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Abstract

The development of photochemical activity in relation
to pigment and membrane protein accumulation in chloroplasts
of greening Gateway barley and its virescens mutant was
studied. Seedlings of both genotypes were etiolated or grown
under continuous illumination for 6 or 8 days. The
chlorophyll a/b ratio was significantly lower in the mutant
after both 6 and 8 days iﬁ continuous light. Upon exposure
of etiolated seedlings to light, the rate of chlorophyll
accumulation per plastid was faster in the normal than in
the mutant seedlings after 6 days of ¢t{olation. These rates
were almost equal after 8 days due to a decrease in the rafe
of greening of the normal seedlings. A larger amount of
extractable plastoquinone A per unit chlorophyll was present
in the mutant at both 6 and 8 days. Although the protein
content per plastid did not vary as a function of greening,

e sodium dodecyl sulfate polyacrylamide gel electrphoresi§//7
shgwed a chénge in the polypeptide profiles. High molecular -
weight polypeptides *(36000 and 66000) declined whereas those
at 34000, 27000 and 22000 showed an increase during
chloroplast development. Electrophoresis of thylakoid
membranes treated with sodium dodecyl sulfate at 5C or 106C
was used to idgptify chlorophyl]-prbteins.

Chlorophyl1-proteins corresponding to the reaction center of
Photosystem I (mol wt 66000) and Photosystem Il (mol wt

47000), as well as a monomer (mol wt 238000) and a dimer

iv



(55000) of the light-harvesting chloraphyll-protein conpdex’
were present in both normal and mutant thylakoids.
Freeze-fracture electron microscopy revealed two exoplagmic
face (EF) particie size classes in the normal chloroplast
membranes, only the smaller of which was present in the
mutant. In addition, protoplasmic face (PF) particlies in the
larger of two size classes were only present after 8 days of
continuous illumination in the mutant, whereas both size
classes were clearly visible in the normal thylakoids after
only 6 days.

Photochemical activities associated with Photosystem I
(tetramethyl-p-phenylenediamine-->methyl viologen) and with
Photosystem 1 plus Photosystem 1]
(diphenylcarbazide-->dichlorophenolindophenol) were
measurable within the first hour of greening in both normal
and mutant ch]oroplasts. This was followed by the appearance
~of the photoreduction of dichlorophend]indophehol with water
~as electron donor at the 2 hr stage and oxygen evolution '
(water-->ferricyanide) at the 6 hr stage of greening. In all
cases, the dgvelopmenta] rates (per unit protein) ‘were
faster in the norma}l than in the mutant seedlings after 6
days of etiolation, but similar after 8 days due to a
decrease in the developmental rate of the normal. There was
no difference in the electron flow through the Photosystem
Il reaction centre
(diphenylcarbazide-—>dimethyl-p-benzoquinone) between normal

and mutant seedlings grown in continuous light in sbite of



the higher levels of plastoquinone A in the mutant, and the
higher rates of whole system photosynthetic electron
transpobt (water-->ferricyanide) or ,
water-->dichlorophenolindophenol) in the normal
chloroplasts. The photosynthetic unit size measured by the
Kinetics of light saturation or dichlofophenyl-dimethylurea
inhibition of dipheny]carbazide-->dichlorophenolindophenol,
was the same in both and mutant seedlings. However, changes
in size of the photosynthetic unit associated with

development were slower in the mutant.
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‘ A I. INTRODUCTION

An effective method of studying chloroplast
morphogenesis involves the‘use of specific mutations which
delay or halt dévelopment at a particular point in the
sequence of events. Many such mutants have been
characterized in barley by Von Wettstein (233). One such
mutant, virescens, is phenotypically characterized by a
seedling which ié pale yellow-green upon emergence, but
which later recovers and becomes a viable green plant.

A virescens mutant of Gateway barley has been studied
extehsively in this laboratory for several years. This
mutant is characterized by a light and temperature affected
lag in cé%orophyll biosynthesis (149, 160). Low amounts of
protochlorophyl1l observed in the mutant etiolated seediings
{149) are not due to an inadequate production of ALA or its
precursors (197). Mutant étioplasts contain no prolamellar
bodies and upon illumination are slow to develop an i&}ernal
lameliar system (117). Photoreductive activity (105) and
protein synthesis (195, 197) are affected in light grown
: mutanf seedlings, but the rate of mobilization of reserves
from the embryo is not (196).‘This variety of pleiotropic
effects, however, results from a single-gene mutation in the.
nucleus (217, 237).

One of the purpdses of this thesis was to further’
characterize the mutant with respect to photochqucal

N

-’ .
activities, pigment and chloroplast membrane proteins. Many



differences have already been shown between normal and
mutant chloroplasts,»thever. most of these previous studies
involved a direct comparison between light grown yellow
(mutant) and green (normal) plants. As a result, the
differences seen could be explained by differences in the
developmental stage of the tissues beiﬁg compared, rather
than those due to the specific.,mutation. In order to
circumvent this problem, much of the work presented in this
thesis involves the use of etiolated normal and mutant
seedlings and a study of the subsequent greening. The dark
pretreatment was used in an attempt to achieve a
developmental alignment, thus reducing the effects_of
developmental differenceé.

The second aspect of this study involved the yse of tﬁe
mutant as a tool with which to study the various phenomena
of chloroplast development. When grown under cont3ndous
illuminationy, greening of the mutant occurs very slowly.
Thﬁs devélopmental changes occurring in the mutant may
closely approximate the sequence of eveﬁts in the normal
pr-s. -<tid to chloroplast trangformation, but at a rate slow
enour. -~ maKe detection of sequentﬁa] changes possible.

. ve divided this thesis into three main secf}ons.
ihe s:uc¢ = of the development of membrane prbteins,
’chlorophy‘ anc. plastoquinone have been grouped togethgr
under ' components of photosynthetic electron transport’ . The
experiments on the development of various photochemical

sequencés of the photusynthetic electron transport chain



"have been grouped together under ' functional studies’ .
Finally, the analyses of chloroplast memb;;nes by

freeze-fracture electronmicroscopy, which were done in
cbllaboration with Ms. E. Weretildnyk, are ﬁfesented as

appendix to the thesis. '

an



—

II. LITERATURE REVIEW

A. Chloroplast Structure
1. Pigments

The most obvious structural component of any green
tissue is the pigment responsible for this color, namely
chlorophyll. The lipophilic chlorophyll molecule is
exclusively located in the internal photosynthetic membr-nes
which, in eukary s, are compaptmentalized within the
chloroplast. Twg classes of chlorophyll, chlorophyll a and
bacteriochlorophyll a, are the only two pigments known to bé
responsible for the actual energy conversion step in ’
photosynthesis in ch]orophy]]-cgntaining organisms. The
universality of chlorophyll can probably be explained by its
unusual, buf>ideal, chemical structure. Chlorophyll is made
up of four substituted pyr;ole rings arranged in a
macrocyclic structure sunfounding a4 chelated magnesium ion.
To this porphyrin core are attached various side chains,

includiné the C20 “isoprenoid alcohol, phytol. The

‘pi-electron system of the molecule allows a strong

absorption of visible light, while the aromatic stability of
fhe ring structure provides a molecule which can "store" the
energy of an absorbed photon and become a power ful electron
donor. Although the chlorophyl] mélecule is complex in
nature, it is synthesized from glycine and succinate (250)
or glutamate (21, 158). These twg compounds combine in a
reaction catalyzed by ALA synthetase to produce



aminolevulinic acid, the building block of chlorophyll.
Indeed, the macrocycle of chlorophyll is simply an octamer
of ALA. The biosynthetic pathway of chlorophyll has been
well characterized for many species (see reviews 20, 28, 85,
188, 193)

Chlorophyll b in most higher plants, and phycobilins of
blue green aléae, are additional pigment§ which are
secéhdarily involved in photosynthesis. These "antennae"
molecules serve to trap light energy and trénsfer it to
chliorophyll a and ultimately to the reaction centre (122)(///ﬂ\\
" The carotenoids, a more diverse group of compounds, are
found in most green species and are thought Mo act either as
antennae or in the protection of chlorophyll from
photooxidation (6, 80, 191). Chlorophylls and carotenoids
also express Epe aBility to bind to proteins (222) and
fherefore likejy exist in the photosynthetic membra-e in the
form of pigment/protein complexes. "
| A1l of the enzymes invo]ved‘in pfgment biosynthesis
have been found within the chloroplast (28, 85). However,
inhibitor studies have shown that many of these enzymes are
transcribed on cytoplasqﬁg;BO S ribosomes in barley (127).

4
The biosynthesis of chloroplast pigments, therefore, .
involves a dynami§ interplay between the chloroplast and
nuclear genomes.
2. Proteins

Protein makes up from 60-70% of the dry weight of thg
phioroplast (133). Abbut half of this chloroplast protkin is



the soluble enzyme Ribulose-1,5-bisphosphate carboxylase.
Most of the remaining protein is associated with the
prolific membrane system of the plastid and can only be
solubilized with detergents. One dimensional electrophoretic
separations of thylakoid membranes in SDS have generated
polypeptide profiles with as many as 43 distinct bands
(106). Recently, two dimensional techniques have been
developed involving isoelectric focusing in the first
dimension followed by SDS-electrophoresis in the second
(173). This method was firsf used on photosynthetic
membranes to characterize subchloroplast fractions enriched
in either PSI or PSII (172). Later, it was used to analyze
the total complement of thylakoid proteins, with the result
that 58 distinct peptide spots were identified from

Chlamydomonas thylakoid membranes (30).

The identification of the membrane proteins seen on
electrophoretic gels is'difficult, as the removal of
proteins from the membrane with SDS results in a
denaturation and a loss of function of the polypeptides.
Nevertheless, the positions of the five coupling factor
subunits (107, 167, 221), cytochrome f (107), ferredoxin
(109, 110), and plastocyanin (59) have been identified. In
addition, the positions are known for a series of
chlorophyll-protein complexes (27). The chlorophyll-proteins
were designated as chlorophyllins by Thornber gi al.(226),
and these terms are used interchangeably in this thesis.

-,

The chlorophyll-protein complexes, or



chiorophyll—proteins, were first identified as green bands
on SDS-PAGE gels by Chiba (50). Sinc? that time, the
preparation and purification of chlorphyllins have been
'refined to a level that allows the assignment of specific
photochemical functions to the bands (see reviews 27, 223,
225). Until 1978, data on chlorophy11 proteins from many
laboratories described three pigmented. bands on
e1ectrophoretic gels: a P700‘éhlorophy]l a protein, thought
to be the‘reaction centre of PSI: the light-harvesting
chlorophyll a/b protein which has been proven not to be the
reaction centre bf PSII as previously believed (224); and a
band of free chlorophyll running at the electrophoretic
front. In a methodological study, Wessels and Borchert
showed that lipid extraction, high detergent concentrations,
or heating to 100C in SDS would cause the loss of
chlorophyl1l from the chlorophyll protein complexes 241). By
the use of lower detergent to chlorophyll ratios and less
harsh extraction techniques, two additioha]rchlorphyll*a/b .
chforophyjl proteins were identified almost.simultahéously
in separé%e'laboratories (153, 7, 99). These additYonal
bands were thought to be dimers and trimeﬁg,of the LHC. In
addition, a unique chlorophyl] a-containiﬁg band was found,
similar to that first described by Hayden and prkins (84),
which migrated’between the LHC and the P700 chlorophyllin,
This band was present in a ch]orophy]l b-deficient mutant of
barley which lacks LHC but retains PSII activity (159), but

was absent in a PSII-deficient mutant of barley (213). It



has, therefore, been proposed that this band is the PSII
reaction centre.

Machold et al. have described ten
chlorophyll-containing bands plu§ free dhlorophyll in
wild-type bar 'ay (147). Broglie éi al. used lithium dodecy!
sulfate, rather than SDS, and obtained eleven
chloropgyll~containing‘bands from Rhodopseudomonas (40). A

novel extraction procedure involving SDS and a zwitterionic
detergent, has been recently developed by Markwell et al and
gel profiles were obtained With no free pigment band (154).
These findings suggest that all the chlorophyll in the
thylakoid membrane may, in fact, be bound to protein.

The site of synthesig'of chloroplast proteins has beeQ
the subject of several recent reviews (67, 68, 76, 137).
Based on analyses of purified chloroplast DNA, ¢hloroplasts
contain sufficient genetic information to code for an
estimated 300-400 prote:~~ of 20,000 d, (22, 96). The most
abundant protein in the chloroplast, RUBP carboxylase,
illustrates an interésting study of location and contrbl of
biosynthesis of a chloroplast protein. This protein is an
aggregate of two types of poiypeptide subunits (138). The
larger subunit is coded and transiated in the chloroplast,
while the smaller one is codéa in. the nucleus and translated
in the cytoplasm (137,138). This was initially hard to
reconcile, as there was no satlsfactory explanat1on of how a
proteln could cross a hydrophob1c lipid membrane barrier.
Ellis first proposedla mechanism involving a large precursqr

l_'/
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to the small subunit, which was shown to be transcribed by

80 s ribosomes in vitro (100). ‘After this precursor was

w

-
ra

incubateq with intact chioroplasts, the smal]jsubuﬁit. but
not the precursor, was found to have begnviransported into
the plastids. The explanation of this phenomonon was that
he "processing” of this precursor, or the removal of a
small polypeptide chain at the chloroplast envelope was, in
some way, linked to the transport of the protein across the
membrane. The in vitro synthesis of higher molecular weight
precursors of the LHC (53) and ferredoxin (111), two
genomically-controlled proteins, supports the suggestion
that this may be a universal mechanism for transmembrane
protein transport.

RuBP carboxylase also provides a model with which to
study the mechanisms that control‘the balance of protein
synthesis in thqvchloroplast and in the cytoplasm so that an
excess of one type of subunit is not produced. Two possible .
control meéhanisms have been suggested by Ellis (67). The
simplest mechanism assumes that the synthesis of the large
subunit is‘contfolled by a negative feedback of the large
subunit, and that the small subunit acts like a derepressor
by combining with the large subunit, effectively reducing
its concentration. In this way an excess of the large
subunit over the small subunit will repress the synthesis of
the large subunit. Thé second mechanj;m assumes that the
cytoplasmica}ly synthesized small suQunit is a promotor, and

thus has a positive effect on the §§ﬁthesis of the large

O
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subunit. At present; not enough is known to categorically
support or reject either of these two proposals. The above
discussion of RuBP carboxyl;se may’be applicabie to.any

organellar @ulti@eric enzymes that have both plastome and

genbme contributions (52,67).

| 3. The Membrane System

As early as 1779,/it was kKnown that only the

chlorophyll-containing portions of a plant were capable of

LY

photosynthesis (cf. 178). However, it was not Unti] over a

hundred years later that this funct1on was localized to the
chloroplasts (167;] In those days only ]1ght m1£Jbscopy wad.'
ava1lable and the plastid was seeépas a
chlorophyll-containing organelle, but only a 1imited amount
of internal membrane structure could be discerned. With the
advent of the electron microscope, the reso1ution of the
chloroplast structure could be measured in nanometers. w{th
this'ihcreaSed reso]utién, it was soon appareﬁf that
chlorop1asts from different photosynthetic species can vary
reharkab]y in morphology. By classical description, a

éh]oroplast is a 5-10 um lens-shaped organelle surrounded by

two 1imiting_membranes which contains an internal lamellar

region of stacked thylakoids, or gfana {usually 4-10
thylaKoi@g’per granuﬁ), interconnected by stréma lamel lae.
This.descriptibn, however, has mény exceptions. The.
Sﬁndle-sheath chloroplasts of C4 species (140), asvwelq:%s-
many algal species do not have stacked thylakoids (169).
Algae of the Chromophyceae may have three or four limiting



11

-

membranes (56, 63) and the shape of the chloroplast may be

stellate as in Porphyridium (168), or helical as in

Sgirggxré rather than lens-shaped. Although the structural
polymorphisms are great, the chloroplast function and the
localization of specific activities are consistent
throughout all photosynthetic species. fFor the purpose of
simpiification, the foilowing discussion of chloroplast
structure will be focussed on the classically described
higher plant chloroplast. v i

" The generation of ATP requifes a chérge separation
which is maintained b; a nonconductor- the lipid membrane.
The dissipation of this electrochemicgi gradient results in
ATP prodbction. A charge separatibn by definition, requires
an ené]oséd space or a sphere. In order to pack the max imum
humber of these enclosed spaces into the smallest possible
volume, the, should be collapsed, thus describing the )
structure of a single thylakoid. The "piie _f pennies”
strucfureiof grana, then,ris an efficient arrangement éf the
essential units required for ATP generation. )

The develSpment of the freeze-fracture technique of
electronmicroscopy led to the characterization of the
molecular architecture of chloroplast membranes (12). The
method involves the quick freezing of an unfixed sample
followed by sectioning with a "blunt” knife. Since the
tissue is neither fixed nor embedded, the cutting is uneven

"and tends to follow the planes of least resistance which run

through the hydrophobic regions of membranes. After
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preparing and shadowing a replica of the fractured face the
internal substructure ,of the plastid membrane is revealed.
The hydrophobic proteins deeply embedded in the 1lipid matrix
of the bilayer are exposed, and appear as particles on the
surface of the fracture face (reviewed by Staehelin 215).
According to the recently adopted nomenc]afure, the two
leaflets of Ehe membrane are designated protoplasmic (PF)
and exoplasm%c (EF) faces (38). The P half of the membrane
is that closest to the protoplasm or chloroplast stroma, and
fzghé E half is closest to the exoplasmic spaée or

intrathylakoid space.

