelectric point of the plastocyanin then the

o
W

narrow blue band formed at the surface between the sample sucroaaf’
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cyanin was completely denatured within 5 - 10 minutes.

RESULTS AND DISCUSSION

SRR S

Preparation of plastocyanin. The scheme for pla

cyanin purification from the dialysed 33 - 75% acetone pre
itate, obtained as described in the Materials and Methods
section, is presented below:
1. Chromatography of extract of 33 - 75% acetone pfecip
on DEAE-cellulose in tris buffer pH_?.S. Impurities
alkaline isoelectric points are removed. Ferredoxin,

being tightly bound to the column, is completely abs

with 0,1 M tris buffer pH 7.5 + 0.1 M NaCl. Some

ultrafiltration.
3. Ammonium sulphate fractionation. The plastocyanin is
precipitated by ammonium sulphate containing sodiumrﬂ
;yrophosphate. Ail the remaining catalase and some of
the remaining reductase is removed. v
“. Gel filtration in 10 mM Kro, buffer (1:1) on Sephac
G-75 separates plastocyanin completely from remaini

reductase and pédrtially from the cytochrome b

contaminant ., .
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5. Calcium phosphate gel adsorption. Addition of sodium

acetate buffer pH 6 to the plastocyanin fraction allows

adsorption onto calcium phosphate gel. Plastocyanin is

eluted from the gel with 20 mM KPO, (1:1), and a

preparation completely free from cytochrome b can

be obtained.

DEAE-cellulose chromatography was performed with

DE22 ion exchanger, washed as advised by the manufacturers to
remove impurities. Fines were removed and the exchanger
equilibrated with 10 mM tris buffer pH 7.5. Chromatogrgphy

was performed in the cold room at 4°, on a gel column 20 cm X

4 em diameter. After the extract was applied to the column,  ?i
about 1.5 column volumes of 0.1 M tris buffer pH 7.5 was
passed through it, before plastocyanin was eluted with 0,1 M
tris buffer pH 7.5 4+ 0.1 M NaCl. The effluent fractions, which
showed a blue colour on addition of one drop of 1 mM ferri-
cyanide solution, were pooled and concentrated by ultrafiltrat-::-

ion to about 50 ml volume. In agreement with previous reports,

it was found that reduced plastocyanin was eluted from the ;

column after the zone of oxidised plastocyanin. Electrophoresis
experiments reported below demonstrated that the reduced form 3
of the protein carried one more negative charge than the
oxidised form at neutral pH values.

- : The calculation of the quantity of solid ammonium
sulphate required (W grams) to increase the concentration of

-

ammonium sulphate in a solution of V ml, by N g/!OOle was

found from the relationship: W = NV/100-0.406 N. The concentrat-




ion of ammonium sulphate will always be expressed as N gr
100 ml of final solution, or N % w/v. To the ferricyanideeg.

| A
ised plastocyanin fraction at 4° in 0,1 M tris buffer pH 7.5

+ 0.1 M NaCl, was added solid ammonium sulphate to give a

concentration of 38% w/v; and the brown precipitate obtained BX,

-

on centrifugation at 10,000 g for 10 minutes at 4° was disgg

The ammonium sulphate did not dissolve completely at pH .7.5
when added to obtain a saturated solution, but when the pH
was raised by addition of pyrophosphate it then dissolved
completely., The presence of 0.1 M tris buffer was sufficipﬁ‘

safeguard against large pH changes when the slightly acid
added to the plastocyanin solution. It was sometimes found

in saturated ammonium sulphate, and the protein was then
collected by filtration through a glasswool pad.

. The plastocyanin precipitate was redissolved i
the minimum volume of 10 mM KPO, (1:1) and after a short-te

v

- dialysig at 4o against the same buffer to remove most of the



35,000, The plastocyanin contained a considerable amount of
the cytochrome b contaminant still (about 1%, see Figure 1=
(a) ), which was eluted from Sephadex G-75 just prior to the

plastocyanin (see Figure 1-1 (B) ).

by calcium phosphate gel adsorption. The plastocyvanin-conta
ing fractions froﬁ gel filtration were combined and 0.1 M
sodium acetate buffer pH 6 and also a few drops of ferri-

cyanide added. This solution at 0° was then treated with

sufficient 45 mM calecium phosphate gel suspension in water
to adsorb all the blue colour of the oxidised plastocyanin -
from solution, as seen when the gel was spun down by centrif
ation in a bench centrifuge in the cold room at 4° for a f‘
minutes., The gel was washed twice by resuspension in distil
water, to remove unadsorbed proteins and also acetate buffe

Plastocyanin was then eluted from the gel by resuspension

In calculations of the final phosphate concentration allow‘A
was made for the packed volume of the gel, which was éne-th
of the volume of the gel suspension added. The gel, conta:
most of the impurities was then discarded. To the plastocy
solution was added fraa? gel and also acetate buffer. The

-plastocyanin was now adsorbed more readily by the gel becs
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(A)

1*%T

Figure 1-1.
(A) Absorption

spectrum of cytochrome

—_ > —>

b contaminant of
spinach plastocyanin:
(a) dithionite reduced
Jo2/10 (b) dithionite reduced
alkaline pyridine
haemochromogen.

(B) Elution profile of
plastocyanin and of
cytochrome b from
Sephadex G-75:

(a) protein absorption

at 280 nm (b) plasto-

cyanin absorption at

Fraction number

507 nm (c) height of

”

‘band at 412 nm., As shown, the

magnified 5x compared

to that

cytochrome b Soret
absorbance scale for (c) is

for (a) and “(b) .



Figure

1=-2.

(a) Absorption spectrum of oxidised spinach plasto-
cyanin showing some cytochrome b contamination.

(b) Diluted 2.76 times to show 597 nm and ultra-
violet peaks. (c) Absorption spectrum of a reduced
sample of spinach plastocyanin to compare 284 nm

shoulder.



KPOu (1:1). The first elution contained the purer plhlto—'

cyanin as the cytochrome b contaminant was more strongly

of plastocyanin completely free from cytochrome b, but all

fractions containing less than 0.25% cytochrome b

were acce
ed as purified. The exact details of the volumes of solutid;
and gel suspension are not given as the conditions were Vaf
according to the given sample of plastocvanin and its contefg%
of impurities. The efficiency of the procedure is dependen

upon the very weak adsorption of plastocyanin to the gel

Any of the four steps in the purification may
be repeated. If the gel filtration was carried out on a
column of sufficient length and with a very small s#mple
volume, then complete purification could be obtained, and
calcium phosphate gel step omitted. If the DE22-step was re-

peated after the still impure plastocyanin solution had bee

it was found that brown impurities, which eluted with the
plastocyanin the first time, were firmly bound to the DE22'fai*
during the second chromatography. Possibly oxidation of
organic groups to carbokyl groups had occurred. on the impur

As no previous réport had mentioned a cytochro

form in the solutions of oxidised plastocyanin investigated,

with the Soret band at 412 nm. On addition of ascorbate

the cytochromé remained oxidised, for the Soret band was




found to remain at 412 nm. However, when dithionite was’th_
added, reduction occurred, the reduced form showing the So
band at 422 nm and an assymmetrical ot -band at 557 - 558 1

b o

The prosthetic group of the cytochrome was shown to be proj'

The symmetrical o¢~-band of the haemochromogen was found to
at 556 nm (Pigure 1-1 (A) ).

The purity of the plastocyanin preparation was
judged by four criteria: (i) an absorbance index below 2>|

a cytochrome b content below 0.25%; (ii) the presence of

centrifugation plots (see Chapter 2); and (iv) the absence

for details).

Properties of plastocyanin. The amino acid anal

of spinach plastocyanin has been published (Katoh et al 195
however it was based on only one hydrolysis for 30 hours, n
correction being made fér loss of serine and threonine. The
data are presented here; with a 10% correction added for
serine, and calculated for a molecular weight of 10.5n0._Ti
amino acid composition of lettuce plastocyanin was invosti

previously (Searle 1966), but subsequently an error in the

calibration of the amino acid analyser was detected and the
results have been recalculated, a recovery of &8&,6% after

hydrolysis replacing the value of 117% obtained previously




The recalculated déta are presented

acid composition of parhley plastocyanin, showing an absofﬁ
ance index of 1.97 and no detectable cytochrome b conﬁémlMé
ion, was determined as described in the Materials and Mef
section and the results are presented in Table 1-2. No
tryptophan or arginine was found, and the cysteine conten
was not mgasured.

‘Native parsley plastocyanin was also examine&
histidine and tyrosine content by titration with DHT, at
and room temperature, as described by Horinishi et al 1196
A solution of oxidised parsiey piastocyanin having a conc

ion of 1.10 mg,ml (as shown by Kjeldahl nitrogen analvsis

a factor of 6.10 to convert nitrogen to protein content) whe

residues and 2.22 bisazohistidyl residues per molecule of

10,%00, from the absorbance values AMBO = 0235 and A550 e

(A600 = 0,047), A reduced solution of parsley plastocyaniql'
(concentration 0,634 mg/ml) was also examined after dilutic
29.2 times: 1,98 hisazotyrosyl residues and 1,96 bisazohis
restdues were found per molecule. The check for monoazdty

residues was again carried out, and a difference of only 2.5

- was found between the bisazohiétidyl contents calculated f

the absorbances at 550 nm and at 600 nm (A

480
= 0,028). Therefore in neither solution of

#,057 and A

600



presented previously (Searle 1066). The first column giv§
the values of lixw used in the recalculations, as those nﬁip_
ised previously were in error. The quantities of amino aéf
are given for 1 ml Qf the lettuce plastocyanin solution»i 
6 N HCl before hydrolysis. The numbers of residues per mole
are calculated assuming 5 residues of lysine in a molecuI*
weight of 10,800,

Amino acid HxW/micromolé HxW Micromoles KResid

calculated

Lys 62.3 4,36 0.070
His 5542 15548 0.028
NH, 48,5 6.49 0.134
Asp b5.4 B.57 0.189
Thr hs5.5 4,01 0,088
Ser 47.9 7.40 0,154
Glu bé.,1 736 0.160
Pro 10.6 ol 0 0.070
Gly 45,6 9.42 0.206 _
Ala UV 6.47 0.13¢& 9
Val Wy .6 10,15 0,228 » 14
Met SO, h7.5 1.4 Go0ek o, 2
Ile ol 1.47 0.031 V.
Leu WA 4 48 0.095 6
Tyr 48.9 . 2,43 0.050 e
Phe Lha,5 4.50 0.091 6

' 0.015 1




the text. The quantities of amino acids in micromoles per'

ml of the original plastocyanin solution in 6 N HC1 is sh
for the several times of hydrolysis at 110°. For all amina
acids except threonine and serine the averasge value was i &
used; for threonine and serine the value found by extraﬁo}
ation to zero time was adopted. The number of amino acid_;;
residues per nole were calculated assuming two moles afviﬁ

histidine per mole of protein.

Time of hydrolysis (hours)
Amino Acid 24 Ly 72 96 Calculated per mo

T

Phe 0,148 0,146 0,157 0.149 0.150

Lys 0.177 0.175 0.220 0.163 0. 181 v
His == 0.0h6 0.043 0,046 0.045 e 5
NH iy I, o 0,304 0,315 13;:
Asp 0.285 0,285 0,309 0.262 0.285 1%
Thr 0,140 0,130 0.137  0.113 0.152 &
By 0.122  0.102 0,098 0,081 0.150 6
Glu 0.324  0.720°.0.356 0,509 0.323 va';
Pro R R L S U SR 0.118  0.118 § 1
Gly 0,335 0.319 0.353 0,300 0.925 12
Ala 0,287 - 0.837 0.2%7 .'d:229 0.240 H4L
Val 0,232  0.228 0.259 0,239 0,234 o
Met o 004097 - 6,020 0.020 %
Ile ORBNY T 0070 0,078 D022 Np%e %
Leu 0,099 0,098 0.104% 0,090 0,100 -
Tyr 0.088  0.086 (.085 (.085 0,086 1y 5
6




TABLE 1-3. COMPARISON OF THE AMINO AC1D .COMPOSITIOUNS OF‘ }

PLASTOCYANINS AND OF PSEUDOMONAS BLUE COPPER;jﬂ

'PROTEINS. ' L8
(P) was determined in the present work; that of lettuce pl
cyanin (L) was recalculated from analysis carried out pre
1y (Searle 1966); and that for spinach plastocyanin (S) w
calculated from the results of Katoh et al (1962) for a m
ar weight of 10,500, The composition of the blue copper-
from P.fluorescens (PF) was described by Ambler and Brown
and that from P .aeruginosa (PA) by Coval et al (1961). The

are given in residues per mole protein.

Amino acid P L S PF PAS
Lys 7 5 7 11
His 2 2 2 4
NH3 13 9 8 §
ATE 0 0 0 1
ASp 11 12 12 18
Thy 6 6 10
Ser 6 10 9 10
Glu 12 10 12 10
Pro 5 b4 5 4
Gly 12 13 12 31
Ala 9 9 7 7
Val 9 14 & 10
Met 1 2 3 6
Ille 3 2 2 4
Leu by 6 6 10
Tyr l 3 2 2
‘Phe 6 6 5 6
b o5 s B (¢] 0 0] 1
Cys - ’ 1 1 b §

'TOT@L(-NHB) 98 105 99 128 131




péfsiéy‘pléstocfanin did'monoaz6t§fosihé 1ntéfferéi;i;ﬁ?t
estimation of the bisazo~-derivatives. A1£hough in bothrséh_”
ions, the histidine content was titrated duantitativelf,
two out of the four tyrosyl residues (see Table 1-2) were
detectable. Therefore two tyrosyl residues must be buried
within the protein molecule and were not available for re
with DHT

The amino acid compositions of the plastocyap;

are compared with those of the blue copper-proteins from_.“

Pseudomonas in Table 1-3., The molecular weight of Pseudoma

fluorescens blue protein is 14,100 from the amino acid an

compared to 10,000 - 11,000 for the plastocyanins. The pré
are similar in amino acid composition, showing a preponder
of hydrophobic residues; and a genetic relationship be?w@fﬁu
them, although not revealed by this simple comparison, mig
be seen in amino acid sequence studies. The possession of
excess of hydrophilic residues over hydrophobic residues h@
the copper-proteins active in electron trnnéport. may well
an important factor for the interaction of these proteins
other redox carriers. |

The active centre of plastocvanin was also stué

in the ﬁresent work. IniFigure 1-2 it is seen £hat spinach

the redox state of the protein changed. The ultraviolet diff

ence spectrum of parsley plastocyanin in 10




difference between the reduced and oxidised forms, on a Car
14 spectrophotometer with both the A, 0.0-1.0 and the A, 0.
slidewires, at room temperature (see Figure 1-3). The abso f;

= 0.776

of the two solutions at 278 nm was equalised (A278

dilution of the oxidised form with 10 mM KrO, pH7. The di f

280 nm. The_close similarity of the structure of the-d;‘lfi‘fe“_;=
ence spectrum at 285 - 280 nm to that seen for the acid—is:
difference spectrum of ovomucoid, or the perturbation of ﬁ‘
produced by 20% ethylene-glycol (see Donovan 1969) confirme
that one or more tyrosyl residues changed environment wiéh
alteration of the redox state of plastocyanin, It is prop&"
that a tyrosyl residue is part of the copper binding site,
at least closely linked with it in the three-dimensionélh
structure of the protein molecule. 4

The EPR spectrum of oxidised parsley ﬁlastocy;'

is shown in Figure 1-Y4., The hyperfine splitting in the low bt

lines 1 and 2, 2 and 3, 3 and 4 starting from the lowest f

A sTmilar distribution of hyperfine splittings was found f

Pseudomonas fluorescens blue copper-protein (Brill et (35

2 and 3 was 2,955 géuss (q” = 2,241). The microwave absorp
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Figure 1-3. (A) Fine structure of UV absorption of (a) re-
duced and (b) oxidised parsley plastocyanin of
different concentrations., (B) UV difference

spectrum of reduced minus oxidised parsley plasto-

cyanin solutions having equal absorbance at 278 nm,

(C) As for (B) but on more sensitive absorbance

scale.
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EPR spectrum of oxidised parsley plastocyanin:
(a) hyperfine structure in low field signal

(b) complete spectrum with marker at 3312 gauss
(g = 2). Magnetic field increases from left to
right. Temperature -186°., The control spectrum

of the spectrosil tube was featureless except for

a small cavity signal close to g = 2.



maximum was at 3,230 gauss (gl =g = 2,050). The values

max
the bonding parameters were calculated from these data:
«® = 0.h7,(é% x'2+k) = 0.47, The bonding parameter, a-,
also calculated, taking A xy to be the wavenumbér of the
absorption maximum, 597 nm, ( Axy = 1.68 x 10h cm-1): a2

This latter value was considerably higher than that of thi

pf plastorcyanin in the infra-red at 775 nm ( A xy =
when a2 = 0.46%. This might indicate that the electronic
transition corresponding to the energy A xy is not that é&
rise to the band at 597 nm, but rather, that at 775 nm (siiﬁ
Kivelson and Nieman 1961). Malmstrém and Vinngard (1960) h
discussed the interﬁretation of these bonding parameters

R (%% d;2+k) close to 0.5 ind >

~concluded that values of a
ed a considerable degree of covalency of the O -bonding dfi
copper, giving the examples of the enzymically-active blue
copper-proteins, laccase (a® = 0.49, (%%'«}2+k) = 04&8) and
ceruloplasmin (aa B 0VSE, (%% uf2+k) = 0.,45). :

: o Pl
The electroplioresis of plastocyanin was carried

each electrophoresis gel rod. At pH 4.8, only one band was

Visﬁalised on staining with Coomassie Blue, but at pH 7.2;{




1y equal intensity. The separation between the bands was
15% of the distance of migration for all three pH values.

identity of the two protein bands was demonstrated in an

(again 509 oxidised) were applied to a gel rod, and after
electrophoresis for 60 minutes at 5 mA, one blue band coul
be seen in the gel corresponding to the native oxidised plas
cyanin. A small volume of 1 mM ferricyanide solution, in e
phoresis buffer and containing 109 sucrose, was layered on
el surface and the ferricyanide zone passed down the g01 1
by continued electrophoresig at 5 mA. When the ferricyanid
reached the blue band of oxidised plastocyanin, still only
blue band was visible. However as the ferricyanide migratedﬁ‘
further, a second blue band appeared, ahead of the first,
separated from it by 10% of the migration distance. This
band was native reduced plastocyanin. On staining in Cooﬁ
Blue, the same gel rod showed two protein bands at the ho
of the blue bands of plastocyanin. Therefore it may be coﬁ
ed that reduced plastocyanin migrated faster, at pll 7.2 and
above, than didi oxidised plastocyanin, but no separation
occurred at pl 4 .,R, The net charge on a molecule of spina

plastocyanin at pll 7.0 can be deduced from its amino ﬁéid«

composition to be ~9, and a variation of its charge by one

therefore that one histidyl residue is free to ionise in
reduced plastocyanin but not in oxidised plastocyanin, im

ing imidazole in com'wer binding in the oxidised form,as al



aﬁggested Ey Brill.gg al (1964)

Reduced, pH 4.8 ¢+ cu® His® i 7.2 0t
Oxidised] pll 4.8: Cu*t—iis pli 7.2: Cu’*—iids

Figure 1-5 shows the titration of a solutioni

dicating the absence of a species with a redox potential%

than native plastocyanin., The initial phase of the titrati

- corresponding to quantitative transfer of electrons from?

cyanin to ferricyanide had a slope of A A 7/ml ferricyéhﬁ
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1,296, Thus the absorbance at 597 nm increased by 4,650 fﬁg””

transfer of one mole of electronsg, for ferricyanide is kér;.'

polated to the final value of A reached (A = 0.257}’

597 597

was found to correspond to 1.66 x 10”7 moles of ferricyaiv
added. By Kjeldahl nitropgen estimation (taking.the nitfd&
to protein factor as 6.33)vthe plastocyanin concentrat{péf
found to be 0.564 mg/ml, which corresponded to 1.61 x 10-  ﬁ

« of plastocyanin in the 3 ml sample, assuming a molecular
_ %

of 10,500. Therefore to completely convert the reduced spi

~ The molar absorbance coefficients of the plas
: Rl ' : A et
cyanins were also found by measurement of the absorbance

solutions of known brotein concentration. For a parsley
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Figure 1-5. Ferricyanide oxidation of reduced spinach plasto-
cyanin. 3 ml plastocyanin solution in 10 mM KPOu
pH 7 was treated with 5 microlitre aliquots of
0.837 mM ferricyanide and the increase in A597

followed on a Cary 14 spectrophotometer with the
A,0.0-0,1 slidewire. Absorbance readings were
corrected for dilution. The solution was stirred
magnetically. Temperature 20°., When excess ferri-
< cyanide was added A597 rose to 0.257. At the
beginning of the titration, the redox potential
was sufficiently low for stoichiometric transfer

of electrons from plastocyanin to ferricyanide.



digestion) the value of Aggo when‘compleﬁely oxidised,
measured on the Cary 14 spectrophotometer to be H.hQS;
ing a molar absorbance coefficient of 4,800 for a molecu
weight of 10,400, A solution of spinach plastocyanin (Q;S
mg/ml) gave a value of A597 = 0.257 when completely oxid

indicating a molar absorbance coefficient of 4,790 fopr &

molecular weight of 10,500. Therefore it is concluded th 

(1962).

The ahbsorbance coefficient of plastocyanin in‘
ultraviolet at 278 nm was also considered. From the mola
absorbance boefficient of tyrosine at its maximum in tha,
givenAby Wetlaufer (1962), the wvalue for barsley p]astoé
containine 4 tyrosyl residues per mole, would be Pxpected.

be about 4,800, Purther contribution to the. absorbance in

other amino acid side-chains. Therefore the theoretiéai-ma
of the absofpénce index‘of parsley_plastocyanin is aboutit
Aé the tyroslne content of spinach and lettuce plqstécy”
is ldwer. the theoret1Cal minimumn of the absorbance iné”

wouid also be lower. lHowever values of the absorbanee i



copper from the active centre, but rather from an increase i
absorbance at 278 nm produced by a contribution from the tai g;f
of the far-UV absorbance band. The amount of absorbance atﬂﬁ :
contributed by this band, which arises from peptide bond abs.ﬁ

ion, might be expected to vary with a change in the conforma

of the plastocyanin. The conformation giving rise to the verf¢“

low value of the absorbance index found by Katoh et al (1962)

molar absorbance coefficient of 10,000 was used to estimate

protein concentrations approximately at 278 nm.

at both pH 4.8 and pH 8.9, Comparison was made by electropho
(0§ i) mixturéé of the proteins on the same gel, as comparison o
mobilities between different gel rods was not possible. 1t
was found fhat at both pli values.-lettuce and spinaéh plasto-

cyanins ran together, ahead of parsley plastocyanin. The isb:

was found for parsley to be between pH 4.3 and 4.0; for lettu

=

to be between pH 4.0 and 3.85; and for spinach to be betwepﬁ,

acid compositions (see Table 1-3). The isoelectric points w@

any estimated in citrate buffer, and the effect of the b;fa

of buffer ions to the proteins was not investigated.