On the basis of freeze fracture particle sizes and
densities (i.e. number of partic]gs per unit-area),

)

Staehelin and coworkers were able to differentiate four

characteristic faces in Chlamydomonas thylakoids (81). Two
of these types were related to stacked regions or grana
(EFs, PFs), and two to the unstacked regions or stroma
lamellae (EFy% PFu). The EFs characteristically has a
bimodal part%&le size distribution with modal means of 114A
and 162A foﬁ spinach (214F, 105A and 164A for pea (10} and -

- 105A and 140A for Chlamydomonas (175). The PFs particles are

small and fairly uniform in size with an average diameter of
about 80A. The'EFq:is easily recognized because of its
sparse populatfon of particles that are the same size as the
smaller size class of Efs particles. The PFu is the mosf
densely packed fracture face and these particles fall into

two size classes. Modal means are 82A and 118A for spinach .

o
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(214)5% 70A and 105A for pea (10) and 70A and 105A for

r

Chlamydomonas (175).

The mobility of the membrane particles within the plane
of the membrane is apparent; since artificial destacking éf
spinach thylakoids, induced by low ionic strength buffers,
leads to a total randomjzation of the particles within 45
“minutes at 4C such that only two fracture faces- EF and PF-
can be distinguished (214). This process is totally
reversible upon readdition of cations to the medium.:
Staehelin and coworkers studied the kinetics of restacking
énd concluded that it occurs in two steps: a rapid
appression of the thylakoid membranes, followed by a slow
diffusion of particles into the stacked region (214).

Armond et al. (10) studied the freeze fracture particle
size and density as a function of greening and found quantum
fﬁcreases in the EF partic]e sizes with greening time. These
. increases in size were ﬁonsTaéréd to be related to increases
.in the amqunt of LHC and'they suggested that this complex
was in faqt, being systematically added to the photosystem
qo}e. This interpretation is supported by the fact that a
chlorophy11 b-deficient mutant of barley (159), dark-grown
Euglena cells (176) and the red alga Spermothamnion (215),

all of which lack LHC, have generally smaller sizes of EF-

| pdrticlé&. | |
Membrane fractionation studies have led to the

conclusion that the EF particles are associated with PSII

activity (13, 215), whereas the PF particles are associated
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with PSI activity (12,13). Radunz and coworkers have been

able to chemically discern the position of many of the

protein and lipid components involved in the PET chainlby

the use of specific antibodies (135, 182-186, 199-202). On

the basis of these studies and with the prior Knowledge that

the result of PET is to generate an electrochemical gradient \
of protons, models of the thylakoid membrane have been

proposed indicatinghthe precise positions of the PET chain
components within the membrane (91, 227, 245). Onnthe basis

of freeze-fracture data, models have'been proposed

indicating positions of photosystem particles within the

"membrane (10, 214). However, no one.has yet combined the t

.

types of, information.to generate a useful model relating the
positions of.the proteins within the thylakoids to the

freeze-fracture partic]éﬁ in the chloroplast membranes.

B. Chloroplast Function

1. The Dark Reactions
The principle fpnctioh of éhlorop]asts in green t?ssue//////

is to reduce athospheric carbon dioxide into metabolizable
carbohydrates. This process makes phofosynthetic organisms °
vunique from eutrophic organisms and they are therefore
referred to as primary produceré. Thg ;bsorption of light
and the generation of ATP and NADPH,\br the light reactions,
are primarilyfa§éociated with the membrane system and will
be discussed in detail later. All the other reactions that

occur in the chloroplast are called the dark reactions and
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are carried out in the plastid stroma.
The Calvin-Benson cycle is the ultimate pathway of
carbon assimilation (234). It is unusual in that it is

autocatalytic and can be summarized:

3C02 + 5H20 + 9ATP + BNADP ---> 1TP + QADP + 8Pi + G6NADPH

Q‘

The autocatalytic effect is seen when the broduced triose -
phosphate (TP) is fed back into the cycle, rather than being
exported from the plastid. This would result in a
fheoretical doubling of the receptor for C02 for every
fifteen mq]ecules of CO2 fi;ed (236). At steady state, the
| produced triose phosphate would be accum%lated as starch or
exported from the plastid to provide ene;gy for the rest of
the cell. The details of these reactions i.e. rate limiting
steps, control points, cofactors involved etc. have been
studied and reviews can be found by Walker (235), Preiss
(181), and Baésham (16) . \
Chloroplasts can ‘undergo protein synthesis independent
of the nucleus in arother "dark reaction" (for reviews see
Ellis 67,68, Gillham, 76, Kung, 137). The mechanism of
transcription and translation are much more akin to
bécteria] protein synthesis than to that of the ehkaryotes.
Chloropiasf~messages are transcribed-on 70S ribosomes which
have rRNA compléments similar to that of E. coli. In
addition, chloroplast protein synthesis is sensitive to
chloramphen1col and insensitive to cycloheximide. The near

autonomy of th1s organelle is suggested by the fact that/fhe
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ribosomal proteins, rRNAs, t-RNAs, cofactors, amino acids

and other constituents of protein synthesis are mostly made

“within the chloroplast.

Many other reactions operate in the chloroplast such as
sulfate reduction (203), nitrate reduction (144) and lipid
biosynthesis (77,219). The transcripts for the enzymes of .
these nathways are encoded in bg}h the nucleus and the
chloroplast. Therefore, the communication between
chlorbplast and cytoplasm mgst be highly refined and the
chloroplast envelope itsé]f.|an important control barrier.

2.” Photosystem 11

The reaction .centre of PSII in higher plants and algae
includes a specific -form of chlorophyll with an absorption
of 680nm (42). The Tight-stimulated excitation of this

chlorophyll and subsequent transfer of electrons down the

PET chain results in a "hole" for electrons which.is

refilled by electrons from a reaction associated with the

oxidation of water.

The Hill reaction, or the sp]1tt1ng of water, has been

~under 1nvest1gat1on for many years and yet less is known

about this reaction sequence than any other in the PET
chain. Manganese (49) and chloride (114) have been shown to
be absolute requirements for water splitting and impart a
high degree of lability for this portion of the PET chain. -
In fact, the loss of 02- evolv1ng activity upon washing the‘
membranes with TRIS buffer is thought to be due to the

removal of Mn2*, since the readdition of MnZ* results in the
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reactivation of the Hill Reaction (24, 249). Although the
02-evolving mechanism is easily lost iﬁ isolated
chloroplasts, the actual PSII trap and suhSequeht reactions
may still'femain<intact. The stability of this latter part
of the system is demonstrated with the use of artificial
electron donors to PSII such as DPC, phehylenediamiﬁés,
benzadine, catechol or hydroxylamine (93). »

In 1955, Allen and Franck (2) fecognized‘that a single
1 msec flash of saturating light did not result in 02
evolution~if a]gaé had been dark-adapted. This was the first
- - piece of evidence to suggest that the 02-evolving system of
PSII needed to be "primed” ‘or that more than one "photoact"

was involved. To further characterize this phenomenon,

-

Joliot constructed a very sensitive polarographic apparatus,
with which he could readily obtain flash yield data (119).
The theory behind his experiments was that a single

saturating short pulse would excite all .traps once so that

events colNd be followed stepwise and in synchrony. In all

e

photosynthetf\jc material used qualitatively similar results

were obtained\ no 02 evolUtion coqubbe detected after the

e

first two flashes and subsequent flashes led to a damped
oscialation wifh a period of four (see reviews 141, 189).
ximum yields occur on flash numbers 3, 7, 11 etc.
The interpretation of these data is that the splittfng water
involves four successive photochemfcél events, or the

accumulation of four positive charges (136).

S0---->81---->§2---->$3---->54

9
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o
_2~H§O +'S4“__--> SO + 02 + 4H+
“Both S0 and St are<;;rk stable, whereas S2 and S3 decay to
lower oxidation states within minutes. lThus, after a period
of dark adaptation, most of the centres will be in S1 and a
maximum yield of 02 evolution will occur &A the third flash.
The damped oscillation was explained by ‘ming that a 0
certain proportion of centres will underg~ a o~uble
transition or a "double hit", while others »il: undergo no
fransitions of "misses”. This assumption was vuppcrted by
the facts that the proportion of double hits increased when
the flash duration increased, and a more rapid damper ng of
the oscillation was seen (141). Since the original work of
Joliot, Kok and cdworkers; further evidence to support this
theory has accumulated from experiments involving delayed
lfght emission, ffuorescence emission and other techniques
(120) . | |

NMR Specfroscopy has indicated a direct correlation
between the 1/T2, or proton relaxation ratés around the
pafamagnetic Mn2*, with flash yield (revieweduby Govindjee
et al. 84). That is, a damped oscillation in the 1/T2 is
seen with a periodicity of four and maxima at 3, 7, 11 etc.
The proton NMR 1/T2 pattern is lost in chloride;depleted
chlqrop]asts but can be restored upon readdition of chloride.
or fluoride (84). This suggests that chloride may be
required as a ligand to manganese to hé]b stabilize the
higher oxidation states of Mn.

" The energy required to generate S4 and result in

J
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water-splitting is pravided by a "sink"” for electrons at the
oxidized chlorophyll which loses electrons in the photoact.
An intermediate, Z, has been poétulatéd to exist between the
charge-accumﬁlating Mn-protein and the<chlorobhyll of the
PSII trap (46, 83). Although the chemical nature of Z is
unknown, its existence is suggested by a fast-decaying,
free-radical species détected by EPR sp;ctroscopy and knowq
as Signal 11~(14). The decay kinetics of signal Il were
greatly accelerated by lipophilic electron donors to PSII
suggesting that Z may be the point of entry of these doﬁors
(15). |

The PSII reaction centre involves a unique chldrophy!l]

a, with an apsorpfion maximum of 680 ;mw.The first evidence *
for this came from fast-absorption spectrophotometric
measurements (73). A short laser flash could induce
bleaching at 680 nm at 77K. This was thought to be due to
the photooxidation of the reaction centre, resulting in a
disappearance of the cﬁlorophyll'band at 680 and the.
appearance of a new band at 8201 corhesponding to the
‘radical cation of chlorophyll a (55).
x The primary acceptor of electrons from P680 has beén
1designated Q because of its ability to quench the variable
fluorescence of chiorophle a. This fact wag first
r%cognized by Kautsky et al. (13i).fKnaff and Arnon (134)
di
nm, designated it C550, and claimed that this signal was

scovered a rapid light-induced absorption change at 550

caused by the primary acceptor of PSII. Subsequent evidence
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pointed to the equivalence of the C550 signal mea§ured by
-absorption and!the Q Signal measured By fluorescence (see
reviews 43, 12i 157) J:

The electron flow through PSII can. be measured d1rectly
by observing the k1net1cs of chlorophyll a fluorescence (see
review 44, 177). Much 1nformat1on can be obtained about the
pool size of Q by the fluorescence induction curve upon the
onset of illumination. The fluorescence represents the
re-emission of light energy from the light-induced excited
state of P680. If the excited state of P680 can transfer its
excftation energy to Q-, no chlorophyll fluorescencg Qi]]
resultj On the other hand,:if the energy transfer is‘blocﬂgd
(i.e. by Q--->Q) thea some of the absorbed radiation will be
re-emitted as fluorescence. Thus, if one includes the
inhibitor DCMU in the reaction medié, uporf i]lumina;ion all
the traps will be closgg, Q- will be fully reduced.‘and ‘
there will be a sharp H?§e\lg the induction curve to a
maximum (fmax). In the absencé\Ef DCMU, chloroplasts will
-exhibit a slower rise (4-5 sec.) which correspondg/to the
saturation of the PET system such that all-the members of.
the PET are essentially reduced. The photosynthetic
inhibi tor DBMIB blocks the PET, not at Q as in the case of
DCMU, but rather at the level of the second acceptor,
p]astoqu1none Thus, the area between the 1nduct1on6curves
for DCMU and DBMIB inhibited ch]oroplasts shou]d give an

-estimate of the pool size of the funct1on1ng PQ.

Plastoquinone A has been repeatably shown to bg an
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intermediate between P§Ii and PSI, as it is reduced by PSII
and oxidiZed by PSI (see rev}ews 4, 5). PQ has an absorption
band at 260 nm and plastohydroquinone (reduced PQ) has a
much weaker band at 290 nm (18). When chloroglasts‘are
illuminated, a DCMU-sensitive decrease in the 260 nm band is
seen (3). By analyzing the extent of these Changes, Steil
and Witt (218) were able to calculatgwthat seven molecules.
of PQ were present inveaéh PSII reaction centre.
Bouges-Bocquet (32) and Velthys and Amesz (232)
independently.postuiated the existence of arother carrier
designated as'"B“ or "R" re§pective1y between .Q and PQ to
provide a mechanism by whicﬁ\the one-eleéfron carrier (Q)
can‘reduce a two-electron carrier (PQ). Evidence fof the.
charge accumulation of "R" came'from the fluorescencé,
increase caused by a strong reductant (dithionite) as a
function of the number of flashes before illumination (232).,
They féﬁnd that the fluorescence yield oscillated with a
periqdicity of two andn5uggested a double-charge
accumulation and transfer scheme, which has since been
sﬁpported by other workers (655 79, 88, 121, 194)

QR---->Q-R--->QR----->Q-R---->QR2~

PQ + QR2- ----> QR + PQ(H2)

A large number of oxidants such as quinénes, indophenol
dyes, ferricyanide and silicomolybdates'have been used‘as
‘artificial electron acceptors -to measure PSII (see review
93). Most of these acceptors tend to pull out electrons at "~

or near PQ. The indophenol dyes are not exclusively reduced

<
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by PSI} and are, -in fact, preferentially reduced by PSI.

" Reactions with these compounds'are sensitive to DBMIB and
thus accept electrons beyond the PQ pool. Benzoquinones and
oxidized phenylenediamines are.reduced by PSII in a
DBMIB-insensitive reaction (230), but” are sensitive to DCMU,
identifying their point of removal as between Q and PQ. The
PSII activity with SiMo is insensitive to both DBMIB and
DCMU‘and it is thought that SiMo accepts e]ectrons either

" 3. Photosystem I

-directly from P680 ;E>from Q (75).

The PET chain and reactions of PS] are generally
understood better than those of PSII. This is due, in part,
~to the inherent stab111ty of PSI. The electron donors to PSI
areressent1ally the acceptors of PSII, as the two
photosystems act in concert. Cytochrome f and plastocyanin
are iwo membrane-bound electron carriers that have been

"~ shown to be on the oxidizing side oFQPSI. Cytochrome f, a

. c-type cytochrome, and PC, a copper-containing protein, are
present in thylakoids in equimolar ratios (26, 47, 57, 129).
Studies of midpoint potentials (151, 190), ESR signal decay
Kinetics (89)‘and.aqalysis of oxidation reducti
subchloroplast fragmo;ts_(so, 90) and mutants lacking PC
(209), indicate a flow of eJectronstfrom PQ through
cytochrome f to PC and on to the PSI trap.

The prwnc1pas electron donors to PSI used in art1f1c1a1
systems are reduced indoliphenol dyes and subst1tuteg

p-phenylened1am1nes. In bothk cases, the donors must be kept
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reﬁrced by ascorbate to prevent the re-reduction of the
oxidized form by PET components on the reducing .side of  the
PSI trap. The substituted p-pheny lenediamines are the most
commonly used donors to PSI. -
N.N,N‘,N‘-tetramethyl-p-pheny]enediamin;;(TMPD) is not
coupled, while 2.3.5,6-tetramethyl-p-phenylenediamine iS
coupled to phosphorylation (2239) and the stoichiometry of
the coupled compound is?one half that of whole chain PET
(227). '

The first hints that a high wavelength-absorbing form
of chlorophyll was the PSI] trap came out of the work by ’
Emerson and the "enhancement effect" (639). P700 exhibits
most of he qualities of P680 except that it absorbs light
at a sllghtly ower energy (see review by Hoch 104). The
oxidation/reduction of P700 can be directly measured as the .
light minus dark, or reduced minus oxidized difference:
spectra, us1ng a dual wavelength spectrophotometer (155)/
Katz has proposed a mechanism 1nvolv1ng)d1mer1c chlqr hy}l
and a water ligand, which is photoconverted to a ’?Qh energy

-chlorophy11 radical (123, 130). Fong has - suggegted a similar

- model involving two water motecules (74). / |
The identity of the primary acceptorkof PSI is a

controversial point. The first 1dent1f1cat§on of a comppund

; whose oxidation K1net1cs correspond to the reductlon

Kinetics of P700 was a spectroscopic component identified

as P430 by Hiyama and Ke (102). This may, or may not, be a

4

ferredoxin (103), as the extinction coefficient is
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considerab]y/ﬁtgherAthan*any known for plant-type
ferredoxins. Non~hehe iron-sulfur centres have also been
identified by Malkin and Bearden as early as 1971 (150).
Since that time, a wealth of EPR data have suggested that
two iron-sulfur ceﬁtreg are involved as‘pbimary acceptors of
PSI (18, 78, 95, 207, 208). Ke has recently argued that
based on half-redubtton potentials, P430 and a bound
iron-sulfur centre are 1dent1cal (132). In -ed, Malkin has
isolated and characterlzed an 1ron sulfur protein which
exhibits a‘photobleach1ng d1fference spectrum at about 430
‘nm (152). Thus, the .non-heme iron-sulfur centre identified
by EPR spectroscopy, and the P430- identified by absorption
spectroscopy, may both.be measureﬁ?ﬁts of @ unique type of
membrane -bound ferredox1n which 1§\\\e primary acceptor of
PSI. - | - oov
The final segment of PSI involves two so]uble'preteins
- soluble ferredox1n and ferredox1n NADP oxidoreductase. }he
fireact1ons of both of these protelns have been well |
characterized since, being &luble, they lend themselves to
| simple reconstitution experiments with the membrane bound
segment of the PET chain (see review 92). Shin‘showed that
th1s soluble ferredoxin is in an equ1mo]ar ratio with the
,reductase enzyme (206) A ~ ©
' Many compounds can be reduced by electrons from the
reducing side of PSI since the redox p9tent1als of }he |

membrane-bound iron sulfur centres are very low (70). .