T
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Concluding remarks. The amino acid analysis of the

plastocyanins shows that they are very comparable in composition,
and sequence analysis might reveal lengths of the polypeptide
chain which are analogous in the three proteins. The lower
tyrosine content in spinach and lettuce plastocyanins compared
to parsley plastocyanin may have arisen from tyrosine degrad-
ation during hydrolysis. In the analysis of spinach pléstocyanin{
the hydrolysis tube was apparently not evacuated, and oxygen
present would destroy part of the tyrosine content (Katoh et gl:*
1962) .,

The involvement of tyrosine in copper-binding mightrﬁ
be examined further by comparison of tyrosine fluorescence in
the oxidised and reduced forms (Teale 1960). However initial
studies revealed that fluorescence was not detectable from
either form witli the equipment available. There was no differ-
ence in tyrosine or histidine detected, between the oxidised
and reduced forms of parsley plastocyanin on DHT titration, but  &
as nitrite was present in the reagent solution this might be
expected to reduce the oxidised plastocyanin.

Plastocyanin shows a great similarity to bacterial

blue copper-proteins in amino acid composition, EPR spectrum . -

and in containing one copper atom per molecule. The isoelectridi
point of all three plastocyanins was highly acidic, which mightﬂ
point to its interaction in vivo with a basic protein.

- The data of Chain et al (19608) which indicated
that plastocyanin was a tW9—electron acceptor, might be expectf
ed to show that it was in fact a one-electron acceptor, if the
molar extinection coefficient of 4,800 found in the present worki

was emploved to estimate plastocyanin, in place of the value e ok

9,800 determined by hatoh et al (1962).
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CHAPTER TWO. THE MOLECULAR WEIGHT OF PLASTOCYANIN

SUMMARY
) I The molecular weights of plastocyanins from spinach,
parsley and lettuce were estimated from measurements of the
internal volume of the gel matrix available to the proteins

on gel filtration ovef a Sephadex G-75 column calibrated with
globular proteins of known molecular weight. In the elution
buffer used, 0.01 M NaPQu + 0.5 M NaCl pH 6.1, cytochrome ¢

was not adsorbed to the gel and pepsin was stable; however
ribonuclease behaved anomalously. Spinach plastocyanin had

an apparent molecular weight of 11,800 which remained constant
for both the oxidised and reduced forms, and also over the
concentration range 0.003 to 0.13 mg/ml measured at the elution
profile maximum. Plastocyanin from parsley had an apparent
molecular weight of 10,600 in both oxidised and reduced forms
and that from lettuce had an apparent molecular weight of 12,200.;
e The fraction of the internal volume of the gel |
matrix O available to parsley plastocyanin on gel filtration
on Sephadex G-75 was measured in various elution buffers made
up ffom sodium and potassium phosphates and sodium and
potassium chlorides. The value of O was found to vary by up
to 20% depending on the ions present, but did not vary with
change in ionic strength.

Y . The partial specific volumes of the three
plastocyanins were measured in 0.1 M KPOu (1:1) at 20° and

the values found were, for spinach (2.75 mg,ml) 0.702, for




parsley (3.28 mg/ml) 0.705, and for lettuce (7.71 mg/ml) ©.705.

lHHowever when the partial specific volumes were calculated from
the amino acid composition neglecting the copper content,
higher valﬁes were obtained: spinach 0.724, parsley 0.726 and
lettuce 0.729., The lower values found by experiment were used
in the calculations of molecular weight by sedimentation
equilibrium,

by, Sedimentation equilibrium centrifugation was

used to obtain another estimate of plastocyanin molecular
weight. The values found in 0.1 M KPO, (1:1) at 20° employing
Rayleigh interference optics were for spinach 8,600, for
parsley 9,800, and for lettuce plastocyanin 10,400, As the
value for spinach plastocyanin appeared to be in error, it

was re-examined, in a different ultracentrifuge with a differ-
ent preparation of plastocyanin and with Schlieren optics
instead of interference optics. In C.1 M KPOu (1:1) at 20%

the value found was 10,250 at a protein concentration of

2.77 mg/ml. However the same preparation at a higher
concentration (6.62 mg/ml) gave the unexpectedly low value

of 7,650,

o 2 The molecular weights of the plastocyanins
estimated from amino acid analysis were for spinach 10,500,
for parsley 10,400, and for lettuce 10,800. Therefore there

is agreement between the tliree methods that the molecular
weight‘of plastocyanin is close to 11,000,

6. The diffusion coefficients and Stokes radii of

the plastocyanins were esgimated from the gel filtration data,

using Acker's equation to relate the parameter O to the Stokei




radius, and the Stokes-Einstein eqﬁation to obtain the
diffusion coefficient from the Stokes radius. The values
found, corrected to 20° and to water, were, for the Stokes
radius in angstroms, for spinach plastocyanin 17.1, for
parsley 16.4 and for lettuce 17.3. The corresponding
diffusion coefficients were for spinach plastocyanin

b Fge 10_7, for parsley 13.0 x 10’7. and for lettuce

12.4 x 10-7 sq cm per second. As the concentration of
plastocyanin in gel flitration was low, these values were

taken as corresponding to zero protein concentration.

7 The diffusion coefficient of spinach plastocyanin

was also measured in the ultracentrifuge using a synthetic
boundary cell, with two protein concentrations. The values i
found were extrapolated to zero protein concentration to

yield a corrected value of 14.2 x 10-7 sq cm per second at
q

20° and in water.

INTRODUCTION

A study of spinach plastocyanin purified to a
stage with absorbance index of about 1.0 gave a value of the
molecular weight of the protein of 21,000 (Katoh et al 1962).
This value was calculated from the values of the sediment-
ation coefficient and diffusion coefficient, determined in
separate experiments, and the value of the partial specific
volume obtained by calcul?tion from the known amino acid
composition. Analysis of the protein yielded an estimate of

‘one gram atom of copper in 10,800 grams of protein, or two coppef

atoms per molecule,
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However later work with'plastocyanins from other
sources appeared to indicate that the molecular weight of
spinach plastocyanin might in fact be much lower. Gel
filtration on Sephadex yielded 13,000 as an estimate of the

molecular weight of Chlamydomonas plastocyanin, although the

Sephadex column used was not calibrated directly with standard
proteins of known molecular weight giving rise to some un-
certainty in the precision of the estimate (Gorman and Levine
1966 a). In a recent note (Milne and Wells 1968), the preliminary
results were given of a study of the molecular weight of french
bean plastbcyanin. Amino acid analysis indicated a minimum
molecular weight of 11,000, although in contrast, peptide
mapping studies apparently indicated a minimum molecular
welight of 22,000, Gel filtration estimates of the molecular
weight varied from 11,000 to 16,000 depending upon the
composition of the eluting buffer. The confusion existing
in the literature ovér the correct molecular weight of
plastocyanin in turn renders the number of copper atoms per
molecule uncertain. It was felt that the molecular weight
of plastocyanin was sufficiently important to warrant a
detailed study.

During earlier work on lettuce plastocyanin it
was found that the apparent molecular weight of the protein
on gel filtration was about 16,000 (Searle 1966), the Sephadex
column being calibrated with standard proteins according to the
procedure of Andrews (1964). This work has now been extended to
plastocyanin from parsley and spinach as well as lettuce, and |

both gel filtration and ultracentrifuge technigues have been

. employed.
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Since Andrews introduced the use of dextran gels
to estimate molecular weights of globular proteins many in-
vestigators have successfully employéd the technique. However
the theoretical interpretation of the relationship between
elution volume from the Sephadex column of a protein and the
molecular parameters of the protein has remained a matter of
dispute. Various theoretical models have been proposed to
describe the degree to which a protein molecule can penetrate
into the dextran gel matrix, but the treatment of Ackers (1967)
is preferred here, because it does not assume any definite
geometrical structure for the pores of the gel particles and
yet can explain all the experimental results. For a series of
proteins of similar shape and density a good correlation of
molecular weight with elution volume is observed. However, as
discussed by Ackers, it has been shown that elution volumes
are best correlated with the molecular diameter or the Stokes
radius of the proteins. The calibration procedure of Ackers
has been verified by later work (De Vincenzi and Hedrick 1967;
Yoza and Ohashi 1969).

Gel filtration on a Sephadex column calibrated
with standard proteins of known molecular weight and known
Stokes radius allows an estimation to be made of the molecular
weight and Stokes radius of'plastocyanin. The diffusion
coefficient of plastocyanin can then be calculated from the
Stokes radius by use of the Stokes-Einstein equation (see

Appendix B). :




i
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The choice of standard proteins for calibration
of the Sephadex column for the study of plastocyanin is
restricted to globular proteins of accurately known molecular
weight in the range 10,000 - 60,000, and known diffusion
coefficient. These proteins must be completely stahle during
the several hours required for them to be eluted from the
Sephadex column, and therefore active proteolytic enzymes
cannot be used because of autodigestion. Pepsin is stable
within a restricted pH range near pH 6, showing autodigestion
below about pH 5 (Bovey and Yanari 1960) and instability at
pH 7 and above (Edelhoch 1957; Porcelli 1068). It has been
shown that cytochrome ¢ behaves anomalously on Sephadex gels
in dilute buffers near neutrality, being retarded by electro-
static interaction with the few carboxyl groups on the gel
matrix. However this interference may be overcome by increasing
the ionic strength of the elution buffer (Siegel and Monty 1966;
Andrews 1962).

Although gel filtration is useful in providing an
estimate of the molecular weight of plastocyanin, the method
lacks precision, as is demonstrated by the variation of
apparent molecular weight with buffer composition for french
bean plastocyanin (Milne and Wells 1968). Nevertheless gel
filtration studies were conSidered to be valuable in allowing
comparison with previous work.

g As a check on the gel filtration results it was
considered desirable to investigate plastocyanin by ultra-

centrifuge techniques as well. The molecular weight was
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determined accurately by sedimentafion equilibrium, employing
a short column of sample solution to minimize the timé required
to reach equilibrium (Van Holde and Baldwin 1958). Sediment-
ation equilibrium centrifugation is considered a better
technique than sedimentation velocity in the case of plasto-
cyanin, because it is a small protein with a low sedimentation
coefficient but high diffusion coefficient., In sedimentation
velocity experiments the protein boundary would therefore move
very slowly and would not be sharp because of the high rate of
diffusion. However in sedimentation equilibrium experiments,
the high diffusion coefficient is beneficial in shortening

the time required to reach the equilibrium state.

The diffusion coefficient of spinach plastocyanin
determined previously (hatoh et al 1962) must be regarded as
unusually low for a protein of molecular weight 21,000 as
determined by these workers. The approximate relationship
derived by Longsworth (1955) would indicate a value of

7

11 x 107’ sq cm per second in contrast to the value of

6.6 % 1077 sq cm per second quoted. Therefore the diffusion
coefficient of spinach plastocyanin was determined in the
ultracentrifuge to check the estimate obtained by gel
filtration and to compare with the previously published wvalue.
The monochromatic light of wavelength 546 nm used
in the optical system of the Spinco ultracentrifuge is absorbed
appreciably by oxidised plastocyanin and use of the oxidised
form would require very long exposure times of the photographic

”

plates. Therefore in all ultracentrifuge work the plastocyanin
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was in the reduced form. A gross difference in molecular
weight between the oxidised and reduced forms was discounted
by gel filtration experiments.

In order to calculate molecular weights from
sedimentation equilibrium studies it is necessary to know
the partial specific volume of plastocyanin. A small error
in the value of the partial specific volume results in a g
large error in the calculated molecular weight (see Appendix B),g?

and therefore a good precision is required in its measurement.

To evaluate the partial specific volume the density of a proteihﬁf
solution of accurately known concentration mustlbe neasured. .
Of the methods available to measure the density of a protein
solution the most sensitive is the density gradient column
method of Linderstrom-Lang (Schachman 1957). This technique
has the further advantage that only a very small volume of
sample solution is required, in contrast to the large volumes'
needed in pycnometry.

In addition to the density of the plastocyanin
solution the protein concentration was also required. It was
essential to avoid any assumptions about the molar extinction
coefficients and molecular weight, and therefore estimation
by spectrophotometry was not possible. Dry weight measurements f
are susceptible to large errors, and nitrogen determinations
by Kjeldahl digestion, which would have consumed large
quantities of purified material, were also avoided. However
it has been shown that the specific refractive increment for

-

proteins is quite constant for a wide variety of proteins
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(Perlmann and Longsworth 1948), and it was found convenient
to measure plastocyanin concentrations by refractometry,
assuming a value for the specific refractive increment of
plastocyanin of that of an average protein. This assumed
value was the same as that employed in a recent publication
(Blethen et al 1968).

The partial specific volume of a protein can aiso
be calculated by addition of the specific volumes of the
constituent amino acid residues (Cohn and Edsall 1943). The
assumptions involved in such a calculation appear to be
justified by the many examples in the literature for which
the calculated value and the experimentally—determined value
are found to agree. Schachman (1957) quotes the case of
ribonuclease to illustrate the calculation. However the effect
of the copper content of plastocyanin on the validity of the
assumptions is unknown. 1t has been found for the copper-
-protein ascorbate oxidase, that the experimentally-determined
value was significantly lower than the value calculated from
the amino acid composition (Nakamura et al 1968 ), indicating
that the presence of copper in the protein caused a tightening

of the protein structure and a consequent increase in density.

MATERIALS AND METHODS

s Materials. Plastocyanin prepared from spinach,
parsley and lettuce and puyrified as described in Chapter 1,
was used in all experiments except those in the ultracentrifuge

with schlieren optics,when purified spinach plastocyanin prepared

“according to Borchert and Wessels (personal communication) was
: ¢

employed.

e
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For ultracentrifuge work plastocyanin was reduced
by ascorbate, put into 0.1 M KPO, (1:1) using a Sephadex G=-25 x;
column, and concentrated either by ultrafiltration in a Diaflo
Model 50 cell or by dialysis against dry Sephadex powder. The
plastocyanin was then dialysed to equilibrium for 4 hours at
4° against 0.1 M hPOu (1:1), with the dialysis vessel closed
to reduce evaporation. The dialysis medium was used as the
plastocyanin solvent solution for the measurement of partial  5

specific volume and for the reference solution in the double

sector ultracentrifuge cells used throughout this work. : if
For the gel filtration experiments to estimate P

molecular weight and Stokes radius, the plastocyanin was

applied in gel filtration buffer: 0.01 M NaPO, (1:1) with

0.5 M sodiumchloride added, pH 6.1, measured at the operating

temperature of the colunn., In experiments in which the elution

volume of parsley plastocyanin was investigated for varying

elution buffers, the plastocyanin sample was applied in 5 mM

hPOh (1:1) to the Sephadex G-75 column. The standards used to

calibrate the column were: ribonuclease (Sigma, Bovine pancrea!}i

cytochrome ¢ (Sigma, llorse heart, Type I11); trypsinogen (Sigma 3

Type I 1x crystallised); chymotrypsinogen (Sigma, Bovine pancr
6x crystallised Type 11); haemoglobin (Sigma, Bovine Type I); m";
pepsin (Sigma, 2x crystallised); Bovine serum albumin; Blue
dextran 2000 (Pharmacia); Glucose. All chemicals used in makiné
the buffer solutions were analytical reagent grade.

Gel filtration. The Sephadex G-75 column, used

4

throughout the gel filtration studies, was made with deaerated

gel suspension in a jacketed, fixed-capacity column of 1.6 cmﬁf“
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internal diameter and 60 cm heighf, with cross-section area

2 sq cm. The height of the gel bed was about 55 cm. The elution
buffer was fed by gravity, employing a constant hydrostatic
head of 30 cm provided by a Marriott flask and giving a buffer
flow-rate of 12 ml/hour. The effluent was collected with a
Beckman fraction collector in fractions of 2.53 ml, both the
fractions collected and also the colunn were cooled to 1° by
the refrigeration system of the fraction collector. The

elution profiles of the proteins were measured spectrophoto-
metrically at 230 nm for dilute solutions and at 280 nm for

more concentrated solutions; Blue Dextran 2000 was also measur-

ed spectrophotometrically, at its absorption maximum in the
visible at 625 nm., When the elution volume of bovine serum 'fh

albumin was investigated, the elution profiles of the Blue

Dextran and the protein were found to overlap and corrections i

had to be made for the absorption of the Blue Dextran at 230 nﬁ-.f

to obtain the bovine serum albumin elution profile. The elution

volume of the Blue Dextran was taken as the volume correspondinﬁi

to the position of the half height of the leading edge of the ‘f
Blue Dextran peak, as the elution peak is not symmetrical
(Granath and kvist 1967 ). The position of the protein peaks
were found by extrapolating the slopes of the leading and
trailing edges of the elution profile to the apex (Andrews 1964)

The internal volume of the gel matrix available to

glucose was taken as an estimate of the total internal volume

of the gel. Glucose was detected in the column effluent using";;‘
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gel bed‘height and flow rate was érevented by flowing the
buffer upwards for a short time, before allowing the new buffer
to flow normally through the column for 12 hours prior to use dfﬁ{
the column,

Elution volumes from the column are expressed in
fractions of 2.53 ml. The internal volume of the gel matrix
available to a substance (A V) is the difference between the
elution volume of the substance and that of Blue Dextran 2000.
Each sample applied to the column contained Blue Dextran, and

A V was read directly each time. The parameter O 1is defined

as the fraction of the internal volume of the gel matrix

available to a protein, O = AV (protein)/ AV (glucose).

Ultracentrifugation. The sedimentation equilibrium

studies using Rayleigh interference optics were performed on
a Spinco Model E ultracentrifuge at the University of Oxfordﬂ
The temperature was 20° and the rotor speed 15,220 r.p.m.
Prior to insertion in the cell, the refractive index of the
solvent was balanced with that of the protein solution in a
Bryce~-lhoenix differential refractometer by addition of: 1k
butanediol. The protein concentration was measured refracto-
metrically assuming a specific refractive increment of

1.84 x 10’“ per z/litre (Perlmann and Longsworth 1948). Each
run lasted for 16 hours overnight, after which time equilibriuﬁi
had been reached and photographs of the interference patterns
were taken. The hinge point, the radial distance at which the
protein concentration was’equal to the original concentration,i

was found by the white-light fringe technique (Richards et al
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1968 ). The concentration distribution, at equilibrium, through
the protein solution was then calculated from the interference
fringe displacements measured with a microcomparator. A run
was made with lettuce, parsley and spinach plastocyanins in
the multicell rotor An-G, and lettuce plastocyanin was also
investigated in run number 1767-1768 in the single cell

‘An-D rotor.

Sedimentation equilibrium studies on spinach
plastocyanin using schlieren optics were carried out on a
Spinco Model E ultracentrifuge in Eindhoven. The temperature
was 20° and the An-D rotor used at 21,740 r.p.m. Photographs
of the equilibrium schlieren pattern were taken after 16 - 20
hours and measured on a microcomparator. Straight baselines
were invariably found at the low speed used. As the data was
analysed using the Lamm plot (Creeth and Pain 1967) a knowledge
of the original concgntration was not required to calculate
the molecular weight.

The diffusion coefficient of spinach plastocyanin
was measured in a capillary-type synthetic boundary cell, with
a rotor speed of 6,995 r.p.m. and a temperature of 24°, A
silicone 0il layer on the surface of the protein solution
facilitated smooth overléyering. The time of overlayering was
taken as: the time when the rotor was accelerated rapidly
from 2,000 r.p.m. plus one third of the time taken to accelerate
from 25,000 r.p.m. to 6,995 r.p.m. Photographs were taken of the :
protein solution-solvent boundary,with schlieren optics, at
short time intervals after overlayering had occurred, until

.the boundary was so broad that it spread to the solution




68

boundaries. The photographs were measured on a microcomparator
and the'boundary profiles shown to be Gaussian. Therefore the
plastocyanin was homogeneous. The diffusion coefficient could
be calculated by the increase in the parameter O ? of the
Gaussian curves with increasing time after overlayering. Runs
were made at two protein concentrations and numbered runs 87
and 88. The protein concentrations were measured from the
absorbance at 278 nm.

Partial specific volume. The densities of the plasto-

cyanin solutions were measured with a density gradient column,
placed in a constant temperature room at 20°, The gradient
was made from paraffin-bromobenzene, and was calibrated with
1.5%, 2.0% and 2.5% potassium chloride solutions whose densitiqs;
were found in the International Critical Tables. The same pipettef
was used for all solﬁtions to produce drops'of equal size. The |
height of the centre ot the drops of plastocyanins, solvent,
and potassium chloride standards were read after settling for  €
a fixed time of 20 minutes.

The concentrations of the plastocyanin solutions >;

were measured refractometrically at room temperature in a

i

Bryce-Phoenix differential refractometer. =T

RESULTS AND DISCUSSION

. Gel filtration. The estimation of the molecular

weight of the three plastgcyanins is shown in Figure 2-1. The

values of the elution volumes shown are the averages of several

Experiments (see Table 2-1 for the individual results). The



are given in the legend to Figure 2-1.

TABLE 2-1., THE”GLUTION VOLUMES OF STANDARD PKOTEILINS
AND PLASTOCYANIN FROM SEPHADEX G-75.

Details of the experiment and methods employe

Protein

AV

Individual experiments

Bovine serum albumin 33
4

Pepsin 7.
Haemoglobin 2.9
Chymotrypsinogen 101
Trypsinogen 10.4
Ribonuclease 9.9
Cytochrome ¢ 13.4
Lettuce pcy % 14.3
Spinach pcy % 14,5
~Parsley pcy b 1568

3.0
742

10.2
1041
13.9
13¢5
14,6
14.5
165+ 4

o2
1

=1 W

10,1
10,1
1357
13.3
14,2
14,5
$ 5% 2

3.2 :
6,9 7.2
1345

14,2

14,5 14,4
15.1

were oxid

The references for the molecular weights ofbthe standgi

ised.

proteins used are as follows:

Bovine serum albumin:

Pepsin

Haenoglobin ’ :
Chymotrfpsinogen H
Trypsinogen 3
Ribonuclease :

Cytochrome ¢ :

pey is the abbreviation for plastocyanin. All plastoc

Creeth (1958).
: Rajagopalan et al (1966).
Andrews (1964).
Zmrhal (1962).
Tietze (1953).
Scheraga and Rupley (1962).
Margoliash (1962).