Indophenolfdyes and fefricyanideuhave been long used as PSI //
. /\ - : R .
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acceptors and their sensitivity to DBMIB (29) and dependence
on long wavelength.lightvindicate the primary point of
acceptance-is on the reducing side of the PSI trap. However,
as mentioned before, care must be taken when using thesé
compounds.'as other points of electron donation and
acceptance hav§¢been characterized. Low redox potential
quinones such és anthroquinone and alkylated naphthaquinones
and viologen dyes are more specific acceptors for PSI (93).
The reduced forms of these compounds will undergo a
spontaneous Mehlec Reaction and the oxygen depletion can be
easily measured with an oxygen electrode.

4, Cyclic E]ectroh Transport

Thé PET scheme discussed above comprises the removal of
electrons from water and their ultimate deposition to NADP*.
It is a one-way pathway catalyzed by the two photosystems
and is referred to as noncyclic PET. The PET chain\however,
also exhibits the ability to function‘in a cyclical mode.
The réaction sequence is thought to involve an additional
‘b-type cytochrome, known as b6, with an absorption of 563’nm
(57). This cytochrome is commonly extracted together with
cytoéhrome f and may therefore be functionally, as well as
structurally, related to cytocﬁrome f (23). h

Cyclic PET is a éSI-IinKed}phehOmenon since it is
-insenéitive to DCMU and is act{ve fn far red 1jght (210).
The reaction is inhibited by DBMIB (125), antimycin (108)
and DSPD" (31). DBMIB-inhibition implicates the involvement

of PQ, DSPD-inhibition implicates the involvement of

/
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ferredoxin and antimycin is'a specific block of cyclic PET
only. Thus, the pathway deduced from these inhibitor studies
involves the normal nbncyclic PET scheme from Pb to
ferredoxin, but rather than tﬁansfering electrons to the
NADF* reductase enzyme (i.e. if the enzyme is blocked by a
build up of end products), the electrons are transferred to
b6 and funneled back .to PQ (212). The advantage of this
cyclic electron flow is clea;i since electrons flow back
through PQ, a coupling site for phosphorylation. In other
words, cyclic PET acts as a "clutch” that allows electron

. flow and the generation of ATP to continue even when Tﬁrge
amounts of NADPH are present in the stroma.

5; Photdphosphoryiation

ATP, as well as reducing power, is required for the
dark reactions of photoéynthesis and chloroplast
maintenence. There are two sites along the PET chain at
which ATP synthesis is coupled to electron transpért (115).
The mechanism of coupling involves the generation of a
proton gradient (the dissipation of which is linked to ATP
synthesis) such as outlined in the cHemiosmotic principle of
Mitchell (162, 163). Although the chemiosmotic principle can
be applied to all electron transport chains, thé development
of this idea stemmed from work on the PET chain. Jagendorf
and coworkers first demonstrated a’iight-stimulated proton
pumping into tbé thylakoids. of spinach chloroplasts (166).
Later, they shdwed/that if a-prbton gradient could be

-‘.',.1".

artificially! set Lﬁ} phosphorylation would take place in the

2
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dark. This work was recently supported by Selman and Ort

using spinach chloroplasts loaded with FeCN (204). The
addition of a reduced lipophylic mediator (DAD) generated a
proton gradient in the dark in a reaction insensitive to
DCMU. This gradient was then dissipated with a concomitant
formation of ATP. According to Mitchell, two energy
parameters are involved in the proton gradient-the chemical
gradient of protons ( pH), and an electricél gradient set up
by the charge separation (-). These two parameters are
add1t1ve generating a proton-motive force which powers
phosphorylat1on

pmf = pH + .

The develepm$nt of the proton gradieot during PET has
been explained by\the spatﬁa] arﬁangement Qf the electron
carriers across the membrane and by thé inclusjon'of both
proton and electron carriers.in the PET sequeooe (227, 228) .
Models have been proposed describing the si%es at which
protons are taken up from the stroma 'in the reduction of
NADP* and PQ Protons are released into the thylako1ds by
the oxidation of water and PQH2 (82, 230). Thus, a net flow
of protons from the stroma to the_thy]akoid space is seen
(39). ~ } |

A large protein, designated coupling Factor (CF1),
composed of five different polypeptidg subunits, is
responsible for the transduction of the proton-motive force
into ATP. These CF1 molecules are dotted over the surface of

the .thylakoid membrane and are attached to membrane proteins
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(CFO) which fogm proton channels through the membrane.
A Mechanisms for this reaction have been proposed by Mitchell
(161), Boyer (34) and Williams (243), but, as yet, no

conclusive evidencq,t;ists to prove any single proposal.

6. Excitation Enerqy istribution !

Since two photosystems exist in the PET chain, and each

“absorbs 1light at.slightly different wavelengths, it is
logical that a mechanisﬁ must exist to control the
excitation energy distribution betWeethhe two photosystems,
thereby optimizing the efficiency of ihe electron flow
through the PET chain. The firstvevidence for this wag
provided by looking at low temperature fluorescence emission
spectra (166Y. Fluorescence emission from the PSII pigment
bed occurs at 685 nm, and from the PSI pigment bed at 734 nm
(198): Murata noted that, on the addition of magnesium, an
increase in PSII flu;re3cence at the expense of §fa PSI

fluorescence, or a change in the 730/685 ratio, was seen in

Porphyridium cruenatum (166). These data suggested that the

effiqiency of light tFapping by PSII was increased. In other
words, more of the excitation energy was being shunted to
PSII in the presence of Mg?*. The term "spillover" was
coined to describe this intersystem energy transfér. (
A trfpartitefmodel was proposed by Butler and Kitajiﬁé
(47) whfch cqntafned three chlorophyll domains: PSI units‘
containing antennae;chlorophyll and the PSf trap; PSII units -
‘containing antennée chliorophyll and the PSII trap; and tﬁe

LHC which partitions the energy to either of the two traps.
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In a revised model, the PSI and PSII urvits are in contact
with each other without the intermediary LHC (44, 45), which
explains the phenomeﬁon the' spillover is unaffected in a
mutant of bariey wh' iac!  the 1uc

Magnesium is Known .o {ndUC',maJOr structural changes
in thylakoid membrénes, in tha. removal of Mg?* causes a

destacking of the grana (113, ,175). This effect is fully

reversible upon readdition/of Mg?*, and major rearrangements
of the particles, as se by freéze-Fracture electron
microscopy, occur in njunction with the stacking and .
destacking (214). Rempval of Mg?2* and subsequent destackiﬁg
causks a shift in the excitation energy distrib&tfon fo
favor PSI (11, 166, 246)\.- These findings suggest that the
mechanism of excitatién energy distribution is regulated by
MgZ; and involves the degree of stacking of the chloroplast
thylakoids. However, no changeqin gxcitation energy
distribution could be seen after aTtifiéial]y increasing the
number of stacked thylakoids by centrifugation (216) . —
- Several lines of evidence now éuggest that the LHC is
responsible for the excitation energy distribution. The
effect of Mg?* ;; to regulate this via molecﬁlar éhangesuin
the PSII particles, too minute to be visualized by
freeze-fracture electronmicroscopy, that affect the
relafionship with their immediate*heighbours i.e. PSI

particles (11, 41, 146, 216). The stacking effect then, may-

simply be a mechanism whefeby componénts of the PET chain

are concentrated to increase the overall efficiency of the



system (156, 165).

C. Chloroplast Deve lopment

1. Structural Changes

The, recent interest in the area of chloroplast
development has generated the appearance of several reviews
(35, 36, 48, 128, 142, 171, 179) and an international
symposium in 1978. Most of the workers in this area have
been characterizing tre tomorphogenesis of angiosperm
ohloroplosts. There is gyenera. ayreement tHat, under normal
light‘conditions, the small proplastids.of undifferentiated
tissue wilJ,develop into chloroplasts as the tissue itseif .
matures. Thus, in the meristematic, basal areas of a leaf of
Zea mays for example, only proplastids are seen,‘whereas_a
few centimeters up into the green part of the leaf bladé,
fully mature ch]orop]as{o are present (187). The study of
greening'under nétural light conditions is confounded by the
problem that plastid preparations are heterogeneous with
respect to the developmental level of the‘chloroplasts. In
order to synchronize the development of all the
chlohoplasts, plants oan be grown in the dafk to a Certa%n
stage and then placed {n the ligﬁf. This éynchronization
leads to more homogeneous preparations with respect to '
chloroplast development, which allows'the study of the'
appearance of various parameters associated with greening.
The major difficulty with this procedure is that when:

: 7
angiosperm seedings are allowed to develop 'in the dark, the
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proplastid develops into a "resting stage" -the etiopjast.
The etioplast is characterized by the presence of an
internal structure of paracrystalline arréys or prolamellar
bodies (143, 239, 248). Upon illumination, these structures
appéar to be the source of material f;r the rapid
proliferafion of thylakoid membranes. This artificial .
resting stage is never seen under normal conditions of
chloroplast development. Therefore, the relevante of the
etioplast to chloroplast transformation may be questioned.
Dark-grown gyﬁnosperm seedlings synthesize chlorophyll,
bﬁt do not develop photosynthetically competentlchloroplasts
until il]uminéted (231). Algal cells can be "degreéned" by
organotrophic growth in tﬁi dark for several generations and
then syﬁéhronous chloroplast development can be started by -
illumination (171). In both of these lower plant groups tﬁéb
| characterisfic angiosperm etiopTést is rmn’seen in the
absence of 1light. Rather, a structure, somewhat more
developed than a proplastid is seen; which contains |

rudimentary thylakoids and in s ases, a prolamellar
L

- body.

Using either the algal (33) br the angiospé}m system
(54, 106, 118, 170), many membratte proteins separated by
SDS-PAGE can be seen to either increase or decrease in
abundance during greening. Bogorad and coworkers have )
compared the proteins synthesized by isolated plastids to
those synthesized by greening maize seedlings (87). They

]

found that most of fhe proteins present in the chloroplast
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and absent in the etioplast, are not synthesized by isolated
plastids. From this, they concluded that most of the
proteins made by the chloroplast are not tightly regulated
by light. The photoinduction of. two major thy]akoid
polypeptides - the 32 Kd "photogene"” product (86) aﬁd the
LHC (87) have been studied in detail, however, the mechanism
of the photoinduction itself has yet to be realized.

Arntzen and coworKers have studied changes in the
freeze-fracture particle sizes and distributions as a
function of greening (10).(Pea seedlings, allowed to green
under an intermittent light regime; produced tids with
full photochemical competence, but which lacr ' 4C and
grana (9, 58). Freeze-fracture faces of thylakoids from
these plants exhibited. EF and PF particles, thch were small
and unifdrm in-size (80A and 70A respectivély). After
continuous illumination and sUbsequent insertion of the LHC
into ther membrane, additional EfFs size classés séquentia]ly
appeared at 105A, 132A and 164A. After 48 h in the
continuéus light, oﬁ]y the 132A and 1642 size classes were
seen. The increases in particle volume associated with these
increases,{n diémeier-were compared an estimated volume
of the LHC. It was concluded that the 32A and 164A
particles consisted of a core complex with two and four LHC
subunits respectively addéd to it. |

Proplastids and etiQB}ésts are incapable of carrying
out ghotosYnthesis. The first event in }he development of a

photosynthetically compétent\chloroplast is the
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photoconversion of protochlorophyl1 to chlorophyll. This
interconversion, which is accompanied by an in vivb
absorption maximum change frdm;684 nm to 672 nm, was first
described by Shibata, and is referred to as the Shibata |
shift (205). Chldrophyll a is synthesized before chlorophy11
b and therefore, the chlorophyll a/b ratio immediately after
the onset of il]ﬁmination is very high During the first few
hours of greening, the chlorophyill a/b rat1o drops to a
stable level concom1tant with the thylakoid membrane
proliferation and grana stacking (66, 98, 180, 240, 242).
Thus, an inverse relationship exists between the chlorophy11
a/b ratio and the degree ofgmémbrane stacking. The

deve lopmen f cation-induced stackin‘ capacity of pea
thylakoids - ir. iels the appearance of Chldrophyll'b'(B).

This, added to tgg\?iqgin s

supports the v1ew that the LHC protein™

Zen and coworkers,

rgspons1b]e for
membrane $tacking (156, 165).

P750 was absent during the firs} 30 minutes of greening
in Chlorella, but a rapid production of P700 occurred over
the next hour (66, 242). Cytochromes f, b6 and the low
potential form of b559 as well as pﬁggtocyanln are present
in barley etioplasts (98, 180) and their levels do not
change significantly during greening. In Chlorella however,
the cytochrome f content increases 3-fold during greening
(242).

2. Functional Changes 5

The time course of development of the photochemical
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activities in chloroplasts varies markedly with the agé of
the seedlings, species of plants, light intensity and
temperature, therefore it is difficult to quantitatively
compare.results from differegt laboratories. Qualitativély
however, PSI activity appears to develop before PSII, and it
is th? water-splitting Hill reaction that is the last-
sequenée to become actiye. The development of PSI activity
was detected within 15 minutes of illumination in oat
seedlings, when DAD was used as an electron doﬁor but not
until 30 minutes or 1 hour when TMPD or DPIP respectively
were used as donors (240); Althoﬁgh the Kinetics of
development of PSI and the appearance of P700 are similar,
there is some evidence to suggest thaf PSI activity may-
precede the appearance of P700 (66, 164, 180). Since the PSI
activity is apparent when thé ch]oPOphy1]~c6ntent is very
low, the PSI activity expressed on agunit chlorophy]l basis,
has a maximum within 2 to 3 hours from the onset of .
illumination. This peak may be as much as five to ten times
higher fhan the rate of mature plastids. When expressed on a
progein or fregﬁ weight bases, however, a steady increase in
activity is seen for about 8 to 10 hours {180). |

, The development of active PSII centres has been studied
primarily by the use of fluoﬁescencé/;nduction (1,.48, 62,
64). Cahen et al. (48) have characterized two phases in

deVeaopment in Chlamydomonas. Immediately after

illumination, a rapid reorganization and connection between

preexisting components occurs. This is followed by a phase
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of accumulation of newly forméd complete, and act1ve units.
Other authors have also suggested that the active centres of
the PET chain are present at the onset of greening in
Chlorella (97), Euglena (64) and Cyanidium (62) and that the
initial photomorphogenes1s is an 1nduct1on of connect1v1ty

" of the systems. If DPC is .used as an artif1c1al donor to

-~/

) PSII, ithe activity is apparent earlier in the gréening
process than if water is the donor (240). Thus, fhe PSI1
" trap is in place and functional before the water spliiting
system becomes competent . |
The last system of photosynthesis to develop is the
proton pumping activity and the ability to undergo
photophosphorylatiopn (238). JIn Agggg, the ability to carry
out DAD-depéndent proton pumping occurs after about 2 hours
-and DAD-dependent. photophosphorylation is first seen'aftef 3

hours of gréening (240) . Cyc]ic,PET using PMS as a cofactor,

has been shown to be active within 15 minutes of the onset

-t}

of illumination (180'.240)' This is not unexpected, since
the PET chain components are already present at that tjme.
The development of proton'pumping and DAD-mediated
photophosphorylation however, requires the presence of
intact thy]akbids to maintain the proton gradient.~As~a.
result, the time scale of the development of
photophosphorylat1on closely parallels that of membrane
prollferat1on andAgrané development
The photosynthetic unit was originally conceived to be
. a physical description of the phOtosynthetfo apparafus |

l‘ <
4
v



» 36

defining the number of chlorophyll molecules associated with
the evolution'pf a molecule of oxygen. With the advent of
freeze-fracture electronmicroscopy, it has become apparentr
. thatuno tructural entity can be seen that corresponds -to
the photzzynthetic unit. Thus, its usefulness as a physica1.
description is lost. The concept is useful however, when the
photosynthetic unit is recognized as a statistical parameter
of chlorophyll content. In this sense, a change in size of
the photosynthetic unit with development is essentially a
measure of changes in chlorophyll levels on a unit Eeaction”
centre basis. Different interpretations of the
photosyhihetic unit have led to results indicating an
increase (97, 98), décregSe (66, 242) or no change'i% size
(A7) during greening.