%
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logM

Figure

)
£

-1,

The relationship between molecular weight and the
elution volume from the Sephadex G-75 column. The
details of the gel filtration procedure are given

in the text; log M is: logarithm (molecular

weight); and AV is the differenlg between the
elution volume of the protein and the elution
volume of Blue Dextran 2000, expressed in numbers
of fraction tubes (2.53 ml each). The standard
proteins used were:

1. Bovine serum albumm, M = 67,000.

2. Pepsin, M = 34,160.

3. Haemoglobin, M = 32,500 (dissociated).

4, Chymotrypsinogen, M = 25,000.

5. Trypsinogen, M = 23,700,

6. Ribonuclease, M = 13,680.
12,380.

7. Cytochrome ¢, M

The molecular weights found for the plastocyanins

were:
8. Lettuce %lastocyanin, M = 12,200,
9. Spinach plastocyanin, M = 11,800,
10. Parsley plastocyanin, M = 10,600.



samples applied to the Sephadex G-75 column were in gel

filtration buffer; standard proteins and Blue Dextran 2000
were at a concentration of 2 mg/ml in a sample volume 6f

0.5 ml., The concentrations and volumes of plastocyanin

sample of oxidised spinach plastocyanin and a sample reducgl
with ascorbate, and both a dilute sample and a conceh?ratf
sample (maximum concentration in the effluent fractions,,
0.003 and 0,130 mg/ml respectively), all showed the saﬁe
elution volume. It is therefore proposed that no gross c
in molecular size occurred on-a change of redox state,

ok

did spinach plastocyanin dissociate at low concentrations.

y

When parsley plastocyanin was run on the same column, with

to be certain ﬁhat the plastocyanin remained in the reducem
form during gel filtration, elution volumes of 14.7 and 1k
were measured in contrast to an average of 15.2 seen befor:
It is possible that a smail change in shape acéompanied th;
redox change in parsley plastocyanin, but the effect was .
and confirmation of the difference in elution volume of 6xj
ed and reduced forms is required. ’
‘ The elution volume of ribonuclease from the
was anomalous, as it was eiuted after cytochrome ¢ altho
its molecular weight is greater than the latter protein;;_
nativeﬁ;ss of the cytochrome ¢ used, was shown by an esti
of the absorb;nce at 695 niff of a 0.332 mM solution of tﬁa
‘bféteinf A695 = 0.21?. Taking the molar absorbance ceaffif

étw695 nm to be 800 (Schejter et al 1963). this indicate&




s s i

79% of the protein was native monome

e

ric f;f¥ieff;é£¥;ﬁi1
remainder probably'being accounted for by the reduced gyto
chrome ¢ present in the sample. In addition the data for
cyvtochrome ¢, but not for ribonuclease, agreed with the:
equation given by Determann and l!lichel (1966) for Sephadﬁxm

“log M w5 624 L 0752 (ve/vo). :
The valﬁé of Vo (the elution volume of Elue Dextran)‘for f
column was found to be 12.9 fraction tubes, and V_ was 26
for ribonuclease and 26.3 for cytochrome €y giving valﬁes'
Ve/vo of 2.07 and 2,04 respectively. However the values of
Ve/Vo calculated with the above equation from the known me
ar weights were 1,98 and 2.0hvrespective1y. The reason fé
anomalous behaviour of ribonuclease ﬁay be connected with:

high salt concentration (0.5 M).

The equation of the line drawn through the poi

the method of least squares (see Appendix B) is given by:

log M = 5,037 - 0.06667 A V. (AV expressedjas;
Wwhen the elution buffer for the Sephadean—VB
column was varied, the elution volume of parsley plastocyl
was found to change, although the total internal volume o:

gel matrix remained constant (Tabie 2—2).‘This might be

can be altered by binding of ions to the polypeptide ch&~

The effect was apparently nét dependent on pH or ionic sf

bui‘was specific for the ions composing the buffer: both



TABLE 2-2. VARIATIBH oF THE ELUTION VOLUME 0F PARSLEY
.~ CYANIN FKOM SEPHADEX G- 75 WITH CHANGE IN BUF

COMPOSITION. ; _ |

The same Sephadex G-75 column was used throughe
after equilibration with each buffer in turn. Temperature 1
The elution volumes ( 4 V) are expressed as the number of
fractions (each 2.53 ml) between the elution peak of plés
cyanin or glucose and the void volume found with Blue De>
2000 ¥. The parameter O is the fraction of the intefhalv
volume of the gel matrix available to plastocyanin., I is th

ionic strength of the buffer.

Av
Elution buffer - Plasto- Glucose o
cyanin
L
0.01 N kPO, (1:1)+0.19 M KC1 16.9 24,5 0.68% beN
0.01 M KPOh(1:1)+O.19 M KC1 16.8 24 .6 0.682 '
oL T M KPQh(1:1) 1541 2h .8 0.609 6.7 04t
0.01 M KPOh(1:1)+0.5 M KC1 16.90 25.0 0.676 6.1 08
0.01 M NaP0,(1:1)+0.5 M NaCl 154y 25.0 0.628 6.1
0.01 M Nar0,(1:1)+0.5 M NaCl 15.8 25.2 0.626 6,1
5 0 VI NaPOh(1:1) 14,2 24,5 0.580 6.5‘_
0.1 M KpPO, {1v:%) i 15.0 24,6 0.610 6.8
0«1 M kPO, ‘ 14,2 24,2 0.580 8.2
0.1 M KPO, pll 5.8 16.3 ah .

* Each sample contained 2 mg Blue Dextran 2000, O.S'mg glj

and 0.1 mg oxidised parsley plastocyanin (cytochrome b
content 0,2%) in 0.5 ml of 5 mM KPOM,(1:1) buffer. “




1

and‘upohz"lowéraa*cha

elution volume, whereas k' and 1,

raised it. This wvariation rendered the estimation of the

& p ¥
molecular weight of plastocyanin by gel filtration uncertai
by up to 20%.

Partial specific volume. From the amino acid

bR s e =

4 compositions given in Table 1-73, the partial specific volun

were calculated by the method of Cohn and Edsall (1943),

AR Lol 1 e T i s

residue per molecule of all three plastocvanins. The valu

[

calculated were (1,72% for spinach, (0.726 for parsley an&hf;

S i S

0.729 for lettuce plastocyanin.

The partial specific volumes of the plastdcya“

were also measured, as described in the Materials and Met

B T L T
+

section, to be O, 702" Tox" spinach, and 0,705 Tor both Tetd
and parsley plastocyanins. The considerably lower values

measured compared to those calculated, indicated that the

the specific volumes of the constituent amino acids. Thé‘s;

of lettuce plastocyanin used was slightly oxidised and i€.5

solvent interface. The concentrations were determined at ¥

b

temperature to be 2.75 mg/ml for the spinach plastocyanir



(1948) stated that the specific refractive increment varied

0.5% for a 10° change around 20°., The densities of the sofq'
ions were 1.01158 for the spinach plastocyanin, 1.01172 f&f}g
parsley and 1.01300 for lettuce plastocyanin. The densityi I
~the solvent, 0.1 M kPO, (1:1) was measured to be 1.01078. ﬁﬁﬁ
values were calculated taking the densities of the sfandaédf
solutions ‘as 1.01103 for 2% KC1l and 1.01423 for 2.5% KC1, &

given in the International Critical Tables, Volume III, pdg

Sedimentation equilibrium ultracentrifugationi“

Figure 2-2 the results are shown for the sedimentation equ
librium runs on lettuce plastocyanin using Rayleigh inter;'
ference optics. The plot ofvlog J against r2 in Figure 2-2
is seen to have a slight upward curvature ;ndicating a smg
degree of heterogeneity} The protein concentration was
6.40 mg/ml and the slope of 0.0680 led to a value of the
molecular weight of 10.“90, taking (1-;[3) equal to 0.288i
Another sample of lettuce plastocyanin was investigated in
run number 1767-1768 shown in Figure 2-2 (B): protein conc
o757 gg/ml. and this sample gave a perfectly straight;
with a slop§ of 0.0763 leading to an estimation of the mol_
weight of 11,700. ‘
In Figure 2-3 (A) a solution of spinach plast
(concentration .41 mg/ml) gave a straight line also, showing
it to <be homogeneous; but the slope of 0.0568 led to a l&i
value of the molecular weight, namely 8,600, when (1-;k)ﬁA

‘taken equal to 0.291. In Figure 2-3 (B) a sample of parsle
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Figure 2-2. Sedimentation equilibrium ultracentrifugation of

lettuce plastocyanin using Rayleigh optics. J is
the fringe displacement and r the radial distance

in em. (A) An-G rotor run., (B) Kun number 1767-1768

Speed 15,220 r.p.m. Temperature 20°,
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Figure 2-3.

Sedimentation equilibrium ultracentrifugation

of (A) spinach, and (B) parsley plastocyanin in

the An-G rotor using Rayleigh optics. Other
details as for Figure 2-2.
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paaatocyaninu(coﬁb&ntfation”2.73 mgjmf)'sﬁowedt@omogo

and the slope of 0.0640 led to a molecular weigﬁt of 9,8,

taking (1-v0 ) equal to 0,288,

A sample of spinach pléstocyanin. prepared by
| procedure different to that used above, was invéstigated
: a different ultracentrifuge, having schlieren optics, an@ul
results are shown in Figure 2-4., 1n run number 84 thé_spi;
plastocvanin concentration was 6.62 mg/ml, and ghe phétog5
plate measured, was taken after 21 hours ultracentrifdgnf'
with a schlieren angle of 70°. The plot of log (8 y/ri &gw
r2 was found to be lineaf. apd a slope of 0,103 indic;tedA

‘apparent molecular weight of 7,650, The preparation was t

equilibrium distribution showed a peculiar sharp discont
in the centre of the protein solution. The photdgraph;me,

was taken after 18 hours with a schlieren angle of 553° (

higher, the slope found was 0.10&, giving an apparent mol

weight of &,050. liowever in the top part of the’éolut%oﬁ %

The discontinuity in thie Lamm plot for the dilute sa&iiﬁ_

difficult to-interpret. The protein sample solutionfﬁ@g?

~geneous, as seen in run number 84, and the cytochrome ¢
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Figure 2-4. Sedimentation equilibrium ultracentrifugation of
i spinach plastocyanin using Schlieren optics.

Analysis of the data is presented as Lamm plots:
r is the radial distance and Ay is the vertical
displacement of the Schlieren pattern from the
baseline. Speed 21,740 r.p.m. Temperature 20°,
The two runs are identical except for concentrat-
ion of plastocyanin: (A) run number 84 | 6,62
mg/ml; (B) run number 86 , 2.77 mg/ml.
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content wai onlyv0.12%;_also'sufficient time was;allowé

rations, cannot be accounted for by an association-dissocie

phenomenon. A possible explanation would be that the spina

lower concentrations having a value of v = 0.702; thé one
higher concentrations, having a looser more open conformaﬁ;
should have a value of v = 0.764 for the molecular wéight
be 10,250 when calculated from the slope of 0.108. The wval
of = 9.702 used in the calpulations was measured on a di
solution of spinach plastocyanin, concentrapion B 2l mg/
The wvalidity of this explanation could réadily be checked
an investigation of the partial specific volume of plasto§
over a range of concéntrations from 10 to 1 mg/ml.

Diffﬁsion coefficient and Stokes radius of p

cyanin., The calibration of the Sephadex G-75 column in ter

of Stokes radius (a angstrom units) is given in Figure 2-5,
T'he data used to obtain the values of O were the same elu'm

ed

volumes given in Table 2-1., The values of O being obtain
dividing the values of 8 V by 24.2, which is the internal
volume of the gel matrix in terms of fraction tubes. As

erfc” o7 = erf-1(1-0'), the values of erfc” 'O" could be é@’

standard proteins, at zero, protein concentration, were fq

.

in the literature and the values for D, w(cm’/sec) used,
r -
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1.0

erfc'O”

0.5

Figure 2-5.

The relationship between Stokes radius and
the elution volume from the Sephadex G-75
column. The numbers refer to proteins which
are listed in the legend to Figure 2-1. The
details of the gel filtration procedure are
given in the text; erfc” 'O is a function of
the elution volume, defined in Appendix Bj;
10_5/D is related to the Stokes radius (a):
a = 2.14 (10°7/D), where D is the diffusion

coefficient of the protein at 20° and in water,



=

; e Pl
E RSN & -.uJ-'--;J-rc M ey

#*
i

as follows: bovine serum algumin 6.03 f 10-7 (Creeth 1958)?Q52
pepsin 8.71 x 10°7 (Edelhoch 1957 ); chy@otrypsinogen 0,08 x 1
(Wilcox et al 1957); tr&psinogen 0,68 x 10~7 (Tiefze 1953) ;
ribonuclease 10.68 x 10-7 (Creeth 1958); and cytochrome ¢
13 .0 % 10-7 (Margoliash and Lustgarten 1962)., By using DZO;ﬁy
values for the standard proteins the experimental values foﬂ-
the plastocyanins are automatically corrected to 20°'and to
However this procedure assumes that the diffusion coefficie
of all proteins are altered to the same degree by the 1ow&%
of the temperature from 20° to l°; and by the high salt
concentration (0.5 M), and this may not be wvalid, particuli
for ribonuclease which appears to act anomalously.
The equation of the straight line drawn through“
the eﬁperimental points in Figure ?-5 was found by the met
of least squares to ﬁe:
IO'S/D TR - g G O B
Using the values of Crndetermined for the plastocyanins,
diffusion coefficients at 20° and in water and at zero pre:'
concentration were estimated with this equation to be: spir
2.5 % 10'7, parsley 13.0 x 1077 and lettuce 12.4 % 10 % eﬁ~
The corresponding Stokes radii, calculated from the Stokes-
-Einstein equation (taking the viscosity of water at 20° to
0.01002 g/seé.cm: a(em) = 2.14 x 10-13/D) were found to be:
spinach 17.1, parsley 16.4 and lettuce 17.73 angstrom units.
¥ The diffusion coefficient of spinach plastoéyh
was also determined in a capillary-type synthetic boundary

‘at 24° in the Spinco Model E ultracentrifuge equipped with

schlieren optics. Two runs were made. Run number 87 at a p
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Figure 2-6. Ultracentrifuge run number 88. Determination of the

diffusion coefficient of spinach plastocyanin in a
synthetic boundary cell using Schlieren optics.

(A) i 1is an arbitrary, but constant, interval of
radial distance across the protein solution-solvent

boundary and y is the vertical displacement of the

Schlieren pattern from the bLaseline.

@ |

88-1 88-8

(B) Profiles of the solution-solvent boundary at
increasing times after overlayering: 88-1 at 15
min, 88-4 at 7.25 min, and 88-8 at 15.5 min.
Diffusion is rapid. Schlieren angle 80°. Tempe-
rature 24°, The diffusion coefficient is evaluated

from the profiles by the analysis illustrated in (&}



concentration of 2.77 mg/ml with a schlieren angle of 60°

showed values of O’2 UF ighnk A el 10-) at 3060 seconds after :
overlayering, 1.655 x 10°3 at 480 seconds, and 2.202 x 10‘3r

at 600 seconds, The plots of log(yi/yi*1) against i, for ali
three boundary profiles, were linear. When the values of o?
were plotted against time, a straight line was obtaingd which
passed through the origin, the slope yielding the value of |

7 cmz/sec for the diffusion coefficient (see Apb@

S 20T
in 0.1 M KPO, (1:1) at 24°, Run number 88 is illustrated in;
Figure 2-6, and was performed at 24° at a protein concentra
of 3.97 mg/ml with a schlieren angle of 80°, Analysis of the
Gaussian curves of the boundary profiles gave values of

Fr L1670 x 1072

3

at 435 seconds after overlayering,

3

2.382 x 1072 at 660 seconds, and 3.387 x 10~° at 930 seconds

As shown for the profiles 88-4 and &88-8 in Figure 2-06, the y

value of 18.3 x 1077 em? /sec for the diffusion coefficient iﬁ;?
i

Yl
=L
by

0.1 M KPO,(1:1) at 24°., Assuming that a linear extrapolation
4
7

was valid, a value of 15.0 x 107 cma/sec was obtained at ze

protein concentration, which when corrected to 20° and to

7 cm® /sec for the diffusion

gave an estimate of 14.2 x 107
coefficient of spinach plastocyanin. The corresponding Stoke
radius was 15.1 angstrom units.

-

Conclusions. It is proposed that the value of tt

diffusion coefficient determined by Katoh et al (1962) was i
7

error. The value of 6.6 x 1077 em® /sec found would be a lik -
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molecular weight close to 60,000 rather than 20,000 or 10,5-
The equation of Longsworth (see Appendik B), which is app11¢
to typical globular proteins, leads to an estimate of
1.2 x 1077
with molecular weight equal to 20,000 and v = 0.70; and

e Rl 4

cma/sec for a protein of molecular weight 10,006
and v = 0,70. This latter value is in close agreeméné with
those determined in the present work. Moreover if the diffﬂfL
coefficient of spinach plastocyanin is taken as 12.5 x 10'74
and used with the value of S20.w = 1.72 determined by Katoh
(1962), then a molecular weight of 11,200 can be calculated,
again in agreement with estimations of the molecular weight
reported in the present work. It is not proposed that Katoh
co-workers were dealing with a dimer, but rather that a two-
error was made in the diffusion coefficient measurements '
reported by them.

Evidence that plastocyanin can be regarded as a
globular protein is provided by calculation of the Stokes

o -1/3
v M ¥
radius from the equation: f/fo = a (—fﬁ;rﬁ—) . From the data

given by Siegel and Monty (1966), an average value of f/fo ‘H
1.25 can be assumed for a typical globular protein. For spi}?
plastocyanin M = 10,500 and v = 0.702, and taking f‘/fo eQua‘
1.25 yields an estimate of 17.9 angstrom units for the Stok
radius.‘close to that obtained by gel filtration. A

e Amino acid an;lysis of the proteins (see Tabloi¥

gave estimates of the molecular weight for spinach plastocy:

10,500, for parsley 10,400 and for lettuce 10,800,




i
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ation equilibrium atudias to give 1ﬁbreciqe estimates of
.molecular Qeight. ln gel filtration, errors can arise'rr&ﬁ
assumption that all proteins studied have the same ﬁolecnl
shape; and the effect of the.buffer ions on particular pr

may differ as seen by the anomalous behaviour of ribqnﬁci

and also by the variation of elution volume of plae£dcy§m

with elution buffer composition. In ultracentrifugation,
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CHAPTER THREE. THE COPPER CONTENT OF CHLOROPLASTS,

AND RUBIMEDIN

SUMMARY

1. The copper content of preparations of purified
chloroplasts was found to be between 0.97 and 2.07 gram atoms
per basic photosynthetic unit with an average value of 1.48,
2. Rubimedin was isolated on ammonium sulphate
fractionation of a thawed solution of impure plastocyanin
stored in the deep freeze for several weeks., It could be
homogenised to give a clear solution but it was sedimented by
centrifugation at 100,000 g. The method of isolation was not
reprodueible.

% Kubimedin, as isolated, was coloured red with a
single maximum in its absorption spectrum at 475 - 478 nm.

It was only partially reduced by ascorbate, but was completely
bleached by dithionite. Immediate bleaching was also found

on addition of sodium hydroxide and the difference spectrum

of untreated against alkali-treated rubimedin showed a maximum

at 320 nm in addition to that at 475 nm. The untreated rubimedin

did not show an absorption maximum in the ultraviolet region
of the spectrum.

i Rubimedin was found to possess an LPR spectrum,
and it is proposed that divalent copper is the paramagnetic
species. The spectrum shows no hyperfine structure and has the
parameters, g”, = 2.260 and gl = 2,097. Calculation of the

copper-ligand bonding parameter indicated considerable ionic




by 30% but changed the shape of the spectrum slightly.
5 Both copper and iron were detected in rubimedin ‘Q
after digestion of organic material, the ratio Cu:Fe being i:a
The copper content could be chelated by diethyldithioqarbamat
the copper-diethyldithiocarbamate complex being charactoris.és

after extraction into carbon tetrachloride.

INTRODUCTION

The copper content of chloroplast material was
first investigated by Neish (1939), who found that 75% of
the copper content of whole leaves was contained in a crude
chloroplast fraction. A copper analysis of a chloroplast
fragment fraction from sugar beet (Whatley et al 1951) re-l
vealed that it contained 64% of the copper content of the
whole leaf, and that there were 3 gram atoms of copper per
410 moles of chlorophyll., fhe chloroplast fragment fraction
analysed by these workers did not contain intact chloroplagbg
as these were discarded after a preliminary low speed
centrifuéation, the fragments being subsequently centrifuge&‘
down at 20,000 g for 2 hours. It is probable that the fragm
fraction also contained mitochondria, which possess the copr
containing enzyme,cytochrome oxidase.

The copper content of spinach chloroplasts has ;f

been investigated (Katoh.gg al 1961), and the results obta:
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imately 3 gram atoms of copper per basic photosynthetic unit
of 400 moles of chlorophyll. The chloroplasts employed for
analysis were centrifuged down at low speed, and so were
probably intact rather than fragmented, and also probably
free from gross mitochondrial contamination. When these
chloroplasts were analysed for plastocyanin it was found that
they contained an average of one gram atom of plastocyanin
copper per 360 moles of chlorophyll. The plastocyanin was
estimated spectrophotometrically using a molar extinction
coefficient with respect to copper of 4900 at 597 nm which
was subsequently re-confirmed (Katoh et al 1962) and is
supported by the work described in Chapter 1.

The plastocyanin content of wild type Chlamydomonas

was found to be equal to one gram atom of plastocyanin copper
per 430 moles of chlorophyll (Gorman and Levine 1966 a). A
recent analysis of spinach chloroplasts (Arnon et al 1968)

was in agreement with the results of Katoh and co-workers,

one gram atom of plastocyanin copper being found per 345 moles
ot chlorophyll. 1t is therefore apparent that one gram atom
of plastocyanin copper is present per basic photosynthetic
unit in chloroplasts.

Further analyses of chloroplasts for copper
content have been published,but gross contamination by
extraneous copper is indicated by the high values found.

The total copper content of quantosomes was 20 gram atoms
per 400 moles of chlorophyll (Park and Pon 1963). Anderson,

Boardman and David (196&) found 7.5 gram atoms of copper per
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40O moles of chlorophyll in chloréplasts and 6.5 gram atoms
of copper per 400 molgs of chlorophyll in digitonin particles
sedimented at 144,000 g from which the plastocyanin had been
solubil¥sed (Arnon et al 1968).

Therefore the problem arose of the nature of the
remaining two gram atoms of copper per basic photosynthetic
unit, as no other copper-protein besides plastocyanin had
been identified as a chloroplast constituent.