Several measurements can be made to detééf changes in
phc synthetic unit size during development. Photochemical
activity on a unit chlorophyll basis during the beriod of
1ncreag1hg chlorophy]l léevels can be used. If no change‘in
the size of the phdtosynthet1c unit occurs dur1ng greening,
then the activity /unit chlorophyl] shoqu remain constant.
If the unit’s are increasihé in size, ar ihitial peak of ”
activity would be expected while thé chlorophy11 lévgls are
low, followed by a decline to a stabfé level. The iight
saturation point, or amount of light bequired for maximal
bhotosynthetic activity has been classically used when

describing alterations in photosynthetic unit sizes. The

rationale is that a larger photosynfﬁetic'unit has more

L4

I3
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chlorophyll/reaction centre, and, since the “"target" is
larger, less light is required for activify (97). If. the
photosynthetic unit size does not change‘with greening, the
light saturation points will not change. Thus an increase or
decrease in unit size should be reflected by a decrease or
increase in the light saturation points respectively.
Fleishaker and Senger (72) adopted a novel way of
functiona]]y défining the photosynthetic unit size based on

_the inhibition Kinetics of DCMU. 1f one molecule of DCMU
binds to one EeaCtion centre, then the number of molecules
of DCMU required to block the activity of a unit chloroghyll

. will describe the number of reaction centres per unit
chlorophyll. This is; in fﬁct, the inverse of the definition

S ———

of-photosynthetig unit size. Measurement of changes in size
of photosynthetic un{ts in developing ch{;;;plaSts are
"complicated by the de novo production of reaction centres,
. changes in connectivify of centres already present, and the
development of stacked thylakoids during membrane N

proliferation.
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I11. CHLOROPHYLL AND PROTé&N COMPONENTS OF PHOTOSYNTHETIC
‘ ELECTRON TRANSPORT *
| ~ |
A. Materials and Methods
1. Plant Material

Gafeway barley (Hordeum vulgare L. Ca. Gateway‘and its

virescens mutant were used in this study. Throughout this
thesis fhe‘wjld-type or normal barley will be designated "N"
and the virescens.mutant "M". This mutant ‘is phenotypically
characterized by a seédling which is pale yélﬁow-green upon
emergence, but which later recovers and becomes é\viable
green‘qlant (233{237); The mutation is a single gene nuclear
mutatio;\(2775 and the lag in chlorophyl]l biosyhthesis is
affected by temperature ahd light intensity (160).
Seeds of the two lines were planted in trays of

vermiculite and watered with a full-strength Hoagland’'s

. . \
&Qutrient solution. For etiolation/greening studies, the

plants were kept in a dark cabinet at 220C for 6 or 8 days.
Following the dark treatment, the>séedlcngs were transferred
to a light cabinet kept at 22C and illuminated at 8000 1lux
for various periods of time. Plants grown under continuous'
light for 6 or 8 days were also grown in these cabinets
under the same ébnditions.

2. Chemicals v
Acrylamide;'bisacrylamide, TEMED and APS'weréigli
purchased from BIORAD Laboratories, Richmpnd, Ca..ﬁEPES and

Coomassie blue R-250 was from Sigma Chemical Co., P.0. box

]
-

38
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14508, St. Louis, Mo., and the SDS was from MCB

Manufécturing Chemists Inc., Darmstadt, Germany. All other

chemicals used were of reagenf grade or better.

" Molecular weight protein staﬁdards‘were obtained from

.BIORAD and consisted of lysozyme (14.3 Kd), soybean trypsin R

inhibitor (21 Kd), carbonic anhydrase {30 Kd), ovalbumin (43
Kd),.BSA (68 Kd) and phosphorylase b (94 Kd).

3. Chloroplast Isolation Y

ny
Fifty gm of Jeaf laminae (top 4 cm of the leaf) were
cut into 1 cm sectibns and homogenized for 15 sec in a

Waring blendor with 250 ml of 67 mM phosphate buffer

"(KH2P0O4/Na2HP04) (pH7.6 at 22C), containing 0.5 M sucrose, 1
mM MgC12 and 0.2% BSA. The homogenate was filtered through

eight layers of.cheesecléth and two layers of nylon mesh (50
um pore size), and centrifugedrgt 4000 g for two minutes
(chloroplasts) or three minutes’(eﬁioplaSts}. The crude
pellet was wa;hed twice with a nesusbendiqg\Buffer

consisting of 50 mM HEPES (pH7.6 at 22C); 0.33 M sorbitol, 2

‘mM EDTA, 1 ™M MgC12 and T mM MnC12 (61). Ar =2maining

intact éhloroplasts were broken by osmotic shock in
pipetting during the second wash. THe entire isolation was i
carried out at 4C using cold glassware and was accomplished

Ve

4.

]agtid Counts, Chlorophyll and Protein Determinations
Plastid concentrations were calculated from counts made
under a\micrOSCOpe using ‘a haemocytometer.

Chlorophyl1 was extracted by grinding leaf tissue in a
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Ten Broeck hbmogenizer or suspending an aliquot of a
ch]broplast preparation fn 80% acetone. This extract was
then gravity filtered through glass wool and the resulting
filtrate was taken to volume by the addition of more 80%
acetone. For very pale chloroplast samples, one volume of
the preparation was added to four volumes of 100% acetone
and filtered. In all cases the absorption at 700 nm was
subtracted from that at 663 nm and 645 nm before the
célculations were made using the coeffecients of Mackinney
.(148).

The protein content of the sahples was determined by
the method of Bradford (37) using BSA (Sigma) as a standard.

5. Plastoguinone Analysis

Plastoquihone extraction and analysis was carried’out
accbrding to tﬁe procedure of Barr and Crane (19). A
chloroplast samplé (10 m1) containing from 200-800 gy
chlorophyl1/ml was added to 100 ml of an isopropanol/heptane
mixture (1:1) with 40 ml of deionized water in a 250 ml
separatory funnel.. This mixture wa§ swirled and allowed to
extract for 1 hr . in the dark on a shaker. After separation,
'the aqueous phase was washed with an additional 50 ml of
heptane and allowed to extraét for 30 min. The agueous phase
was then Washed'a second time with a mixture of heptane, |
benzene, acetic acid and methanol (5:1:5:5). A1l the heptane
extracts were pooled and washed twice with 50% methanol to
remove the glycolipids. Sodium sulfate (5 g) was added to

remove any water remaining in the samples and these hebtaneﬁ
M :
P%
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extracts were taken to dryness on a rotary evaporator.

The quinones were purified on small alumina columns
(10x1.0 cm) plugged with glass wool. The column was prepared
by vigorously mixing 33 g of acid-washed alumina‘(Merck)
with 2.0 ml of distilled, deionized water, followed by 33 ml
of petroleum ether. This slurry was added to the columns and
they were immediately ready to use. The dried heptane
extracts were disolved in 5.0 ml 5? petroleum ether and ‘'~
added to the columns. Tﬁe first fraction, contaiﬁing
“B-carotene and Vitamin'K was washed off with 15 ml1 0.2%
diethyl ether'in petroleum ether. The sécond fraction was
eluted with 15 ml of 4% diethyl ether in péfroleum ether and
contained most of the plastoquinone. A third #ract1on was
washed off with 12% diethyl ether in petro]eum ether? whlch
contained predominantly tocopherols. The fourth\fract1on,
containing the tocophero]quinohes ahd p]aétoquinégekc, was.
washed through with 20% diethyl c¢ilie~ in petroleum efher.
The final green fraction eluted with "00% diethyl ethér
could never be‘complete]y removed f-om the columns but
contained primarily chlorophyl]l ahdakanthophyTls;

The purity of the collected fractions was characterized
by thin layer chromatography on activated silica gel plates
using chloroform/heptane (80:20) as the solvent system.
"Quinones were Jetécted by spraying\the~plates with a reduced
methylene blue spray and tocopherol by Emmerie-Engle Reagent
(19). ‘

For quantitation of the plastoquinone levels, fraction
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€,
II from the alumina column was dried in a rotary evaporator

and resuspended in 5.0 ml ethanol. This totally oxidized
form of plastonuinone was placed in the reference cell of a
dual beam spectrophotometer (Beckman Model 25). To the
“sample cell was added ‘the same extract plus a few crystals
of potassium borohydride to fully reduce the plastoguinone.
After a few minuteé, the reduced minus oxidized difference
spectrum was scanned from 220 nm to 320 nm. The micromolar
concentration of the p]astoquinone'was then calculated from
the maximum absorbance difference seen at 255 nm divided by
the millimolar extinction coefficient of 15 for '
pl;stoquinone (19).

6. Electrophoresis of Membrane Proteins

SDS-PAGE of membrang proteins was essentially carried
out using the discontinuous buffer system originé]]y
described by Laemmli (138). Chloroplast membrane pellets
were resuspended in.Tris-buffer to give a final
concentration of 0.625 M Tris-HC1 (pH 6.8), 2% SDS, 10%
glycerol, 5%A2-m§rcaptoethanol and 0.001% bromophenol blue,
with an SDS tn chlorophyll ratio of 20:1. The samples were
then fmmersed in boiling water for 5 min and centrifuged for
t min €n a Beckman microfuge. PAGE slabs (100 x 140 x 1.5
mm) were prepared using fhe apparatus of BIORAD. Both the
running and stacking gels wefe prepéred from a stock
so]ut1on of 30% acrylamide and 0.8% b1sacry1am1de The gels
were polymer1zed using 0.025% TEMED and 0. 1% APS. The 8%
acrylam1de_runn1ng gel contained 0.375 M tris/HC1 (pH 8.8)
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while the 3%'acrylamide stacking gel containéd 0.125 M
tris/HC)1 (pH 6.8). Both gels contained 0.1% SDS. The
electrode buffer was 0.025 M Tris/HC] (bH\s.a), 0.4 M
glycine and 0.1% SDS. Gels were prerun foﬂ\BQ minutes at 10
$A per slab befbre application of the samb%e (150 ug of
protein per lane). The }ota} running time at 10 mA/slab was
from 5 td 6 hours.

After electrophoresis, the gels were removed from the
appabétus, rinsed in distilled water, and stained overnight
in 0.025% Coomassie Brilliant blue R250 in 25% isopropanol,
and 10%;acetic acid in water (71). Desfaining was carried
out in»the isopropanol:acetic acid:water mixture in aﬂBIORAD
diffusion gel destainer. |

7. Electrophoéesis of Chlorophyll Proteins

The electrophoresis of ch]orophyll proteins was carried
ouf essentially by the method described above for membrane
proteins, with a few modifications. The SDS:chlorophyll
ratio was reduced‘to 10:1 and the gels were run in the dark
at 5C. The samples}wére not boiled in the SDS, but allowed
to extract for 30 minutes in the dark at 5C before
centrifugation and electrophoresis. |

8. Sample Preparation and Scanning Electronmicroscopy

For SEM it was essential to prepare intact
chloroplasts, therefore the(standard isolation procedure was
modified slightly.TThe lea¥ ]aminae were chopped very finely
with razor blades before g&inding in a Waring‘blenddr.
Grinding was accomplished by only two short bUrsfs (qu;c)

/
\\

\
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of the Waring blendor. This led to a low recovery, but the
plastids obtained had a high degree of intactness as
indicated by phése contrast microscopy. After centrifugation
the pellets.weré resuspended by gentle agitation with a
camel’s hair brush. The washed chloroplast peliet was
resuspended in 5% glutaraldehyde in the resuspension buffer
(50 mM HEPES, pH 7.6; 0.33 M sorbitol; 2 mM EDTA; 3 mM
MgC12; 1 nM MnC12) for 15 min at 5C. The fixed chToroplésts
were centrifuged at 2000g for 2 min and washed once with the
resuspending. buffer. The fixed, washed pellet was then
postfixed with j% 0s04 in resuspension buffer for 15 min at
5C. The plastids were once again spun down, washed in
resuspending buffer. dghydrated.in a graded acetone series
fo]lowed by isoamyl alcohol and critica. point dfied before:-
observation with a Cambridge Scientific $4 Sfereoscan SEM.

9. Transmission Electronmicroscopy - Thin Sections

‘Leaf laminae were cut into 1 mm? sections in cold 2%
glutaraldehyde and fixation was continued in vacuo for 1 hr
at 0C. The samples were then washed three times in cold 67

mM phosphate buffer (KH2PO4/Na2HPO4)'(pH 7.6) containing 0.5

| sGcrose. Post-fixation with 1% 0s04 was carried out in
vacuo at 0C for 1 hr and thé tissues were ‘again washed three

imes with cold ered sucrose. Tissue was dehydrated in a

knife, stajhed Wi % ufranyl acetate for 1 hr followed by

-
" Reynold'£ lead citrate for 4 min, and examined with a
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Phillips EM 300.

B. Results

1. Chlorophyll Changes Associated with Greening

The changes in the chlorophyll a/b ratio and total
chlorophyll/gram fresh weight*in both M and N preparations
-as a function of greening are shown in Figures 1 and 2.
There was a two hour lag in the drop of the chlorophyll a/b
ratio in the M compared to the N after 6 days of etiolation.
After 8 days of etiolation it took a longer illumination
time for the chlorophyll a?b ratios to_drob in both'N and M
chloroplasts. The chlorophyll a/b ratfos were not
reproducible in the early stages of greening because of the
extremely 10& bhlorophyll content in the isolated
chloroplast membranes. The chlorophyll a/b ratios of
seedlings grown under continuous illumination for 6 or 8
days were significantly lower in the M. The changes in the
chlorophyll content of seedings on a fresh weight basis
indicates that.although the chlorophyll content of the'N'is
always greater than that of the M, after 8 days of dark
pretreatment, this difference was markedly redﬁced..

In another experiment, the seedlings were kept
etiolated for yarious periods of time, énd the rate of
greening, measured as chlorophyll content after 24 hr in the
light, -was comparea for the N and"M seedlings. The most
rapid rate of chlorophyll‘accumulation in bofh normal and

<,

mutant genotypes occurrgd after 6 days of dark pretreatment
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1. Chlorophy!l accumulation during greening in 6 day

Fig.

Fig.

etiolated normal and mutant seedlings. Chlorophyll content in
normal (©) and mutant (a) seedlings is given on a gram fresh
weight basis. (@), chlorophyll a/b for normal: (a), -
chlorophyll a/b for mutant tissue: g, values for seedlings
grown for 6 days under continuous illumination. The values
plotted are the means of eight replicates. Bars = S.E.

2. Chlorophyll accumulation during greening in B8 day
etiolated normal and mutant seedlings. Chlorophyl] content in
normal (O) and mutant {4) seedlings is given on a gram fresh
weight basis. (@), chloraophyll a/b for normal;: (a),
chiorophyll a/b for mutant tissue; g, values for seedlings
grown for 8 days under continuous illumination. The values
plotted are the means of eight replicates. Bars = S.E.
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(Fig. 3). After 8 days in‘the dark, the greening rates of
the N and ﬁ were similar. This lack ot difference after long
periods of. etiolation, appeared to be due to a more rapid ‘
decline in.the'greeniegyrate of N tissues rather than to
changes in M tissues.

The protein and chlorophyll content on a plastid basis
are shown in Figures 4 and 5 fof thloroplasts from N and M
seedfings.‘This index of change in chlorophyl] levels shoutld
be more accurate thanythe fresh weight basis since
variations in the leaf wateh content during greening would
result in artificial fluctuations in the chlorophy}l
content, On a qualitative basis howexer. both sets of curves
for chlorohhyll accumulation (Fig. 1 and 2 and Fig. 4 a?d 5)
were quite similar. Mutant seedlings greened for 24 hr,
follow1ng 6 days of et1olat1on had a ch]orophyll content OR\\,//
51% of the N’on a plastid bas1s, and 58% on a fresh we1ght N
basts After 8 days of etiolation these values had 1ncre§§ee ’
to 72% and 71% respect1ve1y The total protein levels per
- plastid did not appear to chapnge extensively. throughout
greening. After 6 days of etiolation the protein content of
the M etioplasts was 76% that of the N, but after 8 days |
~this value had®™isen to 88%. Following 36 hr of illumination
however, the M appeared to have a higher -protein conteht

than the N measured on plastid basis.

2. Plastoquinone Analysis

a) TLC of purified fractions. Fractions I toAIV from

the alumina columns were analyzed by TLC on stlica gel
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Fig. 4. Accumulation of chiorophyli and’protein‘on a plastid
basis in 6 day etiolated normal and mutant seedlings.
Chlorophyll content in normal (0} and mutant (a) and protein
content in normal (@) and mutant (A)‘'are given on a per
million plastid basis. g, values for seed)ings grown under
continuous illumination. The values plotted are the. means of
four replicates. : .

Fig. 5. Accumulation of chlorOphyil and protein on a plastid \

basis in 8 day etiolated norma)l and mutant seedlings.
Chlorown content in normal (©) and mutant (a) and protein
contens.¥Min normal {®) and mutant (a) are given on a per
millidh plastid’basis. g, values for seedlings grown under

tihuous {1lumination. The‘yalues plotted are the means of

four. replicates.
-»
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plates in 80:20 chloroform/Keptane. A diagramatic
representation‘of these fractions is shown in Fig. 6.
Fraction I appeared to be primarily B-carotene, but a minor "
spot to a position correspending to Vitamin K (19) appeared
30 min after spraying the plates with~reduced methylene blue
reagent. Fraction Il was fairly clean with only one spot
Migrafing to a position corresponding to plastoquinone A and
which appeared bright blue immediately after spraying the
plate with reduced methylene blue reagent (19). Little could
be seen in fraction II{ other than two very faint red spots
fwhiéh appeared after éraying with Emmerie-Engel Reagent.