It was decided to carry out further analyses of
chloroplasts for copper content to attempt to establish the
excess of copper found over plastocyanin content. The isolation
of spinach chloroplasts free from contaminating organelles was
considered essential if copper analyses were to be meaningful.
Because of the difficulties involved in avoiding contamination
completely, it was decided to prepare chloroplasts by several.
different methods and note any consistency in the ratios of
copper to chlorophyll found in the several preparations.

The normal procedure for chloroplast isolation
from homogenates of spinach leaves is by differential
centrifugation, the chloroplasts being sedimented rapidly
at low centrifugal fields because of their large size.
Contamination by nuciei is possible but mitochondria would
be expected to be absent. However, recent work by Tolbert and
co-workers has shown that such preparations of spinach chloro=-
plasts.do contain small amounts of mitochondria,as well as
peroxisomes (Yamazaki and Tolbert 1969), Purification of broken

chloroplasts could be achieved by isopycnic centrifugation on
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a sucrose density gradient, however intact chloroplasts were

not separated from mitochondria by this procedure.

A method has been described for Vicia faba which

produced chloroplasts, having a broken bounding membrane,
free from both mitochondrial and nuclear contamination (Kung
and williams 1968). The procedure employed was a combination
of two methods previously published for purification of
spinach chloroplasts: those of Jagendorf (1955) and of James
and Das (1957). As discussed by Jagendorf, the separation of
chloroplasts from other organelles by equilibrium density
centrifugation is critically dependent upon the density of
the chloroplasts themselves, which varies from one plant to
another and even with age for the same plant. The densities
chosen ﬁor the separation media should be such that the
greatest possible yield of chloroplasts is obtained without
contamination from other organelles. Many methods have appeared
in the literature claiming to isolate pure chloroplasts with
intact bounding membranes by the use of sucrose density
gradients, however yields are low and the integrity of the
chloroplasts is invariably not 100% (Leech 1964; Still and
Price 1967; Harvey and Brown 1969).

The preparation of spinach chloroplasts by the
nonaqueous technigque on a density gradient has been shown to
give a light fraction free from nuclei and cell debris
(Thalacker and Behrens 1959). Electron microscopy has
demonstrated that the nonaqueous chloroplasts of lowest
: density seen on isodensity centrifugation contained very

little mitochondrial or cytoplasmic contamination (Stocking
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et al (1968 ). The density of nonaqueous chloroplasts prepared
in the usual hexane-carbon tetrachloride medium is greater
than that of chloroplasts prepared by aqueous techniques
because of the removal of lipids of low density (Thalacker
and Behrens 1960). A good yield of pure nonaqueous chloroplasts
is only obtained if the spinach plants are kept in the dark
prior to harvesting in order to reduce the starch content .

If this is not done the presence of the high density starch
granules increases the chloroplast density to that of nuclei
and other contaminants (Thalacker and Behrens 1959; Stocking
1959) .

Whilst selecting methods of chloroplast preparation
which avoided contamination it had also to be borne in mind
that genuine copper-containing components of the chloroplast
lamellae active in photosynthesis might be extracted. The
bounding membrane of the chloroplast is very liable to damage
and can be ruptured simply by pellet formation at low centrifugai;l
force (Harvey and Brown 1969). The procedures of Tolbert and of

Kung and Williams actually produce pure broken chloroplasts

which have lost both bounding membrane and stroma. However in
the isotonic or hypertonic solutions used, the chloroplast
lamellae remain unswollen so that the components of the photo-
synthetic electron transport chain remain in situ, although
soluble proteins of the stroma are washed out (Ridley and
Leech 1968}. Because of the difficulty of maintaining the
integrity of intact chloroplasts during long purification

.procedures, it was decided to analyse both chloroplasts prepared




2

with minimum damage by a rapid differential centrifugation

method and also broken chloroplasts purified on density gradiehts;
rather than attempt to isoclate pure intact chloroplasts in
sufficient quantity for copper analysis.

The preparative method for nonaqueous chloroplasts
ensures that no water-soluble component of the chloroplast lamellae
is lost,and it must be regarded as unlikely that any copper
containing component would be soluble in organic solvents,
although it was claimed that a fraction of the copper content
of quantosomes was soluble in organic solvents (Park and Pon
1963) .

The isolation of rubimedin by Henninger and Crane
(1966 a) raised the possibility of a new electron transport
component of photosynthesis. During the preparation of
plastocyanin from parsley and from spinach, described in
Chapter 1, a red-coloured substance was found, of which the
method of isolation is described later in this chapter.
Analysis of this substance showed that it possessed the same
absorption spectrum as rubimedin, and significantly for this
work, that it contained copper.

The effect of rubimedin on the photochemical
activities of chloroplasts has been described in three similar
publications (Henninger and Crane 1966 a; Henninger and Crane
1967 a; Henninger and Crane 1967 b). Since these papers
ap;eared no further work on rubimedin has been reported,
and before rubimedin can be accepted as an electron transport

component confirmation of the published isolation procedure
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and of the activity of the protein would have to be presented
by an independent group of workers. There is a possibility
that the preparation described by Henninger and Crane
contained both the substance rubimedin, an artefact inactive
in photosynthetic electron transport, and another yet un-

identified protein which has the ability to stimulate NADP

reduction as described. The aqueous extract of hepténe—treated'

cliloroplasts contains many proteins and the purification
procedure used was not rigorous (Henninger and Crane 1966 a).
In this chapter questions are raised concerning
rubimedin and the possibility of a second copper-protein in
chloroplasts, but no defiuite answers are given. However it
is proposed that plastocyanin is the only copper-protein
involved in photosynthetic electron transport, and that the
substance rubimedin, isolated apparently only a few times
by Henninger and Crane and only under peculiar circumstances
described in the present work, is an artefact. It is however

an artefact with rather specific properties.

MATERIALS AND METHODS
{

Copper content of chloroplasts. Chloroplasts were

prepared from spinach grown in a greenhouse at 24° under a

16 hours light and 8 hours dark regime, normally for a period
of §-h weeks, However in some work, leaves from more mature
plants were required amd the leaves were harvested after

5-6 weeks of growth. All centrifugations with chloroplasts in

aqueous media were performed at 2° - Ao,

&
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200 g spinach leaf was blended with twice its
weight of 0.5 M sucrose + 0.05 M tris buffer pH 7.8 in a
Sorvall Omnimixer at 0° for 2 x 20 sec. The homogenate was
filtered through nylon net, centrifuged at 5,000 g for 25
minutes and the supernatant discarded. The chloroplast
precipitate was resuspended in 0.5 M sucrose + 0.05 M tris
buffer ph 7.8, centrifuged at 500 g for 3 minutes and the
precipitate, containing large debris, was discarded. Whole
chloroplasts were then precipitated at 1,200 g for 7 minutes,
and resuspended in 15 ml 0,05 M tris buffer pH 7.8 to give
preparation C1.

The 1,200 g supernatant was spun further at
5,000 g for 25 minutes to give a broken chloroplast fraction.¢A¢4
the supernatant then being discarded. The precipitate was
resuspended in 0.5 M sucrose + 0.05 M tris buffer pH 7.8 to
a volume of 15 ml, and 2.5 ml layered on each of six disconti
uous sucrose gradients made following Yamazaki and Tolbert
(1969). The gradients were made at 4° by pipetting into tubql‘
of the Spinco SW 25°1 swinging bucket rotor, successively 6 qi
2.,5M, 6 ml 1.8 M, 8 ml 1.5 M and 8 ml 1.3 M sucrose solutions
all containing 0.05 M tris buffer pH 7.8. The gradients were
then centrifuged in a Spinco Model L centrifuge at 40,000 g=-ﬂ1;
for 2 hours. The broken chloroplast fragment zones in the
1.3 M sucrose layer were collected with a pipette and after
diluting two fold with 0.05 M tris buffer pH 7.8, the fragnw#l
were centrifuged down et 5,000 g for 15 min. The pellet was :
resuspended in 6 ml 0,05 M tris buffer pH 7.8 to give the pur:

chloroplast fragment preparation T.
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60 g leaves from mature spinach plants was blended

with 0.5 M sucrose + 0.05 M tris buffer pi 7.8, and filtered. .
{

The filtrate was centrifuged at 500 g for 3 minutes, the

precipitate discarded and the supernatant centrifuged further

at 1,200 g for 7 minutes. The 1,200 g pellet of whole chloro-

plasts was resuspended in 10 ml 0.05 M tris buffer pH 7.8 to

give preparation Cz.

100 g leaves from mature spinach plants was blended
in 0.3 M sucrose + 0.05 M tris buffer pH 7.8, and the pellet
of whole chloroplasts obtained as above. The chloroplasts were
resuspended in 0,3 M sucrose + 0.05 M tris buffer pH 7.8 and
placed on a two-layer discontinuous gradient made according to
James and Das (1957). This was formed from glycerol and 0.3 M
sucrose + 0,05 M tris buffer pH 7.5 respectively, in the
proportions 60:40 and 25:75. After centrifuging in a swinging
bucket rotor at 1,300 g for 10 minutes, the dark green chloro-
plast band at the interface was collected with a pipette. The

chloroplasts were then precipitated at 1,200 g for 10 min.

after diluting the suspension 4-fold with 0.3 M sucrose + 0.05~M,f1

tris buffer pli 7.8. The pellet was resuspended in 30 ml of
medium of density 1.17 (Jagendorf 1955), and spun in a tube

of the Spinco SW 25°*1 swinging bucket rotor in a Spinco Model L
centrifuge for 2 hours at 40,000 g. The dark-green top pellet
was collected, diluted with 0.3 M sucrose « 0.05 M tris buffer
pH 9.8 and the chloroplagt fragments precipitated by centrifug-
ation at 12,000 g for 15 min. The pellet was resuspended in 5 ml

0,05 M tris buffer pH 7.8 to give preparation J.
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Nonaqueous chloroplésts were prepared from freezé
dried spinach leaves as déscribed by Thalacker and Behrens (1959).
To prevent loss of chlorophyll from the chloroplasts, the
freeze-dried material was blended in a Sorvall Omnimixer at
-15° in a salt-ice bath and all centrifugations were performed
at -5°9, Chloroplasts of density between 1.25 and 1.30 were
collected. The purified chloroplasts, after evaporation of
organic solvent in vacuo, were resuspended in 5 ml 0.05 M
tris buffer pH 7.8 to give preparation N.

Chlorophyll was measured according to Bruinsma
(1963). The absorbance at 652 nm of a filtered 80% acetone
solution of the chloroplast pigments was measured on a Cary 14
spectrophotometer, and the chlorophyll concentration in mg/ml
calculated as A652/36. An average chlorophyll molecular weight
of 900 was assumed in calculations of moles of chlorophyllv
present. The Cary wavelength scale was shown to be accurate
to one angstrom unit,

Copper in the chloroplast preparations was measured
by atomic absorption spectrophotometry, after total destruction
of the organic material by digestion with nitric and sulphuric
acids, to an accuracy of 0.05 micrograms and with correction
for reagent blanks. All glassware was cleaned with concentrated
nitric acid, but polythene containers were used during the
chloroplast preparations wherever possible.

h Rubimedin. The isolation of rubimedin was found
not to be reproducible, The experiments described in this
chapter were performed on rubimedin obtained from one preparat- ?“

ion from parsley. 6 kg parsley leaves was homogenised in
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hypotonic buffer, the homogenate fractionated with acetone,
and the 33 - 75% acetone precipitate dialysed and fractionated
on a DEAE-cellulose column. The fraction eluting off the
column with 0.1 M tris buffer pH 7.5 +# 0.1 M NaCl was collect- g
ed and stored at -20° for 3 weeks. Thus far the procedure was "
exactly as for a plastocyanin preparation described in g
Chapter 1. The solution after thawing had a more red-brown

colour than before freezing but did not contain a precipitate. $
Solid ammonium sulphate was added to give a concentration of b
35% w/v, the final pH being 6.85, and the red-brown precipitate
collected by centrifugation at 17,000.g for 15 min at 4°. The
precipitate was homogenised with 0.01 M NaPOh pH 7.0 containing
0,1 M NaCl, recentrifuged at 5,000 g for 10 min at 4o, and the
brown precipitate discarded, The pink-yellow supernatant was
centrifuged at 100,000 g for 1 hour at 4°, to give a red pellet_{Q
and a yellow supernatant, the latter being discarded. The red |
pellet was resuspended in 3 ml buffer to give a clear solution,
and was used in the investigations described later,

Rubimedin was found during some other plastocyanin '“E
preparations from parsley and spinach, but not consistently.
Attempts to repeat the method of rubimedin preparation describ-‘fﬁ
ed by Henninger and Crane (1966 a) have failed. .

Measurements of the EPR spectrum of rubimedin
and calculation of the bonding parameter, az. were carried

-

out as described in Chapter 1 for parsley plastocyanin.

£l

Copper and-iron analysis of the purified rubimedin
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(Boehringer, Mannheim, Germany) with correction for reagent
blanks. The standard copper and iron solutions provided with
the kits were used for calibration of the spectrophotometric
estimation. All glassware was cleaned with conc. HNO3 to remove
heavy metal contamination. To 0.1 ml rubimedin solution was
added 0,05 ml M.A.R. conc. H,S0, (36 N) and the solution heated.
After cooling, 0.05 ml H202 (100 volumes) was added and the
solution was re-heated to complete the oxidation, and destroy
all traces of peroxide. The clear, colourless solution was
diluted with water to 2 ml, and then 1 ml of either the copper
or the iron reagent solution was added. The copper-bathocuproine
disulphonate coﬁplex was measured at 480 nm and the iron-batho-
phenanthroline disulphonate complex was measured at 535 nm.
Amino-acid analysis of rubimedin was performed on
material which had been dialysed against 1 mM sodium diethyl-
dithiocarbamate in tris buffer phl 7.5 followed by extraction
of the copper-diethyldithiocarbamate complex with carbon
tetrachloride. The protein material was then dialysed extensive-
ly againsf 0.01 M KRCl to remove any diethylamine produced by
diethyldithiocarbamate decomposition. Hydrochloric acid was

added to a final concentration of 6 N and the amino acid

composition of this solution, after 24 hours hydrolysis at 108°, i?

determined as described in Chapter 1, but omitting norleucine.
To convert amounts of ammonia nitrogen to protein, a factor of

6.25 was used.

Rubimedin was also analysed for inorganic sulphur

‘content using the methylene blue method described by HBrumby

t al (1965).
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RESULTS AND DISCUSS1ON

Copper content of chloroplasts. The results of the

analysis of purified chloroplasts for copper are shown in o
Table 3-1., The average value for the eight determinations was
1.48 gram atoms copper per basic photosynthetic unit, which

is two times lower than that reported by katoh et al (1961).

No special precautions were taken against contamination during ;
chloroplast preparations except that analytical grade chemicals
and deionised water were used throughout, and all glassware was
rinsed with conc. HNO,, and plastic centrifuge tubes rinsed

2

with an EDTA solution. On comparing preparations C1 and 02 it
is seen that although duplicate samples corresponded well, the
two preparations did not. 1t is possible the difference lay in

the age of the leaves from which the chloroplasts were made.

Preparation J from mature leaves also showed a higher copper "fj

content than preparation T, made from young expanding leaves.

It is apparent also that the preparation of purified broken

chloroplast fragments from whole chloroplasts did not result 1n o
the loss of a copper-containing component., The small quantity
of nonaqueous chloroplasts available rendered the result with

sample N liable to a greater error than for the other samples.

Properties of rubimedin. The absorption spectrum

of parsley rubimedin is shown in Figure 3-1 (A); The only peak"
in the ¢pectrum is at 478 nm, no peak being seen in the protein
absgrption region around 280 nm. On addition of ascorbate the

spectrum was only partially bleached, and the difference Spectrué%
of untreated rubimedin against ascorbate-reduced rubimedin |

showed a maximum at 475 - 478 nm. Dithionite completely b}eachod
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TABLE 3-1. THE COPPER CONTENT OF PURIFIED SPINACH CHLOROPLASTS.
The methods of preparation of the chloroplasts are
described in the Materials and Methods section. Total chloro-
phyll was determined according to Bruinsma (1963). Copper was
determined by atomic absorption spectrophotometry after

digestion with HNOB/H2SOM'

»
Preparation Chlorophyll Volume Chlorophyll Copper Copper per 400

concentration analysed content content moles chloro-
3
mg/ml ml mg microgr. phyll(g.atoms)
c, 3.94 b0 15.8 2.9 1.04
c, 3.94 L,o 15.8 ZeX 0.90
c, 1.79 h.s 8.0 2.6 1.83
c, 1.79 4,5 8.0 2.5 1.76
T 3.5 23 8.1 13 1.00
T 3553 T« ¥ 'S5 % 1.72
J 1.30 4.0 W 1.9 2.0%
N 1.20 3.06 i F 1.0 1.54
gt preparations are,
t C1 and C2 : differential centrifugation at low 5?}
centrifugal field. . ??
T : density gradient method of Yamazaki énd.agj
Tolbert (1969).
J : density gradient technique of James and
. Das (1957) combined with the method of
Jagendorf (1955). »
N ¢ nonaqueous chloroplasts, the 1.25=1,30 ey
:)‘:7’5
density fraction of Thalacker and Behrens |
(1959). i
x3%

Copper content is expressed as the number of gramatoms found
in one basic photosynthetic unit of 400 moles of total chlorﬁ

phyll a and chlorophyll b, assuming an average molecular
. - weight of 900 for chlorophyll.
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the red colour of the rubimedin, a clear colourless solution
being obtained. Addition of sodium hydroxide (final concentrat- 
ion 0.4% w/v) to rubimedin also resulted in the loss of the
visible absorption, the difference spectrum of untreated
against alkali-treated rubimedin showing a second peak at
320 nm (Figure 3-1 (B) ). Rubimedin was precipitated when
treated with 1.2 N HC1l, but the red colour was not discharged;
however 6 N HCl caused the rubimedin solution to change colour
from red to yellow and then to colourless. The stability of @
the red chromophore to 1.2 N HC1l distinguishes rubimedin from
the transferrin-metal complexes which have similar absorption g
spectra (Feeney and Komatsu 1967).

The EPR spectrum of rubimedin is given in

Figure 3-2. The spectra shown were obtained at -186°, but

the spectrum was also seen at both -100° and -22°, The signal

was attributed to divalent copper. The four spectra shown in

Figure 3-2 were all obtained with the same sample of rubimedin,
at first untreated, then ascorbate added and finally dithionite

added. To add a reducing agent, the frozen rubimedin was thawed'f

rapidly, ascorbate or dithionite added, the solution mixed and
then refrozen. This procedure did not denature the rubimedin.
When excess ascorbate was added the signal intensity was re-

duced by 30% and furthermore the relative heights of the two

maxima in the spectrum appeared to change. When dithionite wa!r{
then added, no EPR signal was observed, the spectrum being
identical to the spectraum of the EPR sample cavity itself. The

" parameters of the parsley rubimedin EPR spectrum at -186° weren;
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A(nm)

Figure 3~1. (A) Absorption spectrum of rubimedin isolated from
zero absorbance; (a) the

parsley. Baseline is at
(b) a

complete visible and ultraviolet spectrum;

more concentrated solution clearly showing the

absorption maximum at 478 nm.

(B) A
——/\ " 1 " 2 M 9 [ 0.0
300 4«00 500 600
A(nm)

(B) Difference spectrum of untreated rubimedin minus
alkali ~treated rubimedin. A second absorption maximum

is revealed at 320 nm.
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(A) ‘//“”-Adv~v*’vp¢u¢vﬁﬂwhﬁﬂdﬂwq

| S—
400 gauss

- ://‘w/\

b
160 gauss
(e
160 gauss
(0, '
160 gauss

Figure 3-2, EPR spectrum of rubimedin isolated from parsley.

: Temperature -186°., The markers are placed at 3312
gauss (g = g). Magnetic field increases from left
to right. (A) complete spectrum, (B) details of the
signal, (C) sodium isoascorbate added, (D) di-

thionite added.
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2.260 and gz = 2,097 (taken to be at the field strength

y B 1
corresponding to maximum microwave absorption). No hyperfine
structure could be seen, The copper bonding parameter, az,

of Malmstrom and Vanngard (1960) was evaluated as a’ = 0.815;
taking A xy to be 2.09 x 10“ cm-1, which indicated a consider-
able degree of ionic character of the copper-ligand bonds.

As the rubimedin EPR spectrum was observed at -22°

this distinguished it from the high-potential non-haem iron

protein from Chromatium (Palmer et al 1967), which has a '
somewhat similar EPR spectrum. No indication was found for an
EPR signal from iron, in either reduced or oxidised rubimedin
at -186°; which might be explained if iron was bound with in-
organic sulphur, as in non-haem iron proteins. However an
analysis of a sample of rubimedin containing 9.8 x 10-9 g.atoms
iron revealed no detectable inorganic sulphur, the lower limit

of detection being 0.3 x 10—9 g.atoms sulphur,

The copper to iron ratio in rubimedin, after

complete destruction of organic material, was found in two ‘  ;
determinations to be 1.04 and 1.09. When rubimedin was treated

with 6 N HCl at room temperature however, the ratio of copper |
to iron detected was 50, indicating that the copper content

was released more readily by acid than the iron content. The

copper content of the rubimedin preparation was found to be 1 2
0.%07'picrogram atoms/ml, thus the total copper content was

1.22 microgram atoms. From the same batch of parsley 4.46 micro-
gram atoms of plastocyanih copper was obtained, and therefore iﬁ

.the quantities of rubimedin and plastocyanin were quite




106

comparable., The molar absorbance coefficient of rubimedin at '
478 nm was estimated to be 2,300 with respect to copper. On
dialysis of rubimed;n against bathocuproine disulphonate at

pH 7.5 for 16 hours the red colour of the rubimedin remained
unaffected, but when dithionite was added the orange-brown %
colour of cuprous-bathocuproine disulphonate appeared. When
rubimedin was dialysed against 1 mM sodium diethyldithiocarbamamﬁf
at pH 7.6 for 18 hours the pink colour was discharged and the
absorption maximum at 465 nm of the rubimedin-copper-diethyl- 3
dithiocarbamate complex appeared. The brown complex could be
sedimented at 5,000 g for 5 minutes at 4° to leave a colourless
supernatant. It is therefore proposed that the red colour of

rubimedin arises from divalent copper bound to the protein,

A sample of rubimedin, after removal of copper as

described in the Materials and Methods section, was analysed
for amino acid composition. A total of amino acids equivalent

to 0.45 mg protein/ml rubimedin preparation was found, which

indicated 1100 grams of protein per gram atom of copper. How-

ever ammonia equivalent to 0.20 mg protein/ml was also detected,
which may have arisen from amino acid degradation during hydro- 7%
lysis, catalysed by traces of heayy metals remaining in the
rubimedin.