The spots in fract*ijlll were tentatively<identifiéd as
tocopherols Fraction IV phad several spots that appeared
upon spraying with reduced methylene blue reagent. The most
prominent ones correspond fn,positions to tocopherolquinones
and a minor sbot higher on the plates corregboﬁded to
plastoquinone C {19). On the basis of these results,
Fraction Il only was used for the quantitation of
plastoqdinong.

b) Spectral characteristics of Purified Fractions. The
absorption spectrum of fraction I is shown in Fig 7. This
spectrum was unaffected by addition of sodium borohydride
and was essentially identica] to. that of B-carotene in EtOH.
‘havgqg peaks at 451 nm and 475 nm and a shoulder at 425 nm
(80). The abSOrpt1on spectra of the ox1d1zed and
" .borohydr ide-reduced forms of,fraction Il against an ETdH

blank are shown in Fig. 8. The oxidized minus reduced
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Fig.. 6. Thin layer chromatogram of the four quinone fractions

.extracted from the alumina column. Car, B-carotene; K,
vitamin K, .PQ,C.a toquinone A;'Tp, tocopherols; C,
plastoquinone C; Ia tocopherolquinones.

»

Fig. 7. Absorption s'ec.trun of quinone fraction 1.

Fig. 8. Absorption spectra of ox{di'zed’ and reduced quinone:

-

fraction Il. Fractions were scanned ‘against an ethanol blank.

The oxidized extract was reduced
crystals of potassium borohydr ide

- . L]
Fig. 9. Oxidized minus reduced spec
~.and 1IV. The oxidized sample was-
"sample in the reference cell to
reference cell sanmple was .then redced
potassium borohydride and the resc
minus reduced difference spectrum.

uce a baseline. The

the additiom of a few
min before scanning.

-of quinone fractiofs 11
ned with an identical

the addition of
‘gener\ted an oxidized



differeﬁce spectrum is ;hown in Fig. 91 The maXimum
difference was seen at 257 nm and the minimum at "288 nm.
Isobestic point; were at 277 nm.and 234 nm. A1l of tﬁeqe
data concur with those previously repOEted for plastoquinone
A (19). lrThe oxidized minus reduced difference spectrum for
fraction IV is shown in Fig. 9. The maximum d1ffer~nce was
seen at 271 nm and twg minima were seen at 239 5% and 308
nm. The isobeistic points were at 251 nm and 293 nm. Based
on spectral and TLC results, fract1on 1V was identified as a
mlxture of tocopherolqu1non2§ and plastogu1none C. -
c) Quant1tat1on of plastoqu1none Levelsl1n Chloroelast
Preparations. The plastoquinone A levels were de&er@lned
. from the'qxidized minus reduced difference spectré ?er
plants grewn under contipuous illumination. The results ere
shown in Table I. Teere was a significantly Higher level of
pla;toquinone A on a unit chlorophyll baSie‘in the M
chlorbplasts after both 6 and 8 days of continuous

B
"1llum1nat1on When converted to a tissue fresh we1ght basis

‘»”however,,the N leaves had about tw1ce the plastoqu1none A

B
content of the M at 6 days, whereas after’ 8 days, the values

were‘almost equal‘ The chlorophyll/plastoqulnone molar
ratio.—ho&ever, is the functxonally significant parameter
These-ratioslindlcate an abundance of plastoquinone A with
respect to chlorophyll in the M at both & and 8 days.
Developmentally. the older tissues had higher blasfoquinone
A levels ~and the lncreases from 6 to 8 days were fairly’

" copsfstent in both N and M chloroplasts.
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Table I. Extractable plastoquinone A levels in
: ° -chloroplasts from N and M seedlings grown
i ‘--‘,qu 6 or 8 dayi‘ynder continuous light.
; ! s (‘. - . a
’ :--‘--1{9-/-.,— —————————————————— " --------------------------------
ai?‘Samﬁ‘ﬂa plastoquinone A
R uM/mg chi UM/ gFw Chl:PQex
. 6 day N 0.025 *+ .004% 29.0 45 o
6 day M ., 0.036 + .006 14.5 33
8 day N ©.0.031 % .002 35.0 37
8 day M 0.045 + .002 33.1 25
--------------------- e N
* values given are means + 1 S.E. from five

3
A

*?Chl:Pu molar ratios were calculated from the uM/mg chl
1.1 umol chl/mg chl.

values, using ‘a value of
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3. Electrophoresis of Membrane Proteins Lo
SDS-PAG: - - of thylakoid membrane prote?ﬁgikrom N and
M seedlings grown under cont1nuous illuminat or 6 and 8

days are shown in Fig. 10 Equal amounts of protein were
loaded on the gels. and therefore the N samples had much e
more chlorophyll loaded than th:'M. Neverthe]ess, the geltgrgjs
patterns“?rom al}\ff these samples were similar. S
> The polypeptide profiles changed markedly as a funct1on
of greening as seen for the 6 day etiolated plagts of the N
AgendQLpe (Fig 11). Some protein bands were lost, and others
appeared during greening. It must be remembereq however?
that these changes were relative changes; a simplehdeerease
in staining intensity of a certain protein band on the ge]
need not necessarily mean th;t its absolute value was
pecl1n1ng It simply means that its concentration, relative
to the rest of the proteins in'ghe sa;efé‘was decreasing. A
general trend can be seen in thebdisappearance of the very
high and very. low molecular weight proteins as a function of
greening. Specffically, bands at 96 Kd and 66 Kd, as well as
several below 20 Kd showed a characteristic decrease during
greening. A diffuse band at 38 Kd in the early stages of
development, split into a doublet at 38 Kd and 40 Kd in-the
later stages..A 34, Kd band showeq significant increases in
the later stages of greening, although it was present in low
ameunis even after 2 hr in the light. The most obvious

change'was the development. of a doublet around 29 Kd which;
‘in}green tissue, was perhaps theiégéor protein band. Other

S
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- Fig-#10

8 Day

6 Day .

10. SDS-PAGE of thyqakofd:membrane proteins from normal and

Fig.
mutant chloroplasts grown for 6 or 8 days under continuous
light. N, normal; M, mutant; S, profein molecular weight
standards;~CF, coupling factor; LHC:' 1ight harvesting
complex. - ' :

A



Fig. 11. SDS-PAGE of thylakoid membrane polypeptides from
-‘greening, normal barley seedlings etiolated for 6 dayk. Lane
numbers represent theshours of greening following etiolation:
S, molpcular weight protein standards; and G, thylakoid
meabrahe proteins from seedlings grown for 6 days unde
continuous f1lumination. o

Fig. 12. SDS-PAGE of thylekoid membrane polypeptides from
greening, mutant barley seedlings etiolated for 6 days. Lane
number s represent the hours of greening following etiolation;
S. #cu)ar weight protein standards: and G, thylakoid
mea'ga'ne oteins from seedlings grown for 6 days under
cont'inyope 1 1lumination. i

*I
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bandsubetween 22 Kd and 27 Kd also intensified during
greening, however, most of these were also faintly visible -
after 2 hr. .

Proteins extracted from plastids of greening M
seedlings etiolated for 6 days are shown in Fig. 12. This
pattern was viriually identical to that of the N plastids
with on1y one exceptiop; the fime frame was delayed
slightly. For example, significant amounts of the 29 Kd
peptide seen in the N preparations after BJQP of greening
would be equivalent to the 12 hr M sanple. ‘

SDS-PAGE patterns of membrane proteins from seedlings
etiolated for 8 ~days i then greened are shown in Fig. 13
‘(N) and Fig. 14 (M). TQE same pattfrns of appearance and
disappearance of protein bands were obta1ned as in the 6 day
- samples), but the tlme frame has again been delayed. APthough
~little change was seen in the time frame of the

developmental sequence of the M’ patterns whether et1ola;ed
fp? 6 or 8 days, the 8 day N patterns have lagged
considerably behind tne 6-day N patterns to a developmgetal
rate that was now almost indistinguishable from the M.

" SDS-PAGE of the chlorophyli proteins is seen in Fig. 15
fép tge Nysnd M seedlings grown for 6 and 8 days under
A continuous 4 1 lumination. A sharp green band was seen at an
apparent molecular weight ©of 96 Kd, which corresponds to the
P700 ch]oropnle a prptein complex, a broader diffuse band
_is seen at 28 to 30 Kd which corresponds to the LHC, and a
‘third band, at the gel front, was undoubtedly free'pigment.

\.

;
/
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13. SDS-PAGE of thylakoid membrane polypeptides from
greening, normal barley seedlings etiolated for 8 days. Lape
numbers représent the hours of greening following etiolation;
S, molecular weight protein standards; and G, thylakoid
membrane proteins from seedlings grown for 8 days under
continuous 1llumination.

14. SDS-PAGE' of thylskoid membrane polypeptides from
greening, mutant barley seedlings eticlated for 8 days. Lane
nuwbers represent the hours of greening following etiolation:
S, molecular weight protein standards: and G, thylakoid
membrane proteins from seed)ings grown for 8 days .under
continuous 11lumination. o
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. 15, Unstsined gel after SDS-PAGE of chlorophylling extracted

from thylskoids of normsl and mutant barley ?roun for 6 or 8

days in continuous light. lanes a-d, thylakoid membranes

treated with SDS for 30 min at 5C: lanes e-h, membranes

treated with SDS for 5 min at 100C; lane i, protein molecular e
weight standards. .

18. Stained gel after SDS-PAGE of chlorophy!lins extracted
from thylakoids of norma! and mutant barley grown for 6 or 8
day: in cgntimoun light. Lane identification is the same as
in Fig. 15.
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These bands were visible and migrated to the same position?#%ﬁ
~in the M as in the N preparations: When the membrane |
preparations were heated to 100C in SDS before PAGE, no -
chlorophyl1lin band; were visible in the unstaine& gels other
than the free pigment band at the gel front.
For the electrophoresis of chlorophyll—proteiﬁs, the
. samples were not boiled with SDS before electrophoresis.
When these unboiled samples were run beside boiled samp les,
. however, the polypeptide patterns shawn in Fig. 16 were
produced. All the chlorophyll in the boil-:41 samples ran with
the dye marker. Bojling the samples also caused the .
'disappearance of protein bands at 96 Kd, 55 Kd and 48 Kd,
a%d a sharpening of the LHC band at 29 Kd. The unusual
. feature of these gels is tHat no band appeared in the boi led
samples concomitant wfth the disappearance.of.the three
'  ‘bénds.‘Thus; the proteins from the disappeariqgrbands must
‘ Jhave run toa position(s) which superimposed a band(s)
already present in the samples, or must have failed to enter
the gel. |
4. Electronmicroscopic Studies
-Ch]oroblasts of N and M leaf tissue from geed]ings
grown for 8 days under continuous illumination are shown in
Fig. 17. Both types of chloroplasts have a highly developed
internal membrane system. The M plastids hdwever,»are
' charaqtérized by an irre@plar outline, a lapk eﬁ
organizafgon in the alignment of the grana stacks, few

stroma lamellae, and larger numbers of plastoglobules than
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~Fig. 17) TEM thin sections of chloroplasts from leaves of normal

and/mutant barley seed!ings ?roun for 0 days under continuous
1ight. (‘5 g“m; PG, plllg’ obules; SG, starch grains; SL,
smellse. o s ‘
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the N. These differences have also been previously noted

&

(116).

It is difficult to éompare organelle sizes from thin
sections because the apparent size is dependentron the plane
through‘which the organelle has been sectioned. The
differences in size were more clearly represgnted\by the
scanning-electronmicrbgfaphs shown in Fig. 18. In erder to.
make a direct comparison of N and M ch]oroplast sizes, a |
;1xture of both types was, a?éo prepared for the SEM. In a -
side by side comparison, il was obvious w"‘ the M plastids
Lere not only smaller, but they also appear to be more
spherical than the N chloroplasts. Few broken chloroplasts
and little contamination were seen in any of fhe SEM ‘

 preparations.

' c. Discussidﬁ ;
ﬁormal and M seedlings were Kept efiolated for 6 or 8
days prior to greening in order to developmentally align the
. tissues to be compared . Even when kept in the dark for 6
days however, the subsequent greening rate was still slower
inM cdmpared to N seedlings (Fig. 3). After 8 days in the
dark, folléwed'by 24 hrin the light, very little difference
wag seen in the chlorophyl1 content of N and M leaves,
whereas, when seedlings were grown-in continuous light for 8
days, the N had subs;pnt1ally more chlorophyll than the M.
The rap1d decl:ne of fhe chlorophyll a/b rat1o is a

. ;common.1nd1cator of chloroplast development: followwng
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etiolation (66, 98, 180, 240, 242). Other authors have
reported that from 4 to 8 hr of ill'mination was required to
achieve stable ratios in barley seed ings (66, 98). This
greening rate however, was dendent on the environmental
conditions . (especially temperature amd light intehsity)
during greening. In this study the time required for the
chlbrobhyll a/b ratio to stebilize in the N was longer after
8 days of etiolation. (FIy. 1 and 2) suggesting that a
deebease in the rate of'chloroplast mambr ane development
- after 8 days of etiolation had occurred. This was further
feubstantiated by the reduced rates of ch]orophy]l synthesis
in N.seedlings after 8‘days of etiolation compered with 6
daysi The M,_en the other hand, was not affected to any
: ﬁajor extent by the longer duration in the dark as seen by
| little or nb chaqge in the rate of chlorophyll synthesis on
a per plastid basis between 6 and 8 days (Fig. 4 and 5).
Chloroplasts increase substantially in volume upon
greening,'therefofe, it wés surprising that the protein
content’per plastid did not vary (Fig. 4 and 5). This
suggests that the smaller etioplasts must contain a very
hiéh concentration of protein and that this concentration
- decreases duringigneeﬁihg and plastid swelling. Incomplete

- breakage of the young etioplaste’d&ring the plastid membrane

,prebafation however, could have resulted in erroneously high

protein' levels in these early stages.:ﬁroTamellar bodies are |
. >, 5

thought to contain a very high amount of protochiorophyl]

«

. gt ‘
holochrome (124). It was not surqﬁjsing that the M, which

e
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was deficient in prolamellar bodies (117), “ar a lower
initial protein content per plastid than N etioplasts. The
greened M however, had a higher proteln content on a plastid
basis than greened N chloroplasts SloFe the prota1n content
per plastid changed very llttle during chloroplast
development, a iatabolism of membrane proteins may have |

occurred produ ing substrates for the formation of new

Alternatively, the insertion of cytoplasmically

protejns.
synthesifZed protei along with the loss of certain
.etioplast proteins would also reSult'in'little change in the
protein content per plestid éuring oevelopment. Good
candidates for these'storage proteins‘might be the high

: molecular ‘weight proteins seen in Flgures 11 to 14, which
dlsappear as a function of greentng The breakdown of these
proteins might be responsible for the strongly staining
bands of very low molecular we1ghtise;n during the first few

hours of greening. <

Analysis of the polybepttde prof1les in Fig. .10
; lndicated that no s1gn1f1canttthy!uﬁo1d membrane prote1n

present in the N was.absent from the M chloroplasts.kdhamb :
and Zalik (118) also found no difference in gel'pattlrns“ e
after the 8 day stége, but diffeaencei;were noted at the 6

day stage. This disagreement in results could be»reconciled |

by d‘ifferences’i in chloroplast preparation or the metbodégy
of electrophoresis. - A ' " ‘

o Several of the polypeptide bands could be identified by
homology of the apparent molecular we1ghts with thoal pf
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to the photoindyced 32 Kd prote*n found by others (86

66
c N . ' l;\'y

known proteins. For example, the alpha and beta subuhits of
%
the ‘coupling factor have molecular weights of 59 ﬁ% and SB

Kd respectively (167), the LHC apoqroteln.was 27-29 Kd (126
”211). and the P700 chlorophyll a pﬂgteln complex was Known

to be about 96 Kd 244). Bogorad and coworkers have used a
32 Kd photoinduced polypeptide for the study of chloroplast
genetics (86); Ih Figures 11 -14 a major photoinduced‘

polypeptide at 34 Kd can be seen which probably eorresy

“ The developmentally relatbd appearance .and )
d1sappearance of chloroplast menbranef*tems in barley was

also recently stud1ed by Hoyer Hansen and Sl;ason (106)

These authogs stated that although 15, polypept1des
dlsappeared dur“,l greening, changes in the polypept1de
patterns fram 3-24 hr were pr1mar1ly quant1tat1ve The
molecular we1ghts were not 1dent4f1ed but thexr data also
indicated a general pattern of Joss‘of high and Tow .
molecular weight protelns as a function of greening.
Chlorophyll b is an integral component of the LHC and
the appearance of the LHC band coincided with th T
stabilization of the chlorophyll‘a/b ratio. ‘Aftex/s of
etiolation, the appearance of the LHC and the stabilization
of the chlorophyl] an ratio occurred earl1er in the N than
the M chloroplasgs After 8 days of etiolat1on the ,

chlorophyll a/b ratio took longer to stab1lize and the LHC
was not visiblo in the gels until correspond1ngly longer

_ greening~t1mes Thus, as in the case of chlorophyl]l

~ S a
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protOnged etiolation, Rather, the M approached N parameters’ =
becauseuof a de&re e in the deveropmental rate of the N g
after prolonged et1olatﬁznim1n other worﬁs gxtended .
* et1olat1o§ had a detr1menta4“effec!’\on the N seedhngs but‘
11ttle or, no effect 0:3 the M sveed‘iei;:gvs . ,
The chlorophyll;prote1n patienns in Fig. 15 showed on!&
-3 green bands 1mmed1ately after e1ecfrophores1s These
correspond to the P700 chlorophyl] ;ﬁoroteln comp]ex (96
. Kd)., LHC (29 Kd) and@ﬂ@xone of free: p1gdént_at the~ge1

‘,b

froht‘{;hese gelstéﬁﬂpfrom seed11ngs greenod under

continuous $1lumination for 6 and 8 days “and the patterns
for ‘the N .and M were the same at ggih stages. The 6 day M
i had less chlorophyll in the chlorophyll protein bands and
free p1gment zone, as eqqﬁvalent amounts of protein, not
\ ch]orophyll were loaded on the gels. ,Jhe chlorophy]l ‘was
’ completely lost /from the chlorophyll prote1n bands 1f the
samples were bo11ed in SDS before application (Fig. 15).
Another consequence of this procedure was the loss of
prote1n bands at 96 Kd, 55 Kd ar ;; Kd. A loss of prote1n
bands at 95 Kd, 53 Kd and 47 Kd were reported by Wessels and ’
:-Borchert .241) upon bo:l1ng sp1nach chloroplast membranes in

SD9 for- 2- 5 min OPJdelip1d acetone before SDS-PAGE. They T

further suggested that the 47 Kd band is the PSII reaction
Wagnd the 53 kd band is a dimer of the

v
5’ ;,L
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LHCz Althobgh no chlorophyll was detected in these areas
1mmedlately after electrophoresis (Fig. %ﬁ5) Wands at 55 Kd

‘»_and 48 Kd (Fig. 16) were lost upon b0111ng in SDS as were

those previ&usly roported (241): Estimates of the molecular
W

wemght for the LHC vary from 21-29 Kd (226). Before boiling

P PRI .

the LHC band wa Sl G

bojd ing in SDS !

anged from 25-30 Kd. After
.@jhe bands sharpened and a d1mer

could‘be d1st1ngu1shed around 29 Kd. 1n”!71 saﬂ%les Thus we o
have ev1dence@¥onq;he presence of the LHC PSII reaction > i
. centre, and*the P700 ch@gropﬁyll a prggeln in both the N and ey

sopdl1ngs after 6 and 8 dayp.pf cont inuous 1llum1nat1oth
% cﬂhe plastoqu1none A analysis generatéd unexpected
result More plastoqumone per: umt chloropw was present @

in the M than themr both 6 and 8 days of contmuous ;o
'1llumunat1on (Table Assumwng the photosynthet1c un1t o '
\ o

v%Slze was unaffected by the mutat1on (an assumpt1on supported

later in Section 1V of thls thes1t) and a photosynthetic.

un1t size of about 400 chlorophylls/photosynthet1c unit A
(112), then N seedlings greened for 8 days would have about

10 plastoqu1nones/un1t and the M about 16 per unit. These —
values were sllghtly lower than those prew}0usly reported

(19,220). It mast be realized however, that this

f plastoquinone may not all be used in PET. Indeed ‘.

plastoglobules or osmophlllc granules seen by EM have been
shown to contain quinones (145) ‘and larger numbers .of

: plastoglobules have been reported in the M chloroplasts than

-

in the N chloroplasts (117)..

: ‘%



Hwn under co;.,;uoug 1llum1nat1on

The M seed]vl '.
exh1b1ted cons1stently Tower chlorophyll a/b ratios than the
‘N, Low chlorophyll a/b ratios have been associated with ,
shade-iype_or grana-rich chforoplasts (25). Although the M
‘méy not be considered grana-rich, it could be considered .
stroma lamellae-poor (Fig. 17). The rédqced.amouﬁt of stroma
lamel lae may give rise to the disorder of the Qrana Seeﬁ.in
the mutant. It .also has been smggested previously thatjpe”

lack of chloroplas§7m1cnékybules m1ght be the cause“b? the
improper grana or1entat1on (1169 . §P" ’

B Y . :
! . B ) < ¥
; ' ‘
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IV. FUNCTIONAL STUDIES 8
A. Matérials and Methods |
ot h , -
¥ "1. Plant Material and ChMoroplast Isolation
dﬁ? -Plant growth conditions, harvesting and preparation of
Y . _

chloroplasts were.carried out as previously descr tbéd for
the structural studies. The methods were the same in order
to faéilitate comparisons betwéen stfuctura] andrfunctignal
changes. B w -
2. Che:‘mica!'s",.‘"".;~ |

: g

& W FeCN, DL-JTyceraldehyde, DPIP’ TMPD, ‘and

) . o L a4 ’ - ' : ~
purchased from Sigma. DMQ<and DPC were oblain m. Eastman

Kodak Co., Rochester, N.Y. The DBMIB was a gift from Dr. E.

[ | Tyszkiewicz.

-3. Photosystem 1*and Photosystem II Agggxé
a) H20 -{:2 FeCN. Thfs measurement of whole photosystem
'}plectroﬁ>transport,was.carﬁTed out using‘é Hansatech oxygen.
-<electrode éﬁgneéted to a Fisher Regobdal]‘SOOO chart
récordeb. The b? evolu{ié;.accoﬁpanying H20 splitting with
FeCN as an &lectron acceptor has been described by Delie¥ =
iy &

TR m hh&fbbﬁti‘f@ﬁ?fﬁ?*ﬁﬁﬁorbplast preparation (5-20 ug of

and Walker (jg). The sample cell had a total volume of 1.0

chlorophyl11), 1.5 mM FeCN, and 10 mM DL-glyceraldehyde. The-
" sample was stirred in the dark at 20C until the recorder
stabilized (about 2 min) and then illuminated with a 500 w
_projector lamp fitted with a Corning 2-62 red glass filter.
}/Thé light intensity at the cell was approximately 950
A . R
. e 1)
L.
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Kerg/cmz/sec as determlned with a pyrheliometer (Eppley ﬁ%'
model 10) *‘fter 30 sec of i¥llumination, 20i§§Fof 0.5 M
NHAC1 was added to the cell to obtain a rate for the S
uncoupled reaction. The 02- electrdd? waskpal1brated A |
maKing a full scale recorder deflégij/& equivalent to tHE

oxygen concentration of a1r saturgqted Nater. The ma%lmgg ,

value thus correSpqued to. 280 uMO02 (61) and a zero 02 valde ‘

0y wa@'obta1ned aften add1ng a few crystals of sod1um

dxth1on1te

.b) H?O ;--> DPIP. PET us1ng DPIP as the electron

‘des carr1ed 0ut spectraphotometr1cally with a
. Varian, Techtron dualﬂE’Lm<spectrophdtometer by a method
o s1m1lar to that of Woo et al.(247). Again, illumination was

9

provided bx)a 500 w prOJector lamp but light was filtered

through a Corning 2-62 red glass filter, a 10 cm water/heat

- filter and a 500 ml round.bpt{Om flask filled with waterr“s
:acted as_a condensing'lens To'a 3.0 ml quartz cuvette\wefe
' added in sequehee 1.85 ml of the chloroplast/preparation
* (1-2 ug chlorophyl1/ml); 1.0 ml of 30 mM phosphate buffer
f(pH 7.4 at 22§l(Na2HP04/KH2PD4)_containing 1.0 M sorbitol
‘and. 34 MgC12; and finally 150 ul of 2 mM DPIP added slowly

:,Q“. as a layer -on the ‘ fa?s/ The contents of the cuvette were

3 o .l

then mixed by. 1nvers1on, 1mmed1ately placed in the ,
| spectrophotometer apd adjusted to 0.500 0.D. at 595 fm
§'aﬁainsh # s1m1larly prepared sample without chloroplasts
‘1 The cuvette was then placed in the saturatwng llght beam for

. 15 sec intervals, recording . the absorbance at 595 nm after f
. »

| [ {

L 3

Al .
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)
'eayh successive illumination. The changes in absorbance were B\

plotted~and-the slopes determined. Using the mM extinction
‘coeff1c1ent .of 17.4 fon DPIP (247) the act1V1ty of the -

sample was cdﬂculated'grom f%e following formula: .
5%slopeu(-o.oﬁ uwits/hr ),x toop, . _ o
J'chlorophyll concentratlon (mg/md) X 17.4 "~

: é"duﬁ uM DPIP reduced / mg'chl /'br & - o
e '&)‘ . ‘, MN,V | X u . L ) ‘/Z\, . . “ ’ 4 K

A . Y
fhesg’vaiues wére'oorreotgd by SUbtraction of the
”:'DtMU 1nsens1t1ve reduct1on of DPIP. This was eterm1ned o
by repeat1ng the exper1ment wlth the addition of 10 ul
of, 300.uM DGMY (1uM final concentrat1§ﬁ1 in MeOH. _
‘ c) DPC --~> DPI? The photoredu¢t1on of DPIP using , ..
UDPC as an elgftron donor was carried out essentially as
described abo?e,for the H20 ---> DPIP assay.: However,
' immediately after layering the DPIP solution on the.
sample in the cuvette, 15 u1“§f_1oo!mm DPC (0.5 mM final
“concentration) made up in MeOH, was added. The contents
“of the cuvette were mixed by inversion and the
vsubSeouent procedures were carbied out as described
| aoove;ngain. the Values were corrected.for
—DCMU-inseositiVe'oeduction of DPIP.
. 4. Photosystem'] Assay. IMPD --x MY
Photosystem I was assayed polnrographtcally us1ng the!\

Hansatech oxygen ‘electrode. The procedure was 1dent1ea}.to

"

~
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that for H20 --> FeCN except. the reaction mixture contained

chloroplast ﬁgﬁbranes (J-Z ug chlorophyl1l/ml, 4 mM TMPD, 2

mM methyl-violcgen. 60 mM sodium ascorbate and 1 mM DCMU.
DCMU blocks the PSII-catalysed 02 evolution, and upon“

illum1nat10n 02 uptake *is measured. The 02 is consumed in a
.J _

Mehler- type reaction of reduced MV.
5. PhotcgyStem 1l Assay. DPC --> DMQ

This Photosysfem 11 specific photoreduction was
measured polarograph1cally with the Hansatech oxygen

electroi’fas in the TMPD-->MV assay. The reactpgn mixture

: chloroplast membranes (10-20 ug

‘chiorophy11/m1), 0.5 mM DPC, and 2 mM DMQ (115). After 20-30
, sec of 02 eve]ution, 20 ul of 0.5 M NHA4C1 was added to

obtain an uncoupled rate. All experiments were repeafed'hith

“ .
the additjon of 10 ul of 1 uM DBMIB jn‘MeOH, to inhi®it any .
PET beyond plastoquinone[ ‘
6. Light Saturat1oqm&ggsurements

The l1ght satuwatlon exper1ments were carried out us1ng

& i,

- the DPC --> DPIP assay The 11ght 1ntens1ty of -the pPOJeCtOP.

was varied w1th neutral denmsity f1lters (Balzers) so that
the light intensity could be changed without affecting the
light quality. For measurement of activit;'using filters .

with less than 10%vtransmittahce,‘fhe experiments were done

L4

in'semi—darkness to reduce any contribution of stray light

All samples were corrected for nonphotosynthet1c reduction

~

of DPIP by subtractlng.}he %ct1v1ty of a sample kept in
total darkness. ¥ .. 'Y ’

oyt B .
v - . ’ fﬁ L .‘ S . t
o TS T A Y .
T N ) [P Y : s »
’ ..‘_-"}?l LM % 0 id
B )

-



7. DCMU - Saturation Measurements

The DCMU saturggion experiments were also carried -"
using the DPC —-;‘D\IP ﬁssay system. The experiments we ‘
carried out in saturating light (1, 100 Kerg/cmz/sec) and
the DMCU concentration was varied from 0.01: a@:to 10 uM. As
the DCMU was made up in MeOH, the diluttons were made prior
to addition to the sample so that a-ponstant'vo]ume of MeOH
was added iq each experiment. The activity at 10 uM DCMU was
used as a correction factor for nonphotosynthetic reduction

of DPIP,.
s

B. Results
1. Photosystem 11 and 1

Tofal PET was measured as oxygen evolution by membéane
preparations upon'illumination using FeCN as the electron
acceptor. The devéidpmeﬁt of tHis‘photochemical activity on
a unit chIOPdphyll basis in greening et >lated seedlings is
B shown in Figures 19 and 20. No 02 evolving activity could be

udetected within the first 4 hourg for either N or M

.nembranes following 6 days of etiolation. The rate of

_ deve lopment of the PET- capacvty was ﬁester in the N than in
the M, and th1§_h1gher rate was’ nqt affeqted by the duration
of the dark préireatment. All'biastid(prepaﬁations had ‘ .
achieved aciivities~qi neirly 1?E§\j?at of the jibht grdwnz
cqgtrols within 24 hr of greenihg, althaugh consistently
higher activi;ies’werefobseFved in N blastid preparatibns.

- Since the _level df chlorophyllﬁwas reduced in the M, it was

3

¢
AN L . . <
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of value to -interpret the data on a unit protein basis (Fig.

21 and 22). As seen from these curves the development of M

membrane activities was far from complete at 24 hr, and
preparations from N chlorbplasts were the first to reach a
stable activity level. An increase in activity on a protein

basis with no change on a chlorophyll basis ¢an only be

explained by either a drop in plastid protein between 24 and ’

36 hr, or an increase in,chlorophy11 associated with the

increase in activity. Clé;ljar the former cannot be sqppbrted 5

by the data in Fig. 4 and'.;:'::..’Thus ,. the increase in rate of

PET betweénﬁ,_ and 36 hr:".“ ning i the M plasfids' is

"i'!_m‘f,:c')phyll content. = .
. ‘«? ,

.

directly related to an 1\ncr
o wo N

Whole chain PET was alsp measired

: spectr_bphptometricaliy by the photor"educt,io_nJ_ of DPIvP with
water as electron donor (Fig. 23@24_)_. The photoreduction .
qu'DPIP,vwas véry high in tr;ie brgﬁéﬁce of DCMU d_ur;ﬁ the

first few hours of greening therefore all. heasured
activiths had to be corrected for DCMU-insensitive

‘ « Y . . - . :
photoreduction. in order @get a valid measure of the

~ electron :flovw’ through PSI1. Photochemical activity orfn a

chlorophyll basis showed‘.a répid rise to a maximum 5fte'r>‘3-4'

-

- i . : . - .
hr of greening .in both N and M thylakoids after 6 days of

etiolation followed by a}dec-l"ine_.t'o a stable level 3t the 12
.hr stage. The activities peaked after 6 and 9 hr _‘fq;!N and M
'pllastids r“e.sﬁéc,tivéiy aft‘e’-- 8 days of etiolation antr sAtab‘leT'

’ . N v * R

‘activities were not obtained until at least 24 hr of

greening. The H20 --> DPIP activities in light grown

kg

V-
-
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| almost equal after 8 days of continuous illumination. H1gh

“is shown in F1gures 27 and 28. Aga1n, the act1v1t1es were

78

seedlings'were~higher for the N than the M after 6 days, but

agltivities per unit chlorophyll during early stages of

greening are easily m1s1nterpreted since the actual amounts
of chlorophyll in the plastid are very small. When the data
are plotted ggaact1v1ty per unit prote1n (Fig. 25 and 26), a

cont1nuous increase 1n activity is seen over the 36 hr of

»

,develonment The rate “of 1ncrease 1n activity of the M

chloroplasfs fé unaffected by .the durat1on of the dark | ’!&
pretreatment but that of the N 1s.pons1derably reduced after

8 days~1n the darK In ‘all cases the act1vaty per ung;

'prote1n cont1nues to r¥se long after stab?e rates are

reached on a ch}orophyll basis. Thus, as 1n the H20 --> FeCN

Adata, the 1ncrease in .chlorophyil dur1ng the later stages of

> "\f‘..
&

’greenlng 1n the M plastids contributes d1rectly to the

“ increase in measured activity. . - , 4

The art1f1c1al electron donor. DPC, was used to

f
: cwrcumvent the H111 react1on The addit1onal electron

transport st1mu1ated by DPC over that with-H20 as the. donor

corrected for DCMU- 1nsen51t1ve photOreduct1on to negate the

effects of any DPC donat1on to PS I. Dur1ng the f1rst few
hours of green1ng, DPC is.a potent donor to PSII This

st1mu1at1on dec11nes sharply over the f1rst 4 hr 1n

seedl1ngs et1olated for 6 Qays as the H20-->DPIP act1v1ty .

~ becomes functlonal Thls sharp decay conponent is extended Y

'to 8 and 12 hr for the N and M respectively in plants

¢
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greened after 8 days of etiolation. The rate of decrease
over the 12-36 hr greening period is fairly uniform for both
N and M after both 6 and 8 days of etiolation.