0.8 ml diluted rubimedin preparation was homogenisedft

with 2 ml methanol and 2 ml chloroform, when the rubimedin
formed a pink layer at the interface of the two organic phases. ;f

As the chromophore was npot extracted into organic solvent,
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Conclusions. It was the purpose of the work describ-

ed in this chapter to decide whether or not a second copper
protein was involved in photosynthetic electron transport. The
analysis of chloroplasts for copper content was equivocal, and
further work must be done to make a definite decision whether
there is one or two gram atoms of copper per basic photo-
synthetic unit. Rubimedin has been demonstrated to contain
copper, bound in a m;nner shown by its EPR spectrum to be
distinct from that in plastocyanin (see Chapter 1), or in
nonspecific copper-proteins formed on denaturation of blue
copper-proteins. The EPR spectrum of copper bound nonspecific-
ally is similar to that of copper in the Cu2+-transferrin
complex (Aasa and Aisen 1968) with a large hyperfine splitting
in the low-field signal of about 150 gauss. The EPR spectrum
of rubimedin shows, in contrast, no hyperfine splitting. Taken
together with the observed copper to iron ratio close to unify,
it suggests that rubimedin could be a genuine copper-containing 3
component .

However the lack of corroborative reports of
rubimedin isolation from groups of workers other than its
discoverers, and the inconsistency with which rubimedin was
isolated by the procedure given in the present work, must be

regarded as obstacles to the acceptance of rubimedin as a

chloroplast protein. At the present moment, there is no evidence

to show that plastocyanin is not the only copper-protein in-

volved in photosynthetic electron transport.

”
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CHAPTER FOUR. INTEKACTION OF PLASTOCYANIN AND P700

SUMMARY

1. A digitonin particle preparation was obtained

from both chloroplasts and nonaqueous chloroplasts by in-
cubation with 0.5% digitonin at 0° for 75 minutes at a
digitonin to chlorophyll ratio of 11:1 (w/w), followed by
removal of large fragments by centrifugation at 10,000 g.

2. In the dark the P700 content was kept reduced

by an internal, endogenous pool of reductant, On illumination
with blue light P700 was photo-oxidised, and in a subsequent
dark period it was re-reduced. The s pectrum of the measured
changes corresponded with published oxidation-reduction

spectra of P700. Addition of 0.016 mM DCMU did not affect the
dark reduction rate, indicating lack of PSz reducing activity.
34 Addition of small amounts of plastocyanin, in

the reduced form, prior to illumination, caused an increase

in the subsequent dark reduction rate of P700., The increase

of dark reduction rate in chloroplast particles was proport-
ional to the square of the plastocyanin concentration, but in
nonaqueous chloroplast particles it was linearly proportional
to plastocyanin. Methylviologen did not inhibit the plastocyanin-
-induced increase. To obtain a 50% decrease in the half-time of
dark reduction of P700 in chloroplast particles, an amount of
added plastocyanin was required equal to only 5.4% of the P700
content. A similar decregse in half-time in nonaqueous chloroplast
particles was obtained with plastocyanin equal to 6.9% of the

P700 content.
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L, DCPIP could also increase the dark reduction rate
of P700 but amounts in excess of the P700 content were required,
and furthermore methylvioclogen could inhibit the DCPIP-induced
increase.

5. The degree of photo-oxidation of P700 was found to
increase as illumination was continued up to 60 seconds, when
the steady state level of oxidation was almost attained. As

the illumination period was increased from 5 seconds to 60
seconds the half-time for P700 dark reduction in the subsequent
dark period increased correspondingly from 9 seconds to 40 seconds.
b Addition of a many-fold excess of plastocyanin over
P700 content resulted in the P700 remaining in the reduced

state on illumination, because of rapid donation of electrons

through plastocyanin to oxidised P700.

INTRODUCTION

The type of experiment to be described in this
chapter is similar to that employed by Hind, in which
plastocyanin was added back to detergent-treated chloroplasts,
deficient in plastocyanin, and the effect on the light-induced
oxidation-reduction changes of P700 was followed with a dual
wavelength spectrophétometer (Hind 1968). It may be argued
that in this type of experiment there can be no certainty
that the added plastocyanin will return to the site occupied
in vivo, however it will be shown that extremely small amounts

of plastocyanin, in relation to P700, are capable of causing
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large increases in the rate of dark reduction of P700,
implying a highly specific interaction. A further uncertainty
in this technique is that alterations may occur in the elctron
transport pathways on fragmenting the chloroplasts in order to
release the endogenous plastocyanin. It is possible that
artefactual cyclic electron transport pathways from the
reductive terminus to P700 are produced, for it is known that
0.5% digitonin solubilises some of the cytochrome f and
cytochrome 26 content, and all of the ferredoxin and
ferredoxin-NADP reductase in addition to plastocyanin

(Arnon et al 1968). For the present work to be meaningful
these artefacts had to be minimised.

The chloroplast digitonin particles used in this
work were prepared according to the procedure of Anderson and
Boardman (1966), with a low concentration of digitonin (6.5%)
to minimise the disruption of electron transport pathways and
the solubilisation of the cytochromes f and 26 whilst complete-
ly extracting plastocyanin (Arnon et al 1968). In order that
solubilised cytochromes should not be lost from the system it
was decided to employ in these experiments the supernatant
after centrifugation of the digitonin-treated chloroplasts
at 10,000 g. This supernatant being perfectly clear avoids
the interference in spectrophotometric work associated with
light:scattering heavy particles. 1t is also enriched in PS1
content compared to untreated chloroplasts. The digitonin
particles remaining in the supernatant after centrifugation

_have only a small fraction of their original plastocyanin still




bound to the particles. The endogenous plastocyanin released
from the chloroplasts and present in the 10,000 g supernatant
was found in the present work to have a negligible activity
compared to>plastocyanin added subsequently. It is known that
digitonin does not denature plastocyanin even at a concentration
of 1.3%, for the protein released from chloroplasts on treatment
with 1.3% digitonin showed electron transport activity when
added back to PS1 particles (Wessels 1965). It is possible
that the endogenous plastocyanin released by 0.5% digitonin
treatment is enclosed within, or is on the surface of detergent
micelles, where its ability to interact directly with P700 is
greatly diminished, whereas plastocyanin added subsequently
will be in a freely soluble form.

1t has been shown (Arnon et al 1968) that the small
chloroplast particles, present in the 10,000 g supernatant aftef
incubation of chloroplasts with 0.5% digitonin, can reduce NADP
when ascorbate-DCPIP is used as the electron source and the
proteins ferredoxin, ferredoxin-NADP reductaée and plastocyanin
are added back. Furthermore they are capable of cyclic photo- \
phosphorylation with PMS as cofactor. This is in complete
agreement with many reports of the stability of PS1 activity
towards digitohin treatment. It has been demonstrated that the
particles present in the 10,000 g supernatant are virtually
inactivq\in oxygen evolution and the transfer of electrons
from water to P700 may be neglected (Anderson and Boardman 1966;
Henninger et al 1967) . Ther;fore,with no artificial electron

source added to the 10,000 g supernatant, P700 can only be




reduced by the cyclic backflow of electrons from the reductive
terminus of PS1 along a pathway which may represent the cyclic
pathway in vivo.

The electron transport pathway of cyclic photo-
phosphorylation is a subject of considerable uncertainty.
Studies with algal mutants, shown by analysis to be lacking
certain electron transport carriers, have provided useful
results in identifying the necessary components of the cyclic

pathway. In Chlamydomonas, chloroplasts from the mutant lacking

plastocyanin did not carry out PMS catalysed cyclic photo-
phosphorylation, whilst the lack of cytochrome 553, a cyto-
chrome f analogue, only reduced the phosphorylation rate
slightly compared to the wild type rate (Gorman and Levine
1965). The conclusion was that plastocyanin, but not cytochrome
553, was required for cyclic photophosphorylation. However, a .

Scenedesmus mutant lacking cytochrome f was found not to possess

cyclic photophosphorylation in vivo as measured by anaerobic
glucose assimilation, although it did carry out PMS catalysed
cyclic photophosphorylation (Powls et al 1969), demonstrating
the difference between the cyclic electron pathway in vivo and
that when a cofactor is added.

Arnon et al (1968) found that digitonin particles,
sedimented at 144 000 g, could carry out cyclic photophosphor-

ylation with PMS as cofactor but not with ferredoxin or menadione

-

as cofactor. It was apparent that different cyclic electron
pathways were involved with different cofactors. Plastocyanin ,

when added back to the particles,did not alter the phosphorylatioh‘

\

\

:
e/
i
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rate with PMS nor restoré cyclic photophosphorylation with
ferredoxin or menadione, and so it is probable that in digitonin
particles PMS is able to interact directly with P700 and does
not require plastocyanin as an intermediate. It is the hypothesis g
in the present work that plastocyanin is the only natural A
electron donor to P700 (Hind and Olson 1968; Levine 1969) and
as cyclic electron flow through PS1 depends on P700 then
plastocyanin must be regarded as an essential component of
the cyclic electron transport pathway in vivo, as well as the
noncyclic electron transport pathway. The cyclic pathway seen
in the digitonin particles used in the present work is taken
to be the same as that present in vivo, involving cytochromes
f and 26 and plastocyanin (see Figure 1 in the general introduct-&;
ion), as in the schemes of cyclic electron flow proposed by |
Levine (1969) and also by Hildreth (1968). The scheme adopted
requires X, but does not involve ferredoxin in cyclic flow.

It has been claimed that cyclic photophosphorylation induced

by addition of ferredoxin to chloroplasts represents the in

vivo cyclic photophosphorylation as it was found to be inhibited
by antimycin A (Tagawa et al 1963), however it was recently

shown that antimycin A inhibited PMS catalysed phosphorylation

e

as well (Drechsler et al 1969). making this evidence 1ndecisive.1f1

Although cytochromes f and 26 are still present |
in the chloroplast particles prepared with 0.5% digitonin they
are ré%oved more completely by 1.3% digitonin. It has been

found that in purified PS4 particles prepared from chloroplasts

with 1.3% digitonin (Wessels 1966) plastocyanin also catalyses
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an increased rate of dark reduction of P700 as seen in the
present work. However, ascorbate is required to be present and
the reduction of P700 probably does not take place by cyclic
electrén flow but rather by donation of electrons from
ascorbate via plastocyanin as intermediate (Voorn and Wessels,
personal communication).

The involvement of plastoquinone in PS1 reactions
is also discussed in this chapter because of the report that
plastoquinone C was an essential component for the noncyeclic
transport of electrons from ascorbate-DCPIP to NADP via PS1,
implying a close association with plastocyanin and P700
(Henninger and Crane 1967 a). The extraction of plastoquinones
A and C caused a large decrease in the above activity which
was restored by re-addition of plastoquinone C. lHowever the
assay system employed (Keister et al 1962) did not include
plastocyanin, and it is apparent that the authors regarded
plastocyanin as an alternative for DCPIP and did not use them
together (Henninger and Crane 1966 a). After extraction of
chloroplasts with heptane, plastocyanin is released by subsequehtA
aqueous treatment (Elstner et al 1968). It is known that ‘
plastocyanin is an essential intermediate between DCPIP and
P700 (Wessels 1966), and that any PS1 activity seen without
addition of plastocyanin to plastocyanin deficient chloroplasts
can be ascribed to remaining endogenous plastocyanin
(Davenport 1965). Therefore the restoration of electron flow
to P700 in the absence of ,plastocyanin must be an artefact,

the addition of plastoquinone C allowing direct donation of

pre
£

electrons from reduced DCPIP to P700 without plastocyanin.
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It is established that plastoquinone A is required
for cyclic photophosphorylation with either PMS, menadione or
flavinmononucleotide as cofactor (Whatley and Horton 1963).
However it is accepted that the location of plastoquinone A
is at a site near the reductive terminus of PS2 and not close
to P700 (see Figure 1 in the general introduction).

An analysis of digitonin particle fractions from
spinach chloroplasts to locate the site of action of plasto-
quinones A and C did not yield clear-cut results (Henninger
et al 1967) because of the complications arising from the
presence of osmiophilic globules or plastoglobuli in chloroplastsf
These are lipid storage particles which contain a large fraction
of the plastoquinone content of the chloroplast (Hind and Olson_
1968). Therefore the distribution of plastoquinones between
PS1 and PS2 could not be decided in this manner.

In the present work the role of plastoquinone in
the cyclic electron pathway around PS1 was investigated by
following the light-induced oxidation-reduction changes of
P700 as described above, but with extracted chloroplasts. The
chloroplasts were prepared by the nonaqueous technique, and
extracted with heptane for four hours at room temperature to
remove both plastoquinones A and C (Henninger and Crane 1966 b),
before resuspension in acueous buffer and treatment with
digitonin. The results obtained were compared to the results
with unédxtracted chloroplast digitonin particles to note

ra

any effects of the removal of plastoquinone C.
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In order to follow the redox state of P700 in the
chloroplast particles the difference in absorption at 700 nm
and at 740 nm is followed on a dual wavelength spectrophoto-
meter. No other electron carrier shows light-induced absorbance
changes in this spectral region except plastocyanin whose
contribution to the absorption difference would be negligible.
In its reduced form P700 has an absorption maximum at 700 nm,
but in the oxidised form this absorption band is bleached; no
significant absorption change occurs at 740 nm and this is
employed as the reference wavelength (kok 1961). The molar
absorbance coefficient of the reduced form at 700 nm is not
known, but a value of 100,000 is usually assumed and is
employed in this work (Beinert and Kok 1964). Recently a value
of 42,000 has been estimated (Schliephake et al 1968), but
this would appear to be small for the molar extinction
coefficient of a chlorophyll a species at the red peak maximum,
In chloroplasts there is one P700 per basic photosynthetic
unit of 400 moles of chlorophyll, and in purified PS1 particles
the ratio chlorophyll:P700 is found to be approximately 200
as would be expected for a molecule which is the unique
reaction centre for PS1 (Wessels 1966). As discussed in the
review ;f Levine (1969). Kok has advanced the hypothesis that
P700 may not be a distinct molecular entity, but rather one '
of the molecules of C705 (a chlorophyll a species absorbing

maximally at 705 nm) which becomes unique by virtue of

excitation by light and transfer of an electron from

_piastocyanin to X. It has been recently found that in spinach
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chloroplasts the reduction of P700 measured spectrophoto-
metrically could only account for approximately one-fifth of
the electron transfer shown to occur during the time taken

to complete P700 reduction (Malkin 1968). Of the three
explanations proposed by Malkin, the presence of a pool of
electron acceptors at the redox potential of P700 is preferred,
as the redox potentials of plastocyanin, cytochrome f and
possibly also a fraction of the cytochrome 559 content

(Bendall 1968) are close to that of P700.

The experimental procedure used in the present
work is to follow the reduction of P700 in the dark, as the
dark equilibrium redox state is re-established, immediately
after an extended period of actinic light during which time
the P700 redox state had been shifted towards almost complete
oxidation. The electrons to reduce P700 are present as a poolv
of reduced component; at the reductive terminus of PS1 which
is built up during the light period by the action of PS1.

This reducing pool can be built up in the absence of ferredoxin
but is dependent on X,the electron acceptor species of PS1.,

: Electrons from X may be transferred in a noncyclic
pathway either to ferredoxin and thence to NADP via ferredoxin-
-NADP reductase, or to oxygen either directly or via the
catalyst methyl viologen the reduced form of which is a semi-
quinone rapidly oxidised by molecular oxygen., Oxidised DCPIP
can also accept electrons from the reductive terminus of PS1,
being rapidly reoxidised hy the electron carriers at the.

oxidative terminus of PS1 in an external cyclic pathway (Ke 1967).

s




The electrons may also be transferred internally from X to

P700 and it is this cyclic electron flow which is involved

in a recent article on the back flow of electrons in PS1

(Fujita and Murano 1968). The redox potential of X has bee :

// 02
NADP ver=RDu = PD REDUCING
POOL
DCPIP 51
t
P700 PCY

acceptor of PS1. RD is the ferredoxin-NADP reductase,

PCY is plastocyanin.

MATERIALS AND METHODS

< Materials. Purified plastocyanin was prepared
from spinach_by the method of Borchert and Wessels (persd'
.communication), and wag in the reduced form in 10 mM KPOh

at a concentration of 1.0 mg/ml. For use in the plastocyan
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titration experiments the solution was diluted and 5 micro-
litre aliquots were added. Methyl viologen (1.5 mM) and DCPIP
(0.15 mM) were freshly made solutions, the DCPIP being filter-
ed before use. DCMU was added as a 4 mM solution in 50% ethanol.
All the chloroplast digitonin particles used in this work were
prepared from spinach leaves harvested from 3-4 weeks old plants
grown in a greenhouse as described in Chapter 3. |

Aqueously-prepared chloroplasts were made by
grinding freshly-picked spinach leaves with acid-washed sand
at 0° in 0.4 M sucrose + 0,05 M tris buffer plH 7.8, filtering
through nylon net, centrifuging at 200 g for 1 min at 2° to
remove large debris and sand, and then centrifuging down the
chloroplasts at 5,000 g for 8 min at 2°, The chloroplasts
were resuspended at 0° in 0,05 M tris buffer pH 7.0 + 0.01 M
magnesium chloride, and 4% digitonin in the same buffer was
added to give a final concentration of 0.5% and a digitonin
to chlorophyll ratio of 11:1, After incubation at 0° for
75 min, the suspension was centrifuged in the Spinco SW 39
swinging bucket rotor at 4° for 30 minutes at 10,000 g. The
10,000 g supernatant was used as the aqueous chliloroplast
digitonin particle preparation after dilution to a chlorophyll
concentration of 73 mg/litre with 0.05 M tris buffer pH 7.0 +
0.01 M MgClz.

Nonaqueous chloroplasts were prepared, as describ-
ed in ;ppendix A, in hexane - carbon tetrachloride at -5°. The
chloroplasts; equivalent fo 10 mg of chlorophyll, were

gédimented, resuspended in 200 ml heptane and placed on a
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rotary shaker at 24° for two.hours. A connection was maintain-
ed between the chloroplasts and the air td further oxidation

of plastoquinols to plastoquinones, as the latter are more
readily extracted. During the extraction the chloroplasts

were protected from light. After two hours shaking, the
chloroplasts were centrifuged down, 200 ml fresh heptane added;
and shaking continued for a further two hours. The chloroplasts
were centrifuged again, the sediment transferred with a little
fresh heptane to a beaker which was placed in a desiccator

containing PZO and the heptane removed on evacuation. The

5
chlorop{asts were resuspended in 0.05 M tris buffer pH 7.0 +
0.01 M MgClz, digitonin was added as for the aqueous chloro=-
plasts, and the 10,000 g supernatant so obtained, after dilution ;5
to 73 mgs chlorophyll/litre, was employed as the nonaqueous |
chloroplast digitonin particle preparation.

In one experiment only, shown in Figure 4-4 (B),
a preparation of digitonin particles was made from nonagqueous
chloroplasts prepared as described in Appendix A, without
further extraction by heptane. The chloroplasts free of
organic solvent were resuspended as for the other chloroplasts
in 0.05 M tris buffer pH 7.0 + 0.01 M Mgclz. digitonin was
added to a final concentration of 0.5%, but the digitonin to
chlorophyll ratio was 4:1 only., The details of incubation and

centrifugation were as for the preparation described above.

when mentioned elsewhere in the text this digitonin particle

preparation is referred teo specifically, and is differentiated
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Methods. All experiments were performed on an
Aminco-Chance dual-wavelength spectrophotometer equipped with
a flat-hed recorder whose maximum sensitivity corresponded
to a full scale deflection equal to an absorbance change of
only 0,005, Actinic side illumination was provided by a
tungsten lamp whose intensity remained constant. A spring-
-loaded shutter allowed an accurate timing of the period for
which the sample was illuminated. Two filters were placed
between the lamp and the sample: a blue perspex filter showing
no transmission in the visible above 570 nm, and an infrared
filter (Balzer IR 1256/283), which cut off infra-red radiation.
The lamp filament was focussed in the plane of the sample
cuvette, and an intensity of 90 W/m2 was measured in the
sample space with a YSI-Kettering Model 65 Radiometer. The
absorbance measured was the difference in absorbance of the
sample at 700 nm and 740 nm, A = A?OO - A7h0' An oxidation
of P700 resulted in a bleaching of its absorption band at 700 nm,
which was seen as a decrease in absorbance, and recorded as :
a downward movement of the pen on the recorder. The photo-
multiplier was protected from the actinic side illumination
by placing a red filter (Schott RG 5) directly in front of it.
The voltage supplied to the lamp providing the measuring
light-beam of wavelengths 700 and 740 nm, could be continuous-
ly var{ed, allowing a variation in the measuring beam intensity.
The measuring beam slit width was kept constant at 0.5 mm,
equivalent to a bandpass'éf 3 nm., The sample was placed in

an Aminco cuvette, clear on all four sides, with pathlength

= 2
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of the hole in the cuvette holder allowing side illumination
had to be enlarged to achieve this condition, and allow }
illumination of the whole of the sample in the cuvette. This

modification was made after the experiment with nonaqueous

for the apparently low activity of plastocyanin found.

The redox state of P700 in the 10,000 g super=-
natants was very sensitive to light. Additions were made to
a sample in a darkened room, the sample was placed in the ';{Q
cuvette compartment with‘a light-tight cover, and left for lﬁi.,
least five minutes to_reach the dark steady state before
commencing measurements. The measuring beam was found to
affect thg redox state of P700 appreciably, causing an oxidé{
ation, and therefore the measuring beam was continuously
passed through the sample during the dark equilibration peri»
The effect recorded on illuminating with blue ]ightlwas thnti
the transition between two light regimes: very low intensity
far red light; and a combination of intense blue light with

the far red light.

following the value of A A with time; A A being the differe

-

between A at time t and the final steady level of A reached

in the dark. The plot of the logarithm of A A against time

‘wés linear up to a point corresponding to completion of abou
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80% of the dark reduction, and it is this slope (Q_%%EJLA)
which is referred to as the dark reduction rate of P700.

Chlorophyll concentrations were measured as describ-
ed in Chapter 3.