2. Photosystem 1

1

The development of photochemical activity associated
with Photosystem I is showﬁ in Figures 29 and 30.
Significant levels of activity were obtainéd in a1L_cases
within the first hour of greening. Maximum rates of PSI
activity, on a chlorophyll basis, were seen after 8 hours of
greening in both N, and M plants étiolated for 6 days,
whereas, after 8 days, maximum activities were reaéhed after
only 4 hours of greening. PSI activity of N thylakoid
membranes was higher during the initial stages of greening
but attained a stable rate after 24 hr which was lower than‘
that of the M. After 8 days of etiolation, although the
maximum activities were achieved earlier in plastid

development, the photochemical activities had not reached

_stable levels even after 36 hr of development.

.y
As previously mentioned, the initial activities were

artificially high due to the low chlorophyll content of the

plastids in the early :tages of greening. When plotted on a

protein b%sis (Figures 31 and 32)ﬁ4the rates of PSI

deve lopment were consistently higher in the N regardiess of

the duration of etiolation. Except for the M after 6 déys‘bf
etiolation, all PSI activities began to level off after

about 24 hr of greeniﬁg. On a unit protein basis, very

hlitt]e_activity was apparent in the first hour of greening,

-
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howeveﬁ, significant activity was seen after 2 hr. Thus, PSI
appeared earlier and reach;d stable levels sooner during the
ggépning process than PSII.

3. Photosxsteh 11 " R

Photosystem 11 activity using the DPC --> DMQ assay Las
measured for N and M seedlings exposed to cont1ouous
illumination for 6 and 8 days. These data are presented in
Table I1. Th; activity in the presence of the inhibitor
DBMIB is’ an estimate 6f the electron flow through PSII and,
‘after 6 days of illumination, p]ast;ds from N seedlings
- exhibited higher activities than those of the M;QBetween 6
and 8 days the M activity in the presence of DBMIB changed
very little but the activity of the N plastids dropped by
37%. As a result, after.8 days ihere was no difference in
PSII activities.between N and M chloroplasts.

In the presence!of DBMIB, the uncoupler NHdé:, had no
effect on the PSII rate. This was not.une§pected since DPC
supplies .electrons on the reducing side o% the first
coupling site (H20 oxidation), and DMQ dccepts electrons og'
the oxidizfng side of the second coupling site |
(plastoquinone). Thus no protbn gradient wou1g be set up,
and an uncoupler such as NH4C1 should have no effect. In the
absence of the uncoupler, the inhibitor DBMIB had no effect
on the measured PSII activity. Thus) all the electrons were
reducing DMQ at the maximum possible rate and were not being

lost to PSI reactions. When the uncoupler was added in the

absence of the inhibitor though, the reduction of DMQ was

>



Table I1I.

- —- - - -- -

~

Photochemical activity of the Photosystem 1
reaction center (DPC-->DMQ) in chloroplasts
from N and M seedlings grown for 6 or 8

days under continuous light.

Normal
12
NH4C 1 193
DBMIB - 119
NH4C1 + DBMIB 130
82
NHAC1 156
DBMIB 85
NH4C1 + DBMIB 94

97
160
‘87
87

83

T T T T T T T T T T T T S A e e e e E r e e e, e, f A, , e, e, e, ., .. —— .- e -~ -

given are uM02/mg Chl/hr
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stimulated by over 60%.

4., Light Saturation Measurements

In order to make comparisons of the photosynthetic unit
sizes of N and M chloroplasts, the effects of changes in the
light intensity on the PET were measured by the DPC --> DPIP
reaction. After 6 days of continuous illumination the
maximum photochemical activity (Vmax) of the N was higher
than that of the M. However, the light intensity at which
the activity was saturated was the same for both N and M
chloroplasts (Fig. 33). This is clearly shown in the double
reciprocal- plots of the data (Fig. 33 insert), where
extfapolations of these lines converge on the ordinate:
Thus, both N and M had the same half-saturation point (Km).
This was also the case for the seedMings grown for 8 days
under continuous illumination (Fig. 34). Identity of the -
light saturation points can be related to equal numbers of
chlorophy!l per {rap, or, in other words, equal
photosynthetic unit sizes. Identical light saturation points
with a lower maximum reaction velocity however, can only be
interpreted as a lower efficiency of the PET in the M. The

lower efficiency of the PET in the M is clearly demonstrated

in the light limiting regions of the curves. It has been

suggested that the Sr_:jlope of tr(é line in the region of the
light saturation éﬁ;ve‘where light is limiting is”
proportional to the quantum yield (97)

The development. of the photosynthetic units as defined

by light saturation Kinetics is shown in figures 35 and 36
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33. Light saturstion curves for chloroplssts from 6 day
normal and mutant uodlﬁn?n. Photoreductive activities of the
DPC-->DPIP reaction sre given for normei (@, and mutant (B
chioroplasts. The double reciprocal plots of these data ere
shown in the insert. The values plotted are the means of four
replicates.

34. Light saturstion curves for chloraplasts from 8 day ©
norme ) snd mutant seedlings. Photoreductive sctivities of the

OPC-->DP1P reaction are given for norms! (@) and mutant (®)

chlioroplasts. The double reciprocal plots of these dats are

shown in the insert. The values plotted are the means of four .

replicates.
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for 6 day etiolated N and M seedlings respectively. These
data have been normalized se_that the activity at the
maximum light intensity is edual to one. It is apparent from
these curves that the light intensity réquired.for
saturation of the photochémical activity decreased as
greéning progressed. The Vmax also changed during greening.
Nevertheless, the light-limiting regions of the curves
indicated an increase in efficiency of the photochemical
activity during developmeﬁt. The double reciprocal plots
shown in Figures 35 and 36 iﬁdicate that the half saturation
intensities decreased from 210 to 68 Kerg/cm?/sec during the
first 24 hr of greening in the N, while it decreased from
470 to 66 Kerg/cm?/sec over the same time period in M
chloroplasts. Based on these results, the photosynthetic
unit size increased more rapidly in the N, achieving fight
saturation points approximating those of light-grown
controls after only 12 hrs of greening. The M, on.fhe other
hand, took about 24 hrs to attain the light grown control
rates.

Similar data were obtained for plants etiolated for 8
days before greening (Fig. 37 and 38). However, the rate of
inc;ease in the photosynthetic unit size was less in these 8
day etiolated N seedings, since light saturatjon points
equal to the light grown controls were not realized until
the 24 hr stage. In the M, the rate of increase in the
photosynthetic unit size was unaffected by the duration of

dark pretreatment. The half-saturation intensities decreased
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Fig. 35. Light saturstion curves for developing horma !

chioroplasts from seedlings etiolated for [ cays. The
photoreguctive activities have been normalized to a value of
1:0 3t the meximm Hrst intensity. Data shown for
chioroplasts greened for 2 hr @1, 6 hr 12 he ‘A gngt 24
hr (@) as well as for chloropiasts from seedlings gromn for 6
deys under continuous 11luminstion (©). The douwle reciprocal
plota of the actus! dats are shown in the {nsert. The ve lues
plotted sre the mesns of three replicstes.
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fFig. 36. LiYﬂ ssturstion curves for developi ~ytent
- »

chloroplasts from seedlings etiolsted for days™ The
photoreduct ive activities have been norma lized (0 a valye of
1.0 at the saximum 1ight intensity. Dats sre shown for
chloroplasts greened Jor 2 he (@1, 8 he (w1, 12 he (&) gng 24
hr (®) as wall as for chlorapissts from Seed!ings grown for §
deys under continuous 11lumtngtion (0), The double reciproca!?
plots of the sctus! dets sre shown 1n the insert. The velues
plotted are the mwens of three replicates.

87



Fig. 37
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fFig. 37 ¢ t ssturation curves for developt norma !

chiorop ts from sesdiings sticiated for days. The
photoreduct ive activities have been normaltzed to & value of
1.0 at the maxtmum light intenstty. Datas e shown for
chioroplasts greened for 2 hr (@), 6 he (@, 12 hr (&) and 24
he 10 as we!l as for chloroplaats from seediings grown for B
deys under continuous {llumination (O!. The doub le reciprocal
plots of the sctus) dats sre shown in the tnsert. The velues
plotted are the mesns of three replicsates.

Fig. 38. Light saturstion curves for u.voloomg mytant
chloropissts from seediings ettolsted for cays. The
photoreduct ive activities have been normslizes to & value of
1.0 st the maximum H?hl intensity. Dats sre shown for
chloroplasts Yvnua or 2 hr (@), 6 he (@), 12 hr (4) ang 24
he (@) a8 well as for chioroplasts from seedlings grown for 8
days under contimuous t1lumination (©). The double reciprocat
plots of the sctus! date sre shown in the insert. The values
plotted sre the. mbane of three replicates.
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from 180 to 71 Kerg/cm?/sec over the first 24 hr of greening
in the chloroplasts isolated from N plant§-etiolated for 8
dlleled by the M

riod. Thus,

days. This rate of decrease qu closely\v

(190 to 62 Kerg/cm?/sec) over the s¢m¢ 1
S R

little dwfference in the/course of‘ddVelopment could be seen

between the N and M seedlwngs et1olaté8 for 8 days.

5. DCMU Saturat:on Measurements

A further characterization of the photosyntheticnunit
size was under%aken through a study of the kinetics of DCMU
inhibition of ihe photochemical activity of the DPC --> DPIP:
reaction. The inhibition curves for the N and M chloroplasts
from 6 day old seedlings grown undér continuous illumination
are shown in Figure 39. Although the photochemical activity
in the absence of DCMU is higher in the N chloroplasts, the
concentration of DCMU required for 50% inhibition of the
activity is the same for both N and M plastids. As the
inhibition pattern exhibits sigmoidal Kinetics, the 50%
inhibition point (150) is more clearly seen in a Hill replot
of the data where vz1/2 Vmax = 150 at log (v/(Vmax-v)) =0.
Both N and M curves intersect the zero-point in this replot
at a DCMU concentration of 160 nM. The slope of the Hill |
equation yields a value for the.Hill coefficient which was
taken as an estimate of the nﬁmber of binding sites per
molecule, or in this case,.per electron transport chain. The
s lopes oi the curves in the Fig. 39 replot are.0.95,

suggesting that there waé only one binding site for DCMU _per

electron transport chain.
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tnsert. The velues plotted sre the msans of four replicates.

A



91

When plants greened under continuous illuminatton for 8
days were measured, ‘the data (Fig. 40) exhibited similar
patterns to that of the 6 day old pfents. After 8 days, the
initi1 activity of the N in the absence of DCMU was lower
than it was for 6 days, whereas that of the M had changed
very little. Again, the N and M activities reached the 50%
inhibition points at the same DCMU concentration.-The DCMU
I50 after 8 days of continuous illumination was about 200
nM, and the slopes of{{he Hill. plots were 1.0. The increase
in concentration of DCMU required for 50% inhibition of
activity (on a 5plorobhyll basis) at 8 days suggested that
the photosynthetic units had decreased slightly in size from
the 6 day measurement. \ '

The effect of DCMU on chloroplasts from seedling§

etiolated for 6 days and then allowed to green is shown in

- Fig. 41 for N plastids and Fig. 42 for M plastids. The’data

presented in these figures have been normalized so that tke !
activity ih the absence of DCMU is equal to 1.0 and'that in
the presence of 10 mM DCMU is equal to zero. pref
concentrations of DCMU were required for'SO% inhibition of
activity {n less developed chlproplasts. These values
increased from 50 to 100 nM for the N and 8 tc 150 nM from
the M plastids during the first 24 hr of greening. Since the

\—
concentration of DCMU required to inhibit the activity of a

unit of chlorophyll increased, the functional photosynthetic

unit size must have decreased in these greening p1a$tids.&1t

is also noteworthy that the slope of the Hill plots
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approximaté unity for all but the 2 hr N sample, in which
case it was 0. 59.

The reSults‘from seedlings etiolated for 8 days and
then al{?w?d to green are shown in Figures 43 and 44 for N
‘and M chloroplasts respect1ve1¥§gjhese results are similar
to those for 6 day etiot?ted sedd1ings~in that the DCMU 150s
incr@®sed as greening progressed. In N p]astids. these
values increased- from 14 to 200 nM over the first 24 hr of
green1ng, arid from 40 to 200 nM in the M (2 hr M values
could not be determined). The Hill coefficient for alq
curves 'apptoximated unity except for the 2 hr N sample which
was 0 '63. The consistently Y¥ow Hill coefficients in very

young samp1es may suggest a substantial amount of DCMU

insensitive photoreduction of DPIP.

C. Discussion

- Studies on the development of photochemical activities
during greening are cénfoUndéd by the changing ‘evels of
chlorophyll on which they are usually based. Since the
chlorophyl1 base value changed (Fig.>1), its usefulness as a
developmental parameter was questioned. The protein. content
of the plastwds during development was more stable (F1gn;es‘
4 and 5) and was, therefore, considered to be a more useful
base for the e%;ression of development of photochemical
act1v1t1es However, the activity‘expressed.on a unit

chlorophyll was usefu] in detecting the onset of

photochemical act1v1ty. In addition, the decline in activity

L d

F%,
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aftérjihe sharp rise seen in many experiments (Figures 23
and 29) could be attributed to chahges in the photosynthetic
unit size (numbers of chlorophylis/reaction centre).

The development of whole photosystem PET was measured
by the H20 --> FeCN (02 evolution) and H20 --> DPIP (DPIP
reduction) reaction sequences. The water splitting activity
measured by 02 evolution was virtually nonexistent on a
protein basis during the first 6 hr of greening in N
plastids (Fig. 21 and 22). The plastid chlorophyl1 content
at this time was less than 10% of the fully greened tissbe |
(Fig; 4), and the increase in.activity per unit chlorophyll
from this point on occurred at a faster rate than that on a
protein basis. Activity in the M was slower to develop than
in the N and did not appear to be affected by the extendéd
dark period. The dewelopment of the water splitting capacity
of the N samples was not different between 6 and 8 days of
etiolation.

‘The H20 --> DPIP reaction should be a ﬁeasure of the
same chain sequence as H20 --> FeCN, however the results
" were substanﬁial]y different. On a protejn basis, these
activities were measUrablé within 4 hr of greening (Fig. 25
and 26). As a result of this early onset, the activity per
unit chlorophyll showed a characteristic peak and decline to
stable levels as chlorophyll accumulated (Fig. 23 and 24).

T earlier onset of the H20 --> DPIP reactions may indicate
that some compound in the plastid or.buffer other than water

was responsible for electron donation in these early é;fges

\
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of chloroplast development, or may simply reflect the
differential accessibility of the acceptors to the membranes

during development. Unlike the water splitting measurements,

a significant effect was seen in the dLQ:;ﬂof the greening
p;ocess by proloaged etiolation (Fig. 23 and 24). After &
days of etiolation, the activity peaked at 3 and 4 hr for N
and M respective]y, whereas after 8 days, the activity did
not peak until 6 and 9. hr. In addition, the activity
stabilized in the first 12 hr of greening in 6 day
seedlings, but it took about 24 hr in the 8 déy seedlings.
On a unit protein basis, the M is unaffected by the
prolonged period in the dark, yhereas the developmental rate
was reduced in the N seed]ingsm(Fig. 26 and 26). In the
studies on the accumulation of chlorophyll and the
sequential appearance of membrane proteins, it was also
found that prolonged etiolation had little effect on the M,
whereas it reduced the rate of development of the N.

) DPC‘is-an artificial donor to PSII which can funétion
long before the development of the water splitting capaéity.
High activities of DPIP photoreduction were seen with DPC as
electron donor within the first hour of greening (Fig. 27).
Thus, "even though the water spli::}ng capacity had not yet
deve loped, the PSIIWtraps were present and functional. The
initial activitiés were high because of the sﬁall amoUnt of
chlorophyll in the system. The rate of decline in the
sabi]ity to stimulate bPIP photoréduction by DPC.occurred
faéter in the 6 day than in tHe 8 day etiolated seedlings.
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This would certainly be an expected consequence of an
overall reduction in rate of plastid development seen in the

1)

N.