To estimate P700 concentration, the following
procedure was adopted. The solution of chloroplast digitonin
particles at a chlorophyll concentration of about 10 mg/litre
was placed in the sample cuvette and the value of A was noted
whilst the blue light illuminated the sample, giving what is
assumed to be complete P700 oxidation (Ao). The side illumin-
ation was cut off, a trace of sodium isoascorbate was added
and the measuring beam was also cut off from the sample. After
1 minute the measuring beam was allowed to pass through the
sample and the value of A recorded. The measuring beam was
once more cut off and the sample once again left in total
darkness for 1 minute. The value of A was then remeasured and

usually found to have remained steady. This value corresponded

to complete P700 reduction (AR)' Assuming a molar absorbance

coefficient of 105, the molar concentration of P700 was
calculated as AR - Ao/105. The value of AR - A was about
0.005 and was easily measurable. :;

RESULTS AND DISCUSSION
When a solution of chlorophyll a in acetone was
observed in the Aminco-Chéhce, under the conditions used in

ghe experiments described in this chapter, no effect of the




fluorescence induced by the blhe actinic light was seen oﬁf:
the recorder. Therefore chloroplast fluorescence would‘not'
be expected to interfere with the absorbance measurements
made. Scattered actinic light (maximum emission at 455 nm)
was prevented from reaching the photomultiplier by the red
filter. The principle of operation of the spectrophotoqeterwﬁ‘
rules out interference of delayed light emission in the
measurement of the absorbance difference, A
absorbance changes ascribed to P700 oxidation-reduction on
illumination with blue light were shown to have the spectruﬁf

of P700 (Kok 1961) and to be reproducible'in successive ligh:

periods.

When 10 micromolar DCMU was

chloroplast particles containing 0.46 n

0.6 micrograms of plastocvanin present,

of the dark reduction rate.

electrons which reduced P700 in the dark.

Figure L4-2 shows the effect of adding small am;
of plastocyanin to a preparation of éhloroplast digitOnin‘ ¥
particles. The photo-oxi&ation of P700 was unaffected at tﬁpf
low concentration sufficient to increase the dark reductié
rate significantly (B); but in (C) the amount of photo-o%
observed was decreased; and when in (D) a 15-fold molar di
of plastocyanin was present, no photo—oxidationAwas seen,;
was shown in a control experiment that excess plastocyanin
cgused the P700 to femain ;educed upon illumination; and f :

lack of absorbance change was not due to the P700 being

PS2 'did not

oxidised in the dark. Note that in (D) the absorbance and

700 - A7h0.:The

added to aqueous
moles P700 and with
no inhibition was see

therefore supply th

T
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Figure L4-2,
The effect of added plasto-
cyanin on the light-induced

oxidation~-reduction of P700

in chloroplast digitonin
particles measured on the
Aminco-Chance dual wave-
length spectrophotometer.
Actiniec illumination was
by blue light of intens-
ity 90 W/m?*. The absorb-
ance, A, is the difference

in absorbance at 700 nm

“ and 740 nm; a downward
movement corresponds to a decrease in this absorbance and an
oxidation of P700. The amount of plastocyanin added to 1.5 ml
chloroplast particles containing 0,46 n moles P700 was (Aa)
"noné, (B) 0.03 n moles, (C) 0.2 n moles, (D) 7.5 n moles. In

(A) the final dark steady state level is shown .
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The titration of the P700 dark reduction rate with

plastocyanin, shown in Figures 4-3 and 4-4 (A), provided further

evidence that the electron transport catalysed by plastocyanin

was related to a specific cyclic flow, because such small

quantities of plastocyanin were required to produce the effects.

Aqueous chloroplast digitonin particles were prepared from
chloroplasts equivalent to 2.2 mg of chlorophyll and 0}55 mg
of chlorophyll (25%) was found in the 10,000 g supernatant,
which had a P700 to chlorophyll ratio of 1 : 264, The plasto-
cyanin titration curve was linear up to 0.25 micrograms
plastocYanin added, this linear portion having a slope of
P aat 10-2/sec/microgram plastocyanin. Nonagqueous chloroplast
digitonin particles were made from chloroplasts containing
2.2 mg of chlorophyll also, but 1.16 mg of chlorophyll (53%)
was found in the 10,000 g supernatant, having a P700 to
chlorophyll ratio of 1 : 238, The plastocyanin titration
curve had a slope of 3.0 x lﬂ_z/sec/microgram plastocyanin,
almost identical to that of aqueous chloroplast particles.
The quantity of added plastocyanin sufficient to increase the
dark reduction rate two fold, expressed relative to the P700
content, was 5.4% for aqueous and 6.9% for nonaqueous chloro-
plast particles, respectively.

Figures 4=3 and 4-4 also demonstrate that the
renmoval of plastoguinone, together with other lipids such
as bet;-carotene and some xanthophylls, on extraction with
organic solvénts. has a pronounced effect on the plastocyanin
datalysed dark reduction of P700. Whereas in aqueous chloro-

plast particles, the dark reduction rate becomes proportional‘:

‘
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Figure 4-3., Titration by plastocyanin of the dark reduction

rate of P700 in aqueously-prepared chloroplast
digitonin particles. See legend to Figure 4-2
for experimental details. PCY is the amount of
plastocyanin added, to

mls of particles containing 0.46 n moles P700,

in micrograms of protein,
155
AA is the difference between A at time t, and

the final

dark steady state level of A. The dark

reduction rates found were plotted against both

plastocyanin added and the square of the Plasto-
cyanin added.
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Figure U4-4, Plastocyanin titration of the P700 dark reduction

rate in nondhueous chloroplast digitonin particles.
(A) 1.5 ml containing 0.51 n moles P700, plasto-
quinones A and C extracted. (B) particles from which
only plastoquinone A was extracted, experimental
conditions were different from the titrations shown

in Figure 4-3 and in (A): see text for details.



to the square of the plastocyanin added, after being at fi;§ f

linearly proportional, both of the nonaqﬁeous chloroplast

particle preparations show a linear proportionality up to th;h
highest concentrations of plastocyanin used. The titration i
Figure 4-4 (B) is included mainly to show that the 1inearit§
exterids up to reduction rates as high as 10,2 x 10-2/sec. Thﬁﬁ
different experimental conditions in the titration shown in;
Figure 4-4 (B) (inefficient side illumination and digitonin
to chlorophyll ratio of only 4:1) could account for the
apparently low activity of plastocyanin which is observed;-

As shown in Figure 4-5, methyl viologen could b:_; 
used to distinguish between the increase in P700 dark reduc;
rate induced by DCPIP and that induced by plastocyanin, Methy
viologen has a greater affinity for electrons from reduced X
than DCPIP, but its-affinity is less than that of the compo
of the cyclic electron pathway from X to P700 (see Figure I
During the light period, in the absence of MV (Figure 4-5 (
DCPIP present in the sample can be photo-oxidised by P700 bu
also photo-reduced by X, so that when the light is cut off;1
some DCPIPH2 is present to reduce P700. However wpen MV.iSu
added (Figure 4-5 (C) ), DCPIP cannot be reduced at X duri 
the light period, and DCPIP is completely in the oxidised
when the light is cut off. However when plastocyanin is :
(Figure 4-5 (D)), the reducing pool near X is then linkea
the Eyclic electron pathway to P700, so that when the lig
is now cut off, electrons are available to reduce P700 fr
“the reducing pool évgn though methyl viologen is present,l

agreement with these observations, no inhibition of P700.é7
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Figure 4-5. P700 oxidation-reduction changes in chloroplast

digitonin particles: the effect of methyl viologen.
(A) particles with no addition; (B) 5 micromolar
DCPIP added; (C) then 50 micromolar methyl viologen
added; and finally (D) 0.3 micromolar plastocyanin
added also. The sample volume of 1,5 ml contained
0,13 micromolar P700, In (A) and (C) the final dark
- steady state level is shown. For details of
abbreviations and methods see the legend to

Figure 4-2.,



reduction, stimulated by 0.2 microﬁbla; plastocyanin alon:
was seen when 50 microﬁolar methyl viologen was added .

In Figure U-6 it is seen that the P700
photo-oxidation was not instantaneous but proceeded quite
slowly after an initial fast phase. The spectra of Figure 4
were obtained with a 1 ml sample of nonaqueous chloroplast;;
digitonin particles containing 0.34 n moles P700. The‘halfé
for dark reduction of P700 increased as the ligﬂt period wa
1Acreased, but after 40 seconds illJumination it remained
constant, and 60 seconds illumination time was employed inxé‘
most experiments, The endogenous dark reduction of P700, in
th; absence of added plastocyanin, had a half-time of ab&ﬂ
40 seconds, and 5 minutes was required to ré-establish the
dark steady state level after an illumination period. The
pool of endogenous réductant was sufficiently large to cah; 
the complete reduction of DCPIP added, up to concentration:
as high as 0,08 mM. The manner in which the photo-oxidati@
rate of P700 decreased as oxidation proceeded, suggested t
an equilibrium state was being reached in the light getwae 
photo-oxidation. and a photo-reduction by a direct ieakage
electrons from reduced X. When illumination ceased, dark
reduction by endogenous reductant then occurred. The haifia_
for P700 dark reduction increased as the illumination perf
was extended, indicating Lhat the pool of electron donorﬂ{
constituting the endogenous reductant could be graduallyg

photo-oxidised by P51 through P700.

A peculiar effect was seen in Figure h-6,:

'when"the volfage of the lamp providing the measuring-ligﬁf*
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t, -9sec

H =40 sec
/2

—

"

Figure 4«6. Effect on P700 oxidation-reduction changes in chloro-

plast digitonin particles of increasing the light i
period. The measuring lamp of the Aminco-Chance was used at 30

volts for A-D but at 17 volts for E, otherwise D and E are

identical. The half times shown are for the dark reduction rate.
See Figure 4-2 for other details.




was lowered from the value of 30 volts normally empioyed £o{
17 volts, thus reducing the measuring beﬁm intensity. Alth;f
the total amount of P700 oxidation and its subsequent dark‘
reduction remained the same, the extent of photo-oxidation
was reduced and a substantial instantaneous oxidation occufi
when the blue light was cut off from the sample.

Conclusions. Hind (1968) showed that addifion df{

plastocyanin stimulated the dark reduction of P700 more than

s
|

1

it enhanced the light-induced oxidation-reduction kinetics”ﬁﬁ
either cytochrome f or cytochrome 559. . The reaction mixty;
employed contained ascorbate, so that the electron donation
to.photo—oxidised P700 in the dark was probably from ascorb

via plastocyanin. His results therefore only demonstrated the

was present in the samples studied by Hind at a concentrat
of 0,125 mM, but the conditions‘are distinct from thoée us
in the experiments shown in Figure L.s, as the methjl violo
in Hind's.experiments only served to speed eléctron flow
thrbugh PS1 and did not cqmpete with plastocyanin for the
supply of electrons. Therefore the occurrence of plastocyan
-induced stimulation of P700 dark reduction with methyl
viologen present, as found by Hind, could not be taken as
evidence for a role of plastocyanin in cyclic electron fr*
hok and Kurainski (1965) had shown previously
plasfo;yanin in substrate amounts could be photo-oxidised

detergent-tféated chloroplasts. The rate of oxidation was

proportional to the concentration of reduced plastocyanin,




expected for a reaction in which one molecule of reduced

plastocyanin transferred an electron to one molecule of ox
ed P700. The concentrations of plastocyanin used were greatés
than 80 times the P700 concentration of the chloroplasts.

In the present work, the results illustrated inx
Figure 4-5 show that plastocyanin can stimulate the dark ‘
reduction rate of plastocyanin by a pathway from X which is
resistant to methyl viologeh inhibition. This pathway is
proposed to be the cyclic electron transport pathway arpun&
PS1, which in vivo allows cyclic photophosphorylation. The
extremely high efficiency of the added plastocyanin in
catalysing the P700 dark reduction, supports the hypothe;is‘

that the plastocyanin returns to its specific site in the

10,000 g chloroplast digitonin particles, as a complex with?

P700.

The titration of the dark reduction in chloroplu

particles shown in Figure 4-3 can be interpreted to imply th
two molecules of plastocyanin are involved iﬁ the rate-limiti
step of cyclic electron flow, which in these plastocyanin-
deficient particles is presumably at the point of dohation

electrons from plastocyanin to P70C., This result is unexpec

as it has been found that chloroplasts contain plastocyani
and P700 in a 1:1 ratio (Arnon et al 1968), and both plas tc
cyanin and P700 are one-electron acceptors.

~ wWhen chloroplasts are extracted with organic sc

carotenoids and plastoquinones are removed. However as shb,
- Figure A4-L4 the stimulation of the dark reduction of P700 bf

“plastocyanin still occurred. The role of beta-carotene in



for supply to the photochemically active chlorophyll (Gée

1969), and it cannot be regarded as essential for eleciron
transport (see Appendix a). The plastoquinones are redox |
carriers active in electron transport; however, their abse
from the chloroplast pérticles did not prevent the reducui
of photo-oxidised P700 by plastocyanin, which is in disagr
ment with the finding of  Henninger and Crane (1967 a) thatg?}
plastoquinone C was required for PS1 reactions. Although

electron donation to P700 was not prevented by extraction

with hexane-carbon tetrachloride (Figure 4-4 (B) ), the &aﬂ-

reduction rate was found to be linearly proportional to th
plastocyanin concentration, rather than to fhe square of t
plastocyanin concentration. It is proposed that the intera
of P700'with'plastocyanin was modified by a configuration
change of the PS1 reaction centre on removal of beta-carqf
The electron transfer reaction giving rise to the proporti

aldty of dark reduction rate to the square of plastocyaniﬁ

actinic light was cut off in curve E of Figure 4-6, was‘a»%
noted in experiments with chloroplasts treated with elec

transport inhibitors (see Chapter 5).
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CHAPTER FIVE. THE SITES OF INHIBITION OF SALICYLALDOXIME,

CUPFERRON AND ORTHOPHENANTHROLINE

SUMMARY
: The inhibition of electron transport was studied
in spinach chloroplasts prepared in 0.4 M sucrose containing
0.05 M KPOh pH 6.5 and 0.01 M NaCl, and resuspended in the
hypotonic buffer, 0,05 M KPOh pH 6.5 + 0.01 M NaCl. These
chloroplasts did not photoreduce ferricyanide unless 2 mM
ammonium chloride was added to uncouple photophosphorylation.
2. 10 mM salicylaldoxime completely inhibited photo-
reduction of both 1 mM ferricyanide and 0,1 mM DCPIP, but
photoreduction of 0.033 mM cytochrome ¢ was not inhibited.
1.1 mM cupferron inhibited ferricyanide reduction

by 52%, but 10 mM cupferron was required to inhibit DCPIP

photoreduction by 37%. Cytochrome ¢ photoreduction was inhibited 1’

37% by 10 mM cupferron, but the degree of inhibition was un-
stable and increased during illumination of the chloroplasts.
Orthophenanthroline, like DCMU, inhibited all photoreductions
in the chloroplasts.

B The degree of inhibition of DCPIP reduction by

5 mM salicylaldoxime was found to be dependent on the light
intensity, increasing with increasing actinic light intensity.
i, The photoreduction of DCPIP by heat-inactivated
chloreplasts, which had been‘restored by addition of 11 mM

hydroxylamine, was inhibited by 10 mM salicylaldoxime.




5-

appeared to reduce the fluorescence yield by acting as an °
electron acceptor similar to ferricyanide. The effect of
salicylaldoxime was again different, and appeared to give an

effect similar to that produced by heating chloroplasts.

6. - The effect of the inhibitors on the light-induced

ed to indicate that they inhibited electron transport in
different ways. On illumination with blue light, chloroplas\
showed a small degree of P700 oxidation which was rapidly

reversed in the dark. The photosystem 2 inhibitor, DCMU, did

not change the degree of photo-oxidation, but caused a rapi
very large further oxidation of P700‘to occur when illuminaﬁt
was ceased, followed by a slow dark reduction phase. Additi
of 10 mM cupferron produced very little effect. Addition |
of 10 mM salicylaldoxime, like heating the chloroplasts gt‘m
50° for 5 minutes, cauped a much greater‘degree of P700
oxidation to appear on illumination, compared to untreated
chloroplasts; further oxidation was seen on ceasing
illumination, followed by a dark reduction phase, as

noted for DCMU. Addition of 0.1 mM orthophenanthroline gavh
an effect intermediate between that of heating and of addi

of DCMU.
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INTKODUCTION

The inhibition of photosynthetic oxygen evolution
by salicylaldoxime was first noted in whole Chlorella cells
(Green et al 1939). Inhibition by a low concentration of
salicylaldoxime could be reversed by dialysis. Salicylaldoxime
is known to be able to form a complex with cupric ions -
Cu(C7H6N02)2 ~ and it was therefore proposed that the-inhibition._‘
was caused by chelation of essential copper by salicylaldoxime.
Studies of the effect of copper deficiency on the ability of
chloropiasts to reduce DCPIP in the Hill reaction suggested
that a copper-containing component of the electron transport
pathway from water to DCPIP existed on the reducing side of
PS2 (Spencer and Possingham 1960). The reduction of DCPIP by
chloroplasts from copper deficient plants was 60% of the
control rate.

When Trebst (1963) investigated the inhibition
by salicylaldoxime of chloroplast photoreactions he assumed
that plastocyanin was the site of inhibition of the chelating
agent. He.found that 10 mM salicylaldoxime inhibited oxygen
evolution, ferricyanide reduction and coupled noncyclic photo-
phosphorylation, and cyclic photophosphorylation with menadione
as cofactor, in hypotonically broken chloroplasts. Keduction
of NADP by water was inhibited but the partial noncyclic path-
way from the donor couple ascorbate-DCPIP to NADP was not.
Trebst concluded thaf salicyléldoximé inhibited electron
transport at a site between the two light reactions and not

on the oxygen evolution side of PS2, as shown in Figure 5-1.




MENADIONE

PS4

ASCORBATE-DCPIP

P700 — PCY PQ

SALICYLALDOXIME

FERRICYANIDE,
DCPIP

Figure 5-=-1. The site of salicylaldoxime inhibition indicat
| 3 :

by the results of Trebst (1963). The abbreviations for the
electron transport components are defined in the legend tQj:;

Figure 1 in the general introduction.

DCMU ,

ORTHOPHENANTHR

P00 < PCY » CYTL —  CYT559 - PQ —iif

SALICYLALDOXIME

Figure 5-2. The site of salicylaldoxime inhibition indicaf
by the results of Hildreth (1968). The site of inhibition
" orthophenanthroline and DCMU is also shown. The abbreviat:

" used are defined in the legend to Figure 1 in the general

o intnodﬁot;on;
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In an earlier report it was observed that ' mM salicylaldoxime
under aerobic conditions was a cofactor of cyclic photophos-
phorylation (Trebst and Eck 1963). After later work with
digitonin particles from spinach chloroplasts, it was claimed
that salicylaldoxime inhibited the reductibn of NADP by
ascorbate-DCPIP stimulated by plastocyanin,in contradiction
to previous results (Trebst and Elstner 1967).
It has been shown that plastocyanin cannot be

the site of inhibition by salicylaldoxime, for reduced plasto-
cyanin was not affected by incubation with 10 mM salicylaldoxime
for 30 minutes, and although oxidised plastocyanin was 50%
denatured in two hours, this rate was too slow to be able to
account for the inhibition of electron transport in chloroplasts,
which is apparent immediately after addition of salicylaldoxime
(Katoh and San Pietro 1966). These authors observed that 10 mM
salicylaldoxime completely inhibited the Hill reaction with
DCPIP as Hill oxidant, and that the inhibition also occurred
in sonicated chloroplasts from which the plastocyanin had been
liberated. In contrast, the plastocyanin-dependent reduction
of methyl red by PS1 using ascorbate-DCPIP as electron source
was only inhibited slightly by 10 mM salicylaldoxime. Later
work (Renger et al 1967) showed that salicylaldoxime inhibited
both the reduction of ferricyanide alone and the acceptor pair
ferricyanide-DCPIP.

3 From the above experimental results it became
apparent that salicylaldoxime inhibited electron transport

between PS2 and PS1 at a site distinct from plastocyanin and
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probably close to the reductive terminus of PS2. There was
the possibility that this site was a second copper containing
component of the photosynthetic electron transport chain.

Working with the marine green alga Ulva lobata,

Fork and Urbach (196%5) attempted to locate the inhibition site
by following the effect of salicylaldoxime on light-induced
absorbance changes in vivo. There was some doubt over their
assumption that the absorbance change measured at 591 nm
represented redox changes of plastocyanin, however, later work
appeared to justify this, because the spectrum of the absorb-
ance change around 591 nm could be fitted to the oxidation-
-reduction difference spectrum of plastocyanin (Fork and

de Kouchkovsky 1968 ), Further doubt about this work arose
from the iength of time required to achieve inhibition.
Complete inhibition of the absorbance change at 591 nm
required a preincubation with 10 mM salicylaldoxime for 20
minutes, which might however be explained by the requirement
of the inhibitor to be transported across the cell membrane

to the site of inhibition. However results on cytochrome f
redox changes obtainéd by preincubation with salicylaldoxime
for periods of up to one hour must be regarded with circum-
spection as no effect on these changes was found for incubation’ﬁ ,ﬁ
periods less than 15 minutes. From these studies it may be
concluded that short-term incubation with 10 mM salicylaldoxime
inhibits the transfer of electrons from PS2Z to plastocyanin,

whereas long-term incubatjon denatures the plastocyanin.
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The inhibition of cyt&chrome oxidation-reduction
changes has been investigated by Hildreth (1968), and it was
found that 4 mM salicylaldoxime inhibited electron transport
at a site between cytochrome f and cytochrome 36. for the
kinetics of photo-oxidation of cytochrome f were unaffected
by the inhibitor whereas cytochrome 26 photo-oxidation was
inhibited. This confirmed a previous report that 10 mM
salicylaldoxime inhibited the photo-oxidation of cytochrome 26 o
(Chance et al 1966). As cytochrome by is believed to lie on
the cyclic electron pathway (Boardman and Anderson 1967), it
may be concluded that salicylaldoxime can inhibit both non-
cyclic and cyclice electrqn transport, which requires that the
site of inhibition be at a point common to both pathways and
prior to cytochrome f. This is illustrated in Figure 5-2.

A report has appeared recently on the inhibition.
of photophosphorylation in algae by low concentrations of
salicylaldoxime (Tanner et al 1969). It was found that 1 mM
salicylaldoxime could strongly inhibit glucose assimilation
in Chlorella,whilst the oxygen evolution and carbon dioxide
fixation reactions were not affected. The effect of 1 mM
salicylaldoxime was apparently an uncoupling of phosphorylation
from electron transport, as assimilation of glucose in the dark;
dependent on oxidative phosphorylation,was also inhibited.
The inhibition of cyclic photophosphorylation was also noted
by Urbach and Simonis (1964) and contrasts with the lack of
inhibition reported by Trebst and Eck (1963) for 1 mM

salicylaldoxime.
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Cupferron was employed‘by Lightbody and Krogmann
(1967) as a specific copper chelating agent which could inhibit
photosynthetic electron transport in apparently the same manner
as salicylaldoxime. Reduction of methyl red at the reductive
terminus of PS1 by electrons from water was inhibited by 1 mM
cupferron, but the partial noncyclic pathway from ascorbate-
-DCPIP to methyl red requiring only PS1 was not inhibited.
The possibility of a second copper containing component
between PS2 and PS1 ;ould therefore be increased if it could
be shown that the two copper chelating agents, salicylaldoxime
and cupferron, inhibited electron transport at the same site.

Since it was first reported that orthophenanthroline
could strongly inhibit the Hill reaction,it has been assumed
that it inhibited by virfue of its metal-chelating properties
(Arnon 1950). Krogmann and Jagendorf (1959) found that the
inhibition could be reversed readily by dialysis, which would
not be expected if inhibition was caused by chelation of a
metal ion. The effect of orthophenanthroline on the fluorescence
induction of algae was shown to be similar to that of phenyl-
urethane (DCMU) suggesting an identical site of inhibition
(Kautsky et al 1960). This was confirmed by studies on the
fluorescence induction of isolated spinach chloroplasts
(Murata et al 1966). The site of inhibition of DCMU is known
to be immediately after the duencher Q of PS2 fluorescence and
before plastoquinone in the electron transfer sequence from
PS2 to PS1 (Kok and Cheniae 1966). It is probable therefore

that orthophenanthroline acts at this site also,rather than
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inhibiting a metal-containing enzfme. so that orthophenanthrolinéiy;
provides an example of an electron transport inhibitor which, |
although a potent metal chelator, does not inhibit electron
transport by virtue of its metal chelating ability.

The three chelating agents have been studied in
the present work in three types of experiment with spinach
chloroplasts: spectrophotometric measurement of the Hill
reaction, fluorescence induction measurements and a study of
the light induced redox changes of P700.

The PS2 activity of chloroplasts has been measured

with three Hill oxidants: DCP1lP, cytochrome ¢ and potassium

ferricyanide. ;é

o

The points along the electron transport pathway "l_

from the reductive terminus of PS2 at which DCPIP and ferricyanidﬁ;
it
?

et
e ¢
b
{

can accept electrons has been discussed in a recent article i

(Fork and Amesz 1669). 1t has been shown that both plasto-

quinone A (Bishop 1959) and cytochrome 559 (Levine 1968) are
required for DCPIP and ferricyanide reduction. Gorman and
Levine (1965) found that both DCPIP and ferricyanide photo-

reductions were greatly diminished in Chlamydomonas mutants

lacking either plastocyanin or cytochrome 553, indicating

that the site of reduction was at or beyond these components.
The claim that plastoquinone C was the site of DCPIP reduction
(Henninger and Crane 1967 a) is not supported by other evidence

and is probably the result of an artefact as discussed in

Chapter 4. Chloroplasts from Scenedesmus mutants lacking

1969).

T A P, s P o
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1t has been reported in a preliminary note that
the detergent Tween 20 inhibited the Hill reaction in chloro-
plasts with ferricyanide or NADP as Hill oxidant, but not that
with DCPIP as Hill oxidant (Krogmann et al 1968). The reduction
of NADP by PS1 with ascorbate-DCPIP was unaffected by Tween 20
treatment, and so the inhibition by Tween 20 occurred between
the two light reactions, possibly by solubilisation of plasto-
cyanin. The lack of inhibition of DCPIP photoreduction could
be explained if the detergent opened up a second site for
DCPIP reduction, unavailable to ferricyanide, on the PS2 side
of the site of Tween 20 inhibition.

Pratt and Bishop (1968) found that a mutant of

Scenedesmus lacking an active P700 could still carry out the

photoreduction of ferricyanide and DCPIP, although at a reduced
rate compared to the wild type. Another group of workers found
for the same mutant that ferricyanide could not elicit the
electron paramagnetic resonance signal or absorbance change
at 700 nm typical of P700, although ferricyanide could accept
electrons from PS2 for it was able to catalyse noncyclic photo-
phosphorylation (Gee et al 1969 ). 1t is therefore apparent
that P700 cannot be the site of ferricyanide or DCP1P photo-
reduction. The probable site of interaction of these electron
acceptors in chloropiasts is at plastocyanin, as shown in
Figure 5-1.

The photoreduction of cytochrome ¢ in chloroplasts

by electrons from water has been shown to be of two types

(Keister and San Pietro 1963). A low rate of endogenous photo-
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c could interact with the electron transport chain between the
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reduction occurred without addition of catalyst, which was

stimulated ten-fold by saturating amnounts of ferredoxin. The

endogenous reduction was not coupled to photophosphorylation,
it was partially inhibited by increasing the concentration
of tris buffer pH 7.8 from 0.02 M to 0.15 M, and it was not
affected by removal of endogenous ferredoxin on washing the
chloroplasts. In contrast the ferredoxin dependent reduction
was not inhibited,but stimulated by the higher concentration
of tris buffer, and was also coupled to photophosphorylation.
The effect of tris buffer can now be understood as a combination f~1
of a partial inhibition of the oxygen evolution reaction 5
(Yamashita and Butler 1968),and a large stimulation of the
electron transfer from the reductive terminus of PS1 to
cytochrome ¢. Apparently therefore in endogenous photoreduction i
cytochrome ¢ accepts electrons at a site distinct from that in
ferredoxin catalysed photoreduction.

Chloroplasts treated for a few minutes with a
detergent, 1% saponin, were found to be able to photoreduce

cytochrome ¢ with 650 nm light and to photo-oxidise cytochrome

1

two photosystems (Kok et al 1963). Pratt and Bishop (1968)

found that a mutant of Scenedesmus lacking PS1 activity

could photoreduce cytochrome ¢, although at a much lower rate
than the wild type, suggesting that PS2 alone can reduce

cytochrome ¢.
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The photoreduction of.éytochrome ¢ by PS1 alone,
seen with hydroquinones such as reduced trimethyl-p-benzoquinone
(Kelly and Sauer 1965), is not related to the present work. The
photoreduction observed here is the endogenous photoreduction
of the chloroplasts, occurring without addition of ferredoxin
6r any of the many other catalysts which may be employed to
stimulate the reduction rate.

The fluorescence of isolated spinach chloroplasts
measured at room temperature is mainly emitted from PS2. The
fluorescence yield is enhanced by activation of PS2 and
diminished by activation of PS1, and the variation of the
fluorescence yield is believed to reflect the redox state of
the quencher ( (see Figure 1 in the general introduction),
which only quenches fluorescence when it is in its reduced
form (Fork and Amesz 1969 ). The anaerobic redox titration of
the fluorescence yield of spinach chloroplasts has been
recently reported, clearly demonstrating this concept (Cramer
and Butler 1969). The degree of reduction of  achieved by
illumination of chloroplasts aerobically, as is done in the
present work, is small compared to that seen anaerobically in
the presence of dithionite.

Fluorescence induction is the rise in the fluor-
escence yield of the chloroplasts from the low value obtaining
at the start of actinic illumination (Fo) to the final steady
state "value reached in the light (Fss). The profile of the
fluorescence induction curve is affected by alteration of the‘:h

electron transport pathways in the chloroplasts; for example

PN, o gt LI



by the addition of inhibitors of electron transport, or by
chemical oxidising or reducing agents. From an analysis of
the effécts of the chelating agents, salicylaldoxime and

cupferron, on the fluorescence induction of chloroplasts,

§3 the manner in which they modify electron transport through
f; the reductive terminus of PS2 can be deduced.

¥ The redox stéte of P700 in chloroplasts can sim
arly be used as an indicator of electron flow through the‘”
oxidative terminus of PS1, the high molar extinction
coefficient of P700 allowing a very sensitive measurement
of 1its redox state by dual wavelength spectrophotometry.

Therefore the effects of the chelating agents on the light-

-induced oxidation-reduction changes of P700 in chloroplasft

were observed.

MATEKRIALS AND METHODS

Materials., Chloroplasts employed in the study of

the effect of chelating agents on electron transport were prep

from spinach 3-4 weeks old, grown as described in Chapter 3. The 1le

were picked early in the morning, a few hours after the 16

hours light period was started. About 10 g leaf was grqundv

sand in 30ml 0.4 M sucrese + 0.05 M KPO, pH 6.5 + 0,01 M

at 0°, filtered through nylon net and the filtrate centri

at 200 g for 1 minute at 2° to remove debris and sand. The

chloroplasts were sedimented at 5,000 g for 8 minutes at 2°,

‘and resuspended at 0° in 0.05 M KpO, pll 6.5 + 0.01 M NaGi%




ion 2 0.5 mg/ml), and used within 4 hours. The chlorophyll
content of the chloroplasts was measured as described in

Chapter 3.

1 mM DCPIP was a freshly prepared and filtered
i: solution., A 10 mM ferricyanide solution was prepared and séqt
at 4° in the dark. lorse heart cytochrome ¢ Type 111 was obfqﬁ
ed from Sigma and was stated to be salt-free. The 1}5,mM :
methyl viologen solution was stored at 4°. A 4 mM DCMU
solution in 50% ethanol was used. Both orthophenanthroline
and cupferron were in aqueous solution. Salicylaldoxime wgg'

first dissolved in methanol and then diluted with 9 volumos]lt

of water to give a 0.1 M solution in 10% methanol. lHeated

chloroplasts were obtained by placing a small volume of chloﬁ

plast suspension in a tube, immersed in a water bath at 50° 4

N and rotated rapidly to obtain an immediate rise in temperatur

jf' and accurate time of heating.

(i1l reactions. The photoreduction of added Hill

oxidants by water, in 0.05 M KPO, pH 6.5 + 0.01 M NaCl buffe

the molar absorbance coeffjcient at 610 nm was found by Pu
- (1959) to be 18,200 at pH 6.5. At pH 7.8 the molar absorba

‘coefficient at 620 nm was taken to be 22,000.



Photoreduction of ferricyanide in the presence o
2 mM ammonium chloride was followed by the decrease in abéor

ance at 420 nm using a molar absorbance coéfficient at this

wavelength of 1,070. Cytochrome ¢ photoreduction was observ
?' as the increase_in absorbance at 550 nm, assuming the differ-
4 ence in molar absorbance coefficient of oxidised and reducé&
;; forms at this wavelength to be 19,000 (Kelly and Sauer 1965}

The reduced cytochrome ¢ was reoxidised in the dark periods

unless 1 mM potassium cyanide was present. The temperature

the sample cuvette was kept constant at 21° by circulatinén
cooled water directly around it. The sample solution was ké
stirred with a small magnetié bead at the bottom of the cuv
and out of the light path. Side illumination was by red 1li
obtained from a tungsten lamp with a red glass filter (Scho%

RG 2) combined with an infrared filter. The voltage providé

to the lamp was adjustable and allowed a variation in the

intensity of actinic light. No filters were used in front o

the phofomultiplier.

The final sample volume was 3 ml. when inhibitors
were added, the control rate of the uninhibited chloroplastﬁ
was measured at first, then the inhibitor was added to
a totgl volume of 3 ml, This was found necessary as the

activity of the chloroplasts was not stable and was not

consistent between chloroplast preparations. The degree 04
inhibjtion found was always expressed as a percentage of t?
uninhibited rate of the same sample of chloroplasts. The

”

- photoreactions were usually followed for a period of 1-2 n



Fluorescence induction. The fluorescence of chlor

plasts was measured at room temperature in an apparatus

constructed by Drs. Elgersma. The design of the apparatus

was based on that described by Malkin and Kok (1966), but

modified in one important respect: the fluorescence yield
data were recorded on magnetic tape, which was played back

at reduced speed, the fluorescence curve being presented on

chart paper., l1llumination was with light of wavelength 520 nm

and intensity 1 w/ma. The fluorescence emitted by the'chlor>

plasts at wavelengths greater than about 670 nm was transmitﬁi
E by a red filter placed in front of the photomultiplier (9553
EMI), but scattered green actinic light was not transmitted.
3 ml chloroplast suspensién. in 0.05 M KPO, pH 6.5 + 0,01 M
having a cﬁlorophyll qoncentration of 2.7 mg/litre; 'andg

containing various additiohs of electron transport modifier;

was placed in the sample cuvette., The sample was kept in the 

dark for a period longer than 5 minutes before the green

actinic light was passed through the cuvette,'and the fluor-
escence which was emitted at right angles to the actinic
light beam, measured by the photomultiplier. At the low

chloroplast concentrations used, the fluorescence measured

was found to be proportional to chlorophyll concentration,

but at higher concentrations errors would arise from non-un

illumination of the sample and also from re-absorption of

fluorescent emission. The induction curve of the fluorescen
samples was found to be urrstable over a period of several h

even though they were kept at 0° in the dark. However the fi



P700 redox changes. The oxidation-reduction c

;T of P700 in chloroplasts were measured on an Aminco-Chance
dual-wavelength spectrophotometer, as described in Chapter
Ef for chloroplast digitonin particles. The chloroplast .
concentration used was 45 mg chlorophyll/litre, which grf
absorbance changes in the range, 0.004 - 0.020. 0.3 M suc
i was present in the sample sﬁspension to minimise the settl
of the chloroplasts, which gave rise to a ddwnward-slopt

baseline. In all experiments 25 micromolar MV was added tc

increase noncyclic electron flow of electrons from PS2 tu"
through P700} and so emphasise any effect of added electro

transport inhibitors on this electron pathway.



RESULTS AND DISCUSSION

Fluorescence induction. The induction of the f

escence yield of chloroplasts, after various treatments to

modify the electron transport pathways through PS2, are showr
in Figures~5-3 and 5-4. The biphasic increase typical of u
- treated éhloroplasts (see for example, Malkin and kok 1966
was shown by the chloroplasts prepared as described in the
Materials and Methods section. The ratio of Fss to Fo was
ﬂ and the steady state was reached after 25 seconds (Figure
- However after the chloroplasts had been heated to 50° fof‘
minutes the biphasic character of the curve was lost and
value of F_ increased (Figure 5-3 (B) ). A similar effect
seen when 10 mN salicylaldoxime was added té chloroplasts f

é final concentration of methanol being 1%). When 1% methan

was added alone to chloroplasts, to act as a methanol contr

P

the value of Fo was the same as for untreated chloroplasts,

and a biphasic increase in fluorescence yield was still se

(Figure 5-3 (C)). The final steady state level of fluoresce
yield was constant for all éamples shown in Figure 5-3.

In Figure 5-4 the value of F o seen for the samp

hibitors was its linear increase from F_ (Figure 5-4 (B) )

When 1 mM potassium ferricyanide was present, Fo remained



50 =
3 i
- 4 -
—5seC —»
(A)
i 0 -
- P
a
\ - -
///"—ﬁ ‘///——— e
b .
n -
50« 50+
F F
q‘ sy
L DR oy L . | -
| o ] L] 53
—65sec —> — 5sec —
4 o
T -
(B) (c)
o Gl -
Figure 5-3. Induction of fluorescence yield (F) of chloroplasts.

(A) untreated; (B) chloroplasts heated to 50° for 5
min;{C) (a) 10 mM salicylaldoxime added, (b)
methanol control. Chlorophyll concentration

2.7 mg/litre. The steady state fluorescence yield

after 60 sec is shown for curve (C,b).
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Figure 5-4, Induction of fluorescence yield (F) of
chloreplasts, with addition of (A) 1 mM
ferricyanide,” (B) 0.05 mM orthophenanthroline,
(C) 10 mM cupferron, (D) 1 mM cupferron.
Chlorophyll concentration 2.7 mg/litre. The
steady state fluorescence yield after 60 sec

is shown for curves C and D.




changed but the value of Fss was decreased and the bipha§f1

i character of the curve was lost (Figure 5-4 (A)). A very siﬁ
effect was observed when 10 mM cupferron was added (FiguréAb
however when the concentration of cupferron was only 1 mM a
residual amount of biphasic character of the curve could s
é be observed (Figure 5-4 (D) ).

From these results it may be deduced that the
hibitors salicvlaldoxime, cupferron and orthophenanthrolin
affect electron flow through the.quencher Q in different w
indicating that they act at different sites. Cupferron appl
ly prevented the reduction of ( by PS2 by accelerating the;

oxidation of @ in a manner similar to that of ferricyanide'

Therefore it is propoged that cupferron is écting not as an
electron transport inhibitor, but merely as a Hill oxidant.
The effect of gentle heating of chloroplasts at 50° 'for 5_:
minutes on cﬂloroplast photoreactions is probably many-f§1
including an inhibition of the oxygen-evolution reaction

(Katoh and San Pietro 1968), and an inhibition of the cyclic
ﬁ‘ electron transport pathway (Whatley and Grant 1964) at a si

possibly on the electron transport chain from the reductive

terminus of PS2 to the oxidative terminus of PS1, Therefor

although salicylaldoxime has an effect similar to heating,

¥

little can be deduced from the site of salicylaldoxime in-

ke hibition by this comparison. As the effect of arthophenan

was sd similar to that of DCMU it appears that orthophén
{
inhibits electron transpgrt from the reductive terminus o

immediately after Q'(see also Murata et al 1966).




vestigated had a volume of 3.05 ml and was placed in g 10

10 mm Aminco cuvette, clear on all four sides., The chlorop

concentration corresponded to 45 mg chlorophyll/litre, an

absorbance coefficient for the P700 absorbance change was |

then an absorbance change of 0.0125 was expected for compl

conversion of reduced P700 to oxidised P700. All ahsqrbauéf’
o R

changes measured will be referred to this value as 100% »

E chloroplast suspension contained 0.3 M sucrose to reduce

:f of the chloroplasts, but sonme settling still occurred.

& the P700 confent, a steady state being reached between p
~oxidation by PS1 and reduction by cyclic electron flow f
the reductive terminus together with photoreduction by PS2

The light and dark steady states were reached very rapidly

b when the light was cut off from the sample, the reducing

in the electron transport chain between PS2 and PS1, which

provided by the supply of electrons from water, caused th

dark reduction of P700 (see also Malkin 1968)., Addition

“hibited and a half-time of & seconds was measured,
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Effect of the chelating agents on the light-induced
oxidation-reduction changes of P700 in chloroplasts
with 25 micromolar MV present to speed electron flow
through PS1. Chlorophyll concentration was 45 mg/ltr.
Illumination ;nd other experimental conditions as for
Figure 4-2, (A), (a) untreated chlorplasts, (b) 10 mM
cupferron added; (B) 10 mM salicylaldoxime added.
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FPigure 53-5 (B) shows the effect of 10 mM sali

doxime on electron

flow through P700 in chloroplasts:-tHwA

of photo-oxidation

of P700 seen was increased to 72% of th
- content, and when the blue actinic light was cut off a furt

? instantaneous oxidation of 68% occurred. The total oxidafi_

of 23 seconds. A control with 1% methanol alone, showed tha

héd no effect on the P700 redox changes.

In Figure 5-6 (A) the P700 redox changes are
for chloroplasts which had been heated to 50° for 5 minut
The photo-oxidation seen corresponded to 64% of the P700 co

and again an instantaneous oxidation took place on cutting

the actinic light, which was equivalent to 35% of the P700

A content. The dark reduction was slow with a half-time of

B 27 seconds.

of photo- oxidation remained the same as for untreated chl

plasts (32%), but when the light was cut off from the sam

52 : further oxidation equivalent to 100% of the P700 content

found, followed by a slow dark reduction with a halfetiﬁg

38 seconds. When ethanol was added in a control experime

alteration in the redox changes of the chloroplasts "‘ 

for astime of incubation equal to that used in the meast

of DCMU-treated chloroplasts. : ' ;f”h
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(A)

(B)

Figure 5-0.

Effect on the light-induced oxidation-reduction
of P700 in cﬂloroplasts. with 25 micromolar MV
present, by (A) heating to 50° for 5 minutes and
(B) adding 13 micromolar DCMU. Chlorophyll
concentration 45 mg/litre. Other conditions as

for Pigure 4=2.



ment inhibit both the cyclic electron flow around P31 and th
noncyclic electron transport of electrons from water to P700
through PS2. The steady state of oxidation of P700 reached

the light was therefore greater than that seen in untreated

fé chloroplasts or chloroplasts inhibited by DCMU, which only'f
blocked electron transport from PS2. The difference bptweeﬁi
mode of action of the inhibitors cupferron and salicylaldoxi
on the pattern of electron flow through P7OO is apparent fr
these experiments, clgarly indicating different sites of

action with the electron transport chain.

The large oxidations of P700 which were found wh

3 the actinic light was cut off cannot be explained, but it i

~possible that they are caused by a pool of electron accepto

around P700, which are oxidised during the light period to i

pool of reductant.

Hill reactions. As shown in Table 5-1, salicvlal-

doxime inhibited the reductibn of DCPIP and ferricyanide,

reported previously (Katoh and San Pietro 1966, and Renger

1967 respectively). However cytochrome ¢ reduction was no
hibited, demonstrating that the site of action of salicyl

was on the reducing side of PS2 not at the water-oxidati

The small amount of inhibition observed with 10 mM salicff

4

" doxime could be attributed to the effect of methanol, fof’



voltage 31). The gas phase was air. The components of the

sample (3 ml) were: (.05 M kPO, buffer pH 6.5, 0.01 M NaCl
chloroplasts equivalent to 0.015 = 0,050 mg.chlorophyll diA
9 ing on the Hill oxidant used, and either 0.1 mM DCPIP or
ferricyanide or 0.0733 mM cytochrome ¢. when ferricyanide
3 reduction was measured, 2 mM ammonium chloride was also a
B Salicylaldoxime was added as a 0.1 M solution in 10% meﬁ"
R Results are given as % inhibition of the uninhibited fate!
é‘ but typical values were (in micromoles'reduced/mg chloro:ﬂ
E hour) for,ferficyanide 230, for DCPIP 142 and for cytochr

5 %3,

5.25 mM 10 mM

Ferricyanide ; 56 88

E DepIp 58 97

Cytochrome ¢ s 6
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;éduct;on at pll 7.8 or pll 6.5 was measured anaerobically

was not constant but increased with time. The lack of inhib 

ion of cytochrome ¢ reduction is illustrated in Figure 5-7

where it is also seen that 13 micromolar DCMU could inhibit
the cytochrome ¢ reduction completely. In the dark period
following photoreduction of cytochrome ¢, the reducedigyto
¢ was slowly reoxidised. This reoxidation was not prévented—
anaerobic conditions, but could be completely stopped by
addition of .1 mM KCN, which did not inhibit the water;spliﬁf
reaction (see also Trebst 1963). The restoration of electro
donation to PS2 in inactivated chloroplasts by hydroxylamtﬁb
has been described by lzawa et al (1969), and it was foun&v
the present work that 10 mM salicylaldoxime could inhibit
restored electron transport (a photoreduction rate 'of i dd m4”
moles DCPIP/mg chlorophyll/lour) in heat-treated chloropla;
(Figure 5-7 (A) ). The lack of inhibition of cytochrome c o)
reduction by salicylaldoxime cannot be ascribed to the low
electron flow rate through the electron transéort chain wi‘y
cytochrome ¢ as Hill oxidant, because when DCPIP was used at

Hill oxidant with the light intensity reduced to obtain 1&;

al rates to those seen with cytochrome ¢, the inhibition of

DCPIP photoreduction was still apparent.

Lightbody and krogmann (1967) followed methyl

photoreduction by sonicated lamellae fragments at pH 7.8

under a nitrogen atmosphere and found an inhibition of elec

transport from water by cdbferron. However when DCPIP phét

the present work, K the degree of inhibition abtained'was”v
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5-7+ The inhibition of PS2 photoreductions by chelating *
agents., The time and absorbance scales apply to all
curves shown. (A) DCPIP reduction by, (a) chloro=- !
plasts heated to 50° for 5 minutes, (b) 11 mM NH20H
added, and (c) 10 mM salicylaldoxime added. (B)
cytochrome ¢ reduction, (a) control rate, (b) with _
5.25 mM salicylaldoxime, (c) with 10 mM salicylal=- |

doxime, (d) 13 micromolar DCMU added. (C) cytochrome

|
¢ reduction, (a) control rate, (b) 1.1 mM cupferron i
added, (c¢) 10 mM cupferron added , and {(d) with 10 mM ;

present inhibition increases during the light periodo!



oy ﬁ

lower than that réported by these workers for‘méthil ed

reduction by electrons from water, even when the light

ly: 1.1 mM cupferron giving 52% inhibition and 5.25 mM giv
70% inhibition. The inhibition of cytochrome ¢ reduction b
cupferron was comnplicated by an increase in the degrge of;%
inhibition during~ﬁhe time that the reaction ﬁixture was
illuminated by red actinic light (Figure 5-7 (C)). Howeve:
inhibition of the reduction rate was seen with both 1.1 mﬁ;
ferron and also initially with 10 mM cupferron. Both orthd
F phenanthroline and DCMU bould inhibit the photoreduction<mﬁ
E; all three Hill oxidants,
In Table 5-2, it 18 seen that the degrée (o % i i;
N ion of DCP1P reduction by 5 mdM salicylaldoxime increased wi:
- increasing light intensity. This could be interpreted to"#

that the site of inhibition was at a dark step after the

light intensity was increased.

~



e

TABLE 5-2. DEPENDENCE OF SALICYLALDOXIME INHIRITION O

REDUCTION ON THE LIGHT INTENSITY.

The photoreduction of DCPIP was measured

ed in the legend to Table 5-1, except that the DCPIP

£ ion was 0,167 mM, chloroplasts equivalent to 0.027 mg chl

9 phyll were present, and the light intensity was varied by

first with the lamp voltage increasing and subsequently w:
it decreasing, in order to check the stability of the redti
; rate. At the end of the experiment the DCPlP was still not

-

completely reduced. Keduction rates are expressed as micro-

moles DCP1P reduced/my chlorophyll/hour).

Lamp Uninhibited Salicylaldoxime uninhibited rate

9 voltage rate Light Light Average

3 increasing decreasing
16 e 5.6 » 5.4 5.5
5 26 66 .1 Lo .8 39.3 40.0

45,8




Figure 5-2: 10 mM salicylaldoxime inhibits electron tranép"'

electron transport pathway from PSZ,.

The copper chelating agent cupferron, introduce

reaction with ferricyanide could be simply a competition fo
electrons from PS2. |
; ‘ Therefore salicylaldoxime and cupferron do not

inhibit at the same site and it is probable that neither
%ﬁ chelating agent inhibits by wvirtue of binding the active
;: copper of a hypothetiéal.second copper-containing<chloroﬁiﬁr

component , Orthophenénthroline inhibits electron trénsport:

but its site of action at the DCMU-inhibition locus strengg
:5 suggests that it does not inhibit by virtue of its chelati

ability.
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temperature can be safely raised to 20 - 25° without extra

"4in vacuo over P,O_ until use.

APPENDIX A  NONAQUEOUS CHLOKOPLASTS

Preparation. The method of preparation of non-—Z

aqueous chloroplasts is based upon that described by Thala
and Behrens (1959). Preeze-dried spinach leaves are homogen
ised in a nonpolar organic solvent and the chloroplasts re
leased by this treatment separated from large debris, nucle
and mitochondria by centrifugation over a density gradienﬁ:
prepared from hexane and carbon tetrachloride. The mainten
of the integrity of the photoreaction centres in the,chlofé
plasts is dependent upon the prevention of the loss of chlo
phyll. This is achieved by using temperatures below 0° when
the chloroplasts are in contact with hexane/carbon tetraéh

mixtures. When hexane or heptane alone is used, then the

of chlorophyll.

A typical preparation proceeded as follows: Sp:

grown for 3 - 4 weeks in a greenhouse, under a 16 hours lia

was stripped from the stems and roots, placed in a chilled
mortar, and liquid nitrogen added in excess to freeze the

material completely. This was then placed in a freeze-dri

placed in a deep freeze, the vessel being evacuated with

0il pump. Freeze-drying took-about 2-3 days. The matefia;’

then broken up into a fipe powder using a pestle and stor

25



teflon end bearings and a teflon sealing ring, with 200 ml
hexane-carbon tetrachloride mixture 50:50 (v/v) for 2 x 2
minutes. The green homogenate was layered over an equal volur
of hexane-carbon tetrachloride 25:75 (v/v) at -20° in glass
bottles and centrifuged at -5° in a swinging bucket rotor ai!:

2,000 g for 10 minutes. The chloroplasts formed a layer at e

from the gréen sediment of large debris into hexane at -20°'
to reduce the density to 1.13. The chloroplasts could then hf
precipitated by centrifugation at 2,000 g for 10 minutes aﬁl‘
-5°, resuspended in a little hexane, and transferred to a

beaker, which was placed in a desiccator containing 920 and

5
evacuated to remove all traces of organic solvents. The
chloroplasts could be stored dry, in vacuo, for at least a

week without loss of activity, when kept at -20° in the da

phyll from 60 g fresh spinach leaf material.

An important consideration in the preparation

material with the organic solvents. The freeze-drying proce
must remove all water content, and the organic solvents must
be water-free, which is aochieved by filtering the solvents

.20° through fast-flow filter paper. A



E plasts in the greatest yield. Further purification can be
obtained by using a continuous gradient,or a discontinuous

gradient with more gradient steps, between densities 1.25 and

{ with organic solvents under strictly controlled conditions,i
particularly with regard to temperature.

Properties. The chloroplasts can be resuspended i

aqueous buffer at 0° with a Potter hand-homogeniser. The

plasts at the red absorption band of chlorophyll was found”ﬁﬁ
be 680-681 nm; when measured on the Cary 14 spectrophotomqté%v
However when the same suspension was measured on the Cary,fj
with a scattered light transmission attachment, the maximum

E was at a wavelength 4 nm lower: 676-677 nm. This rather lar

3 1964 ) .
- When the resuspended chloroplasts were treated

with 1.3% digitonin at a digitonin to chlorophyll ratio ofy

10:1, the pattern of the digitonin particles of the 80,000

b supernatant on a 10 - 30% sucrose gradient was similar ﬁd,
of ordinary aqueously-prepared chloroplasts (see Wessels

A small difference between them was in the colours of the

various bands, which were dark green, pink, apple-green an@

&

- green-yellow, for the bands in order from the bottém of



centrifuge tube. Cytochromes f and 96 were present in the
band and plasto&yanin was detected in the colourless top z
The lower dark green band (FI) was the fraction active in P

electron transport.

prepared from nouaquedus chloroplasts was measured as deseri
by Wessels (1966). If the Fl fraction was prepared as descri
above, from nonaqueous chloroplasts extracted further with
hexane-carbon tetrachloride 50:50 (v/v) at 5°, then it was
possible to completely remove beta-carotene. Chloroplastssi
equivalent to 2.5 mg chlorophyll were treated with 1. 3%
digitonin: 1.11 mg chlorophyll was found in the 80,000 g
precipitate, and a total of 1.11 mg chlorophfll was found
frgctions collected from the sucrose gradient. The FI frac
gave a NADP reduction rate, with ascorbate-DCPIP and the
enzymes added; of 10.8 micromoles/mg chlorophyll/hour; the
activity of the FIII fraction was zero as expected. The be‘a&

carotene content of the active F; fraction was less than one

tenth of a mole per 250 moles total chlorophyll, when the ﬁb

content of the fraction was analysed by thin layer chrom§t 
graphy on Kieselgulhr as described by Wessels (1968,.

Although the NADP reducing activity is low, it
is sufficient to demonstrate that beta-carotene canrnot Eéi

ed as an essential electron transport component of PS1 as

©
suggested by Lundegardh (1969). In more recent work in

*

co-operation with Dr. Wessels, rates of NADP reduction as

_as 160 micromoles/mg chlorophyll/ hour have been seen wi
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P, fraction from nonagueous chloroﬁlasts. The NADP reduction
cannot be ascribed to a nonenzymatic reaction of solubilised }5
chlorophyll as plastocyanin is found to be required absolut341 
1y (see Massini and Voorn 1968),

o

PS2 activitv. It was found possible to demonstrate

PS2 activity in nonaqueous chloroplasts., The ability of tholf
chloroplasts to oxidise water is lost during their preparation
either in the freeze-drying stage or during the isolation in 
organic solvents. Hoﬁever when manganese chloride is added.a;f

artificial electron source, electron transport can occur frgﬁ‘

the oxidative terminus of PS2 to the reductive terminus of P$

During the isolation of the chloroplasts, plastoquinone A.isf
extracted and the reduction of DCPIP or ferricyanide cannot
be observed (Bishop 1959). However added parabenzoquinone ca
substitute for the extracted plastoquinone at the reductive
terminus of PS2, and its reduction to hydroquinone can be»r
followed spectrophotometrically at 290 nm.

The experimental conditions were as follows. The
reduction was measured anaerobically on the Cary 14 spectrof
photometer modified as described in Chapter 5 for side illumil
ation with red light. An ultraviolet filter showing 60% traﬁ
mission at 290 nm (Schott UG11) was placed in front of the
photomultiplier to prevent interference from scattered acti 
light; neutral density filters were placed in the reference

beam to obtain the necessary balance between sample and ref

ence light beams. The 3 ml sample solution was placed in a




of 21°, and the sample stirred magnetically, 10 mM parabehaﬁ
quinone solution was freshly made up in water each déy fromi
freshly-éublimed parabenzoquinone, and the solution was.kepé‘
in the dark. The molar absorbance coefficient difference aﬁ”
290 nm for parabenzoquinone and hydroquinone was determingd
to be 2,250. 0.1 M MnCl, in water was made freshly each‘déyi
A b DORU solutien in 50% ethanol was used. :

The results are presented in Table A-1 for nonT,;

aqueous chloroplasts resuspended in 0.1 M sodium acetate

benzoquinone and also hydroquinone were quite stable in sod:

acetate buffer pH 6.5 under anaerobic conditions, with and

by a steady value of A290. Under aerobic conditions para- .
benzoquinone was stable in the presence of manganous ions hﬁ,
hydroquinone was graduall& oxidised. It was found that the
presence of tris buffer caused an instability of parabenzoq'

seen as an increase in A2 Under the experimental conditic

90°*
used in the present work, the value of A290 was congtant in
dark periods both before illumination started and after

illumination had ceased, For a standard sample, made up as
described in the legend to Table A-1, a total absorbance‘é;
at 290 nm of O.14 was found after a light period of 8 minut

correspdnding to a hydroquinone concentration of 0,062 mM.



TABLE A-1. THE PHOTO-REDUCTION OF PARABENZOQUINONE BY NON-

AQUEOUS CLILOKOFLASTS WITH MANGANESE AS ELECTKON
DONOK . |
The reduction of parabenzoquinone was measured
in the Cary 14 spectrophotometer as the increase in absorb:;
at 290 nm on illumination by red light of intensity 100 w/wﬁ
Temperature 21°., The standard sample volume (3 ml) coﬂtaina@
1 mM parabenzoquinone; 0.1 M sodium acetate buffer pH 6.5;?;
chloroplasts equivalent to 0.05 mg chlorophyll; and 3.3 mM

manganese chloride. Omissions and additions are noted undér

remarks. All samples were anaerobic, gasphase: nitrogen.

Parabenzoquinone reduction rate Remarks

(micromoles/mg chlorophyll/hour)

L9 Standard system.

0 ; . Mn012 omitted. a

0 : Parabenzbquinone_omitﬁ

0 : 13 micromolar D?MU add:

4o : Ethanol control for~;
addif

21 ; 0.05 mM hydroquinone

mM hydroquinoﬂﬁ




"Ijhe"re'c‘i‘ucti}anf rai:‘e‘i, qwii‘:‘éd in éablé "A-' 1 afé
initial rafes, for the rafe of reduction of parabenquuiﬁv
decreased progressively as hydroquinone was formed. Thq
initial rate in one experiment was 49, which declined torz,
after 4 minutes light; after a 4 minutes dark period, the‘;
rate found was the same: 26. This again decreased in theﬂ 
light, until after a further 5 minutes, the rate was only
All rates are given ;s micrOmoles parabenzogquinone reduced
chlorophyll/hour. :

The inhibition of parabenzoquinone photo-redu

by hydroquinone is also seen when hydroquinone is added p

quinone = 4 would not lower the redox potential sufficien

to account for the inhibition of the recduction rate. It ‘s

electron flow around PS2, as it has been shown recently t
hydroquinone can cdonate electrons to the oxidative termih

of PS2 (Yamashita and Butler 1969).

manganese chloride has been recently described for chloro

inhibited by washing with 0.8 M tris buffer pH 8 (Yamask




APPENDIX B.
: EPK. The equations used to evaluate the.bondi‘
b parameters of the copper-ligand bonds in p;astocyanin’ahd

4 rubimedin are:

. & N a®
. 002 -
(1) g, = 2.,0023 iy
ﬁ where %M is the g-factor ‘of the low field signal; A 1is t

&

spin-orbit coupling of the free cu®* iom (= -828 cm-y); A

is the wave number of the absorbance maximum in the visib]l

: ) . A
g (3 wfexy (e~ ) »ide (e o) L auli

3

where gA/is the g-factor of the low field signal; g, is
£ g-factor of the high field signal; A, is the hyperfine spli

'ing constant of the low field signal; P is a constant, fo

-1

u2+: P 5 0,038 am' .

C

as for (1i).

Gaussian curves. The equation of a Gaussian
X=X

ist vy = N exp - . When i cm is a constant in

202
along the x-axis, then

: . ; (1+1-x‘°)2 - (i-xo)2
- y./y ‘= exp ' 2
f o Sl LA 202

.
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Taking logarithms and expanding the brackets:

‘

) 2i+1-2x0 1
: 1n(y /'y = z e %

i ! Lo . 1 r
Therefore, 2.3026 log, (y,/v;,,) = e .i + constant, an

the reciprocal of the slope of the plot of log1o(yi/yi*1)'~

against i will give the value of 0'3 for the Gaussian curV?

B For the estimation of diffusion coefficient

(D cm?® /sec) from profiles of the protein solution-solvent“’
boundary, in a synthetic boundary cell at various timés (i
the value of‘(:)"2 is used directly: G"2 w2 DG .

The same analysis can be used to estimate the
width at half height (W) of partially overlapping Gaussiu}
curves when visual estimation is not possible during aminb'
"écid analysis. when O~ 2 is found for each curve as descril

above, then W = 2 (2 1n 0.5cr’)%.

Partial specific volume. The relationship gi

by Schachman (1957) was used to evaluate the partial spéb
volume (;) from the measured concentration of the prnteiﬁf
solution, x (g/ml), and the densities of the protein solt

d (g/ml) and of the solvent, d_ (g/ml):

= . (d-d )
v (ml/g) = d? - o e = .
e] o

’

Sedimentation equilibrium. (i) The basic eq

-

for the distribution at equilibrium of the concentratio



b volume v (ml/g) with radial distance ri(cﬁy in a solution

9 density ,O(g/ml) at a temperature T°K and angular velocit

W ( radians/sec) is:

e w?
ddl;‘f = M(; K’fl , where R = 8.315 x 10

@ erg/degree.mole,
{; When Rayleigh interference optics are used, the concentrat

is measured in terms of absolute fringe number fary

o

g (41) An alternative form of the basic equatian

is the Lamm plot (Creeth and Pain 1967):

v 1 dn s : =
: d-1n( e dr) M(1-v0 ) ?
dr? 2 Ry

: dn/dr is the refractive index gradient at the radial distanc
ricm), and is measured with a microcomparator as the displ
ment of the equilibrium schlieren pattern from the baseline

(Ay mm). The left hand side of the equation then becomeq}'
d 1n( 8 y/r)

dr?
presented in Chapter 2 as (1 + 1og1oA yie ).

y and as In( A y/r) is negative, the data aré

both tlese plots yields straight lines and measurement of

slope gives the value of M(1—;M3)u)2/2 RT.

Diffusion and gel filtration. (i) The treatxé-eéx

-



{; able to that protein:

]
<
Py
q
<
[

= O = Vp/Vi , also Ve

N i

4 where Vp = penetrable volume; V, = total internal volume of

the gel matrix; Ve = the elution volume of the protein; Vb
void volume of the gel bed. ¢
ﬂ‘ The function erfc"q* is the error functioh4,
2 complement of the Gaussian distribution of the fraction oﬁf
the internal volume of the gel matrix penetrable by a mol@
and can be obtained from published tables of erf x (Abrﬁﬁ§
and Stegun 1964); for erfc” O = erf'1(1—cr). |

(ii) The Stokes-Einstein equation is used to

(a cm) at a temperature T°k and in a medium of viscosity

(Q g/sec.cm) s

D(cm® /sec) = kT/6Trqa, where k = 1,380hx10f? fl;
t b

(iii) The shape of a protein molecule is relat
to its Stokes radius by the relationship:

| 1

f/fo = A, (—%15—%f)» 3 .(See for example Si

and Monty 1966).

*



R AN Lasiy Ll ar b goo

3 ; 180

(iv) The measured values of the diffusion coefficient

at temperature t° and in a medium of viscosity q (g/sec.cm) is

T R T A TR = Ty o] ey

corrected to the standard conditions of 20° and water using the

equation given by Schachman (1957):

D - 293 n LW {
20 ,W Weas. T URIWE) R ; :

M 20,w

(v) The approximate relationship of Longsworth ;
(1955), allows an estimation of the diffusion coefficient

(D em® /sec) of a protein: i

Method of least squares. To obtain the best fit

for a stwraight line through a set of experimental points the

method of least squares is used. The straight line obtained

is given by, y.= m x #.¢. 1f there are k observations of =%

and y, then the bhest values for m and c are:

c = [:Z(i).zh - an. Z(xnyn)]
LS e
m= [:LZ(X.\Y“)‘—' an.zz',\]
et e 8 o
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ABSTRACT

Plastocyanin has been isolated from lettuce,
parsley and spinach, purified using DEAE-cellulose, ammonium
sulphate fractionation, gel filtration and calcium phosphate
gel adsorption and shown to be homogeneous by gel electro-
phoresis, ultracentrifugation and amino acid analysis. Plasto-
cyanin, like bacterial blue copper proteins, contains one
copper atom per molecule and has a predominantly hydrophilic
amino acid composition. The EPR spectra are also similar,
however, plastocyanin has a lower molecular weight than
bacterial blue copper proteins. The copper binding site of
parsley plastocyanin probably involves histidyl and tyrosyl
residues of the protein. The iscelectric points of plastocyanin
from the three sources were all found to be near pH 4; but the
protein from spinach was somewhat more acidic than that from
lettuce, which was in turn more acidic than that from parsley,
in agreement with the electrophoretic mobility and the amino
acid composition. An acidic isocelectric point is apparently
characteristic of higher plant plastocyanin.

The molecular weights of the three plastocyanins
were estimated to be near 11,000 both by gel filtration and .
by sedimentation equilibrium studies. The diffusion coefficient
and the Stokes radius of spinach plastocyanin have been
estimated both from the gel filtration data and by synthetic
boundary experiments in the ultracentrige, and the values

”

found to disagree with published results. It is proposed that

the source of error in the determination of the literature
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value of the molecular weight of spinach plastocyanin (21,000)
lies in a two-fold underestimation of the diffusion coefficient.
The value of the Stokes radius observed in the present work
agrees with that expected for a typical globular protein of
11,000 molecular weight. The plastocyanin molecule could apparently
have a loo;e conformation for a variation of 20% was seen in

ﬁhe elution volume of parsley plastocyanin from Sephadex G-75
depending on the buffer composition.

Analysis of copper by atomic absorption spectro-
photometry in preparations of purified chloroplasts gave between
one and two gram atoms per 400 moles of total chlorophyll, not
allowing a decision to be reached concerning the possibility
of a second copper-containing component in addition to the one
molecule of’plastocyanin per basic photosynthetic unit.

The effect of plastocyanin on cyclic electron flow
in chloroplast digitonin particles, deficient in PS2 activity,
was investigated by observation of the light-induced redox
changes of P700 by dual wavelength spectrophotometry as
plastocyanin was added back to the particles. It is proposed
that plastocyanin is a component of both cyclic and noncyclic
electron transport pathways. The increase_in the dark reduction
rate of photo-oxidised P700, which was found when plastocyanin
was added in small quantities, was at first linearly ﬁroportion-
al, and then proportional to the square of the plastocyanin
concentration. When plastoquinones A and C were removed by
extraction with non-polar_ solvents the dark reduction rate

remained linearly proportional to plastocyanin concentration,
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at all concentrations studied. Whefeas the dark reduction by
electrons from the reductive terminus of PS1 through plastocyaniq
was unaﬁfected by the presence of methyl viologen, the similar
increase in dark reduction rate induced by DCPIP was inhibited

by methyl viologen.

Rubimedin has been isolated and found to contain
equal amounts of copper and iron. It possessed a well-defined
EPR spectrum, believed to arise from copper bound in an axially
symmetrical site, and distinct from the spectrum of copper
bound nonspecifically to protein. The visible spectrum was
bleached on reduction with dithionite. It is however proposed
that rubimedin is an artefact, and that plastocyanin is the
only copper-containing component active in photosynthetic
electron transport.

Inhibition of electron transport by the copper
chelating agent salicylaldoxime is between cytochrome 559 and
-cytochrome f at a site common to both cyclic and noncyclic
electron pathways and distinct from plastocyanin. The
mechanism of inhibition probably does not involve chelation
of copper. Cupferron, also a copper chelating agent, inhibits
electron transport, but at a site distinct from the
salicylaldoxime inhibition site. Its mechanism of inhibition

is probably simply by competition for electrons from PS2.
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