Significant PSI activities were observed within the
first 2 hr of greening in both N and M seedli%gs. On a
chlorophyll basis, maximum rates of the TMPD --> MV
reactions were seen at 8 hr for both N and M after 6‘days of
etiolation (Fig. 29). After 8 days of etiolation, these
maximum rates were achieved in only 4 hr of greening (Fig.
30). The earlier peaking of/actﬁvity“after 8 days of
etiolation at first seems to suggest a more rapid
development of PSI after prolonged darkness, contrary to the
results obtained thus far. It could also, however, be
explained by an identical rate of PSI development at both 6
and 8 days, superimposed on the reduced rate of chlorophyll
development seen after 8 days of etiolation. The net result
would b¢g an earlief peak in activity per unit chlorophyll.
This suggestion is supported by the similarity of the curves
for PSI development when ekpressed on a protein basis (Fig.
31 and 32). B? addition, the stabilization of the PSI
activity on a‘phlorophyll basis after only 24 hr in tﬁe 6
day plants, buf after 36 hr in the 8 day plants, indicated
that the rate of-plastid developmeht was reduced in the 8
day etiolated seedlings. | ‘

The;PET specifically through PSIIuwas measured by the
DPC Ff) DMQ reaczion.‘This reaction was not coupled, and was

insensitive to DBMIB as seen in Table I1I. The H20 --> DMQ

@
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sequence is known to be coupled, and P/2e ratios of 0.3 to
0.4 have been reported (82, 230). Following 6 days of
continuous illumination, the activity of the M was_about 75%
that of the N, but after 8 days the activities were about
equal if not somewhat higher in the M. The stimulation of
activity by the addition of the uncouplér in the absence of
DBMIB occurred to the same extent in bot% N and M
chloroplasts. DBMIB prevents electron transport beyond
plastoquinone, and DMQ picks up electrons specifically at
plastoquinone. A lack of electron acceptors and sﬁbstrates
for photophosphorylation caused an effective blockage beyond
plastoquinone, and\thus, the activity measurements in the
absence of uncoupler did not differ in the presence or )
absence of the DBMIB.The lack of stimulation by the
{anoupler on the DBMIB inhibited PET from DPC\io DMQ is
explained simply by the fact that no coupling site is
contained within the sequence. The stimulation of the system:
by the uncoupler in the absence of DBMIB could be explained
by one of two po§sibilities. If reduced plastoquinone can
transfer electrons to benzoquinone, then a functionai cyclic
PET through PSI which is cgupled, might contribute to the
additional reduction of DMQ. The second possibility is that
in the absence of DBMIB, oxygen may aét as an electron “
acceptor for PSI in a pseudocyclic electron tranqurt.
Pseudocyclic PET results in‘oxygen uptake by a Mehler

reaction which would be indistinguishable from the reaction

of reduced DMQ. In both cases, the coupled activity in the
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absence of DB”IB must be slow enough to cause a backlog of
reduced PET cHain intermediates resulting in a diversion of
most of the electrons to DMQ. )

The lower chlorophyll concentrations seen in the M may
be due to less chlorophyll associated with each reaction
centre (smaller photosynthetic unit sizes), or to fewer
reaction centres (no ;hange in the photosynthetic unit size)
per unit of leaf'weig;t. To determine whether or not the
photosynthetic unit sizes varied between N and M, the )
kKinetics of light saturation of the DPC --> DPIP reaction
were studied. The convergence of the reciprocal plots on the
ordinate in figures 33 and 34 indicate that the
photosynthetic unit sizes of the N and M were the same at
both 6 and 8 days. If the slope of the linear portion of the
light-limiting region of the light saturation curves
directly defines the efficiency or quantum yield of the
reaction (97), then clearly the M had a lower quantum yield
ai‘?he 6 and 8 day stages, although it recovered somewhat at
the 8 day stage.

Decre=ses in the light intensity required for
saturation f-~ he DPIP phq?oreduction occurred concomitantly
" with chloropic development. Similar changes have been
vreported in Chlgrella for photosynthetic oxygen evolution as
a function of gr%ening 97, 242). Half-saturation
intensities of 300 Kerg/cm?/sec havé been reported for the

H20 --> TPIP reactions in seedlings of barley greened for 2
hr, and 50 Kerg/cm?/sec after 24 hr of greening (98). A

~

£
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decrease in light energy required for saturation of
photosynthesis suggests an increase in size of the
photosynthetic unit during greening (17). After 6 days of
etiolation, the Iight-iptensity réquired for saturation of
the developing M plastids deqreased more slowly than in thé
N. After 8 days however, these rates were almost the same
for the N and M due mainly to the reduced rates of
development of the N. |

The DCMU saturation kinetics ‘were also studied to
compare the photosynthetic unit sizes. In light-grown
seedlings, no difference was seen between N and M plastids
in the amount of DCMU required to inhibit the activity of a
unit of chlorophyll by 50%. These values were approxjmately
160 nM and 200 nM for 6 and 8 déys respectively. In the 3.0
ml reacBon cuvette the absolute améunt of DCMU‘Fbr the 150
would be 0.48 and 0.60 nMol. If one molecule of DCMU
inhibits 1 reaction centre, then the number of reaction
ceﬁtres in a mg of chlorophyll should bé 2 x 150 or .98 and
1.20 nMol per mg chlorophyll. In other words 1 DCMU per 820
and 750 chlorophylls for 6 and 8 day old seedlings. The
assumption ‘that { molegﬁle of DCMU Binds per reaction centre
is born out by the Hill plots which have a slope of one. The
values for the number of inhibitor sites agree with those of
~similar éxperiments reported by lzawa and Good (112). They
also pointéd out, however, that a small portion of the DCMU
is jrrevé}sibly bound to the chloroplast membfane with no

inhibition of photochemical activity.
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The number of chlorophylls per inhibitor site-(reaction
centre) decreases for both N and M fully green tissue
between B'And 8 days. After 6 days of etiolation and 2 hr of
greening, the values were 1 DCMU inhibition site per 3000
(N) and 18000 (M) chlorophylls. These values may-indeed
indi¢ate a decrease in the photosynthetic unit size during
greening contrary to the results from the light saturation
curves, however, they may mo;g,probaﬁly reflect a change in
sensitivity to DCMU duringugaeening. A.change in DCMU
sensitivity as a function of greening has been repor ted
previously in barley (98). Substantial amounts of
DCMU-insensitive photochemical activity were seen in all the
photochemical measurements performed on very young‘
chloroplasts, and care was taken to compensate for the
DCMU-insensitive component. The change in DCMU sensitivity
g;as also suggested by the decrease in the Hill slopes to
values less tp;n 1.0 in the early stages of greening (Fig.
41 and 43).

The i50 concentrations in greening seed!ings after 6
" days 6f etioléfion{were usually ldwer in the M than in the N
chloroplasts and approached thé light grown control values
more slowly. After 8 days of etiolation, the approach tQ the
Ijght grown values occurred at about the same rates for the
N and M due to afmarked reduction in the rate of development
of N. These generalities seem to Concur with the basic '
finding that the rate of plastid development,:although

slower in the M afte? 6 days of etio1ation, was almost the



N
/ e
S

p
same as‘the N after 8 days of development due to a d;duction
in the rate of N chloroplast development at the 8 da;\stage.
Both the DCMU inhibition and the light saturation curve
data indicated that the photosynthetic unit size was the
same for N and M seedl{ngs after 6 and 8 days of development
in continuous light, and that the lower photochemical
act{vities of the M were due to“a decreased efficiencyéor
quantum yield. » ‘
Freeze-fracture experiments indicated thatthe overall
EF and PF particle sizes were smaller in the M (see
appendix). Thus, the size of the freeze-fracture particles
did not appear to have a direct relationship to the-size of
~the photosynthetic unit. However, the reduction in size of
the M EF and PF particles may have affected their
orientation with each other, to the extent that the

efficiency of the system was reduced.



<

10.

11.

103

REFERENCES

. Akoyunoglou, G. 1977. Development of the Photosystem 11

unit in plastids of bean leaves greened in periodic
light. Arch. Biochem. Biophys. 183:571-580.

Allen, F.L. and J. Franck. 1955. Photosynthetic oxygen
evolution by flashes of light. Arch. Biochem.
Biophys. 58:124-143.

Amesz, J. 1964. Spectrophotometric evidence for the
particigation of a quinone in photosynthesis of
intact blue-green algae. Biochim. Biophys. Acta
79:257-2865.

. Amesz, J. 1977. Plastoquinone. In: Encyclopedia of

Plant Physiology. Photosynthesis 1. (A. Trebst and
M. Avron eds.). NS vol1.5:238-246. Springer-Ver lag,
Berlin.

. Amesz, J. and L.N.M. Duysens. 1977. Primary and

associated reactions of system Il. In: Primary
Processes of Photosynthesis. (J. Barber ed.)
p.149-186. Elsevier Scientific Publ. Co., N.Y.

Anderson, J.C. and [/.S. Robertson. 1960. Role of
carotenoids in protecting chlorophyll from
photodestruction. Plant Physiol. 35:531-534.

Anderson, J.M., J.C. Waldron, and S.W. Thorne. 1878.
Chlorophyll-protein complexes of spinach and barley
thylakoids. Spectral characterization of the six
complexes resolved by an improved electrophoretic
procedure. FEBS Lett. 92:227-233.

. Argyroudi-AKoyunoglou, J.H. and S. TsaKiris. 1977.

Development of the cation-induced stacking capacity
during the biogenesis of higher plant chloroplasts. s
Arch. Biochem. Biophys. 184:307-315.

. Armond, P., C.J. Afntzen, J.-M. Briantais and C.

Vernotte. 1976. Differentiation of chloroplast
lamellae I. Light harvesting efficiency and grana
development. Arch. Biochem. Biophys. 175:54-63.

Armond, P.A., L.A. Staehelin and C.J. Arntzen. 1977.
Spatial relationship at photosystem I, photosystem
11, and the light harvesting complex in chloroplast
membranes. J. Cell Biol. 73:400-418.

Arntzen, C.J. 1978. Dynamic structural features of
chloroplast lamellae. In: Current Topics in



N

12.

13.

14,

15,

16.

17.

18.

19.

20.

21.

22.

104

Bioenergetics (D.R. Sanadi and L.P. Vernon eds.).
vol. 8B:111-160. Academic Press, London.

Arntzen, C.J., R.A. Dilley and F.L. Crane. 1969. A
comparison of chloroplast mémbrane surfaces
visualized by freeze-etch and negative staining

. techniques, and ultrastructural characterization of
membrane fractions obtained from digitonin-treated
spinach chloroplasts. J. Cell Biol. 43:16-31.

Arntzen, C.J. and J.-M. Briantais. 1975 Chloroplast
structure and function. In: Bioenergetics of
Photosynthesis (Govindjee ed.) p. 51-113. Academic
Press, N.Y. Yo g

Babcock, G.T7 and K. Sauer. 1975. The rapid component
of electron paramagnetic resonarce signal II: A
candidate for the physiological \donor to Photosystem
II in spinach chloroplasts. Bi im. Biophys. Acta
376:329-344. .

Babcock, G.T. and K. Sauer. 1975. Jwo €lectron donation
sites for exogenous reductants\ig, hloroplast
Photosystem 11. Biochim. Biophys” Acta 396:43-62.

Bassham, J.A. 1971. The control of phdtsynthetic carbon
-metabolism. Science 172:526-534. e

Baker, N.R. and K. Hardwick. 1974. A model for the
deve lopment of photosynthetic units in cocoa leaves.
In: Proc. III Intern. Cong. Photosyn. (M. Avron
ed.). p. 1897-1906. Elsevier Scientific Pub]. Co.,
N.Y. S

Baltimore, B.G. and R. Malkin. 1977. Appearance of
membrane-bound iron-sulfur centres and the
Photosystem I reaction centre during greening of
barley leaves. Plant Physiol. 60:76-80.

Barr, R. and F.L. Crane. 1971. Quinbnes in algae and
higher plants. Meth. in Enzymol. 23:372-408.

) ' \'S

Beale, S.I. 1978. 5-am1nolé¥%leniéoacid in plants: its
biosynthesis, regulation and role in plastid
development. Ann. Rev. Plant Physiol. 29:95-148.

Beale, S.I. and P.A. Castelfranco. 1974. The

biosynthesis of S-aminolevulenic acid in higher

plants. II. Formation of '4C-5-aminolevulenic acid ‘{~

from labelled precursors in greening plant tissue.
Plant Physiol. 53:297-303. :

Behn, W. and R.G. Herrmann. 1977. Circular molecules in
the B-satellitg DNA of Chlamydomonas reinhardtii.

<>

1

e



i

23.

24,

25,

26.

27.

- 28.

29,

30.

31.

32.

33.

105

Mol. and Gen. Genet. 157:25-30.

Bendall, D.S., H.E. Davenport and R. Hill. 1971.
Cytochrome components in chloroplasts of the higher
plants. Meth. Enzymol. 23:327-344. ‘

Blankenship, R.E., G.T. Babcock and K. Sauer. 1975, 41
Kinetic study of oxygen evolution parameters in [~
Tris-washed, meactivated chloroplasts. Biochim.
Biophys. Acta 387:165-175.

Boardman, N.K. 1977. Comparative photosynthesis of sun
and shade plants. Ann. Rev. Plant Physiol.
28:355%377,, '

Boardman, N.K. and J.M. Anderson. -1967. Fractionation
of the photochemical systems of photosynthesis 11].
Cytochrome and carotencid contents of particles
isolated from spinach chloroplasts. “Biochim.
Biophys. Acta 143:187-203.

Boardman, N.K., J.M. Anderson, and D.J. Goodchild.
1978. Chlorophyll-protein complexes and structure of
mature and developing chloroplasts. In: Current
Topics in Bioenergetics (D.R. Sandi and L.P. Vernon
eds.) vol. 8B:35-110. Academic Press, London.

- L

Bogorad, L. 1976. Chlorophyll biosynthesis. In:
Chem#stry and Biochemistry of 'Plant Pigments (T.W.
Goodwin ed.). Vol. 1:64-148. Academic Press, London.

Bohme, H., S. Reimer and A. Arebst. 1971. The effect of
dibromothymoquinone, an antagonist of plastoquinone,
on noncyclic and cyclic electron flow systems in
isolated chloroplas¥s. Zeit. Naturforsch.
266:341-352, »

Boschetti, A\, E. Sauton-Heiniger, J.-C. Schaffner and
W. Eichenberger. 1978. A two-dimensional separation

ns from loroplast thylakoids and other

ranes. Physiol. Plant. 44:134-140. ’ '

H. 1872, Relationship between nitrogen fixation

Both
and, photosynthesis in blue-green algae. In: Proc. Il

Intern. Cong. on Photosynthesis. (G. Forti et al.
‘eds.). p. 2188-2177. Junk Publ., The Hague. :

Bouges-Bocquet, B. 1973, Electron transfer between the

two photosystems in spinach chloroplasts. Biochim.
Biophys. Acta 314:250-256. ‘ ~. .

Bourgoignon, L.Y.W. and G.E. Palade. 1976.
- Incorporation of polypeptides into thylakoid
. membranes of Chlamydomonas reinhardtii. J. Cell

&



106

‘ .
- Biol. 69:327-344. f A

34. Boyer, P.D. 1974. Conformational coupling in biologicat -
energy transductions. In: Dynamics of Epergy
Transducing Membranes. (L. Ernster et al. eds.). p.
289-301. -

35. Bradbeer, J.W. 1976.
greening leaves. In:
Botany. (N. Sunderla
Pergamon Press, N.Y.

36. Bradbeer, J.W., G.P. Arrof, A. Herrera, R.J. Kemble, G.
Montes, D. Sherratt and 0. Wara-Aswapiti. 1977. The
greening of leaves. In: Integration of Activity in
the Higher Plant. (D.H. Jennings ed.). p. 195-219.

loroplast deve lopmen '
Perspectives in Experdimental
ed.). Vol. 2:131-143.

37. Bradford, M.M. 1976. A rapid sensitive method for the
quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding.
Anal. Biochem. 72:248-254.

38. Branton, D., S. Bullivant, N.B. Gilula, M.dJ. Karnovsky,
H. Moor, K. Muhlethaler, D.H. Northcote, L. Packer,
B. Satir, P. Satir, V. Speth, L.A. Staehelin, R.L.
- Steer and R.S. Wettstein. 1975. Freeze-etching
nomenclature. Scjence 190:54-56. .

‘ i ~
39. Briantais, J.-M., C. Vernotte, M\.-Picaud and G.H:
Krause. 1980. Chlorophyll flouresconce as a probe
fon the determihation of the photoinduced proton B
gradient in isolated chloroplasts. Biochim. Biophys.
Acta 591. 198-202.
183

40,:Broglie, R.M., C.N. Hunter, P. Delepelaire, R.A.
‘ Niederman, N.-H. Chua and R.K. Clayton. 1980.
Isolation and characterization of the

pigment-protein complexes of Rhodopseudomonas
sphaeroides by 1lithium dodecy]l . -~
sulfate7poiyacrylamide gel electrophoresis. Proc.
Nat. Acad. Sci. U.S. 77:87-91.

41. Burke, J.J., C.L. Ditto and C.J. Arntzen. 1978.
-Involvement of the light harvesting complex in
cation regulation of excitation energy distribution
in chloroplasts. Arch. Biochem. Biophys.
187:252-263.

- ‘ . (
42. Butler, W.L. 1972. The relationship between P680 and
C550. Biochem. J. 12, 851-857. i

[

43."Butler, W. 1973. Primary photochemistry of Photosystem
II photosynthesis, ‘Acc. Chem. Res. 6:177-184. ,
03 : ,

v



44

6.

47.

48.

49,

50.

51.

52.

53,

54.

55.

\

Bu

Bu

Crae g 4 ANCPER IS N MV MR RUTI WTEIN L A SAIR L T Y - Y P S R S 4

107

tler, W. 1977. Chlérophyll fluorescence: A probe for
electron transfer and energy transfer. In: i
Encyclopedia of Plant Physiology. Photosynthesis 1.
(A. Trebst and M. Avron eds.). NS Vol. 5:149-167.
Springer-Verlag, N.Y. '

tler, W.L. 1978. Energy distribution in the

photochemical apparatus ofﬁphotosynthesis. Ann. Rev./

Plant Physiol. 29:345-378. " .

-

Bu

Bu

Ca

tler, W.L., J.W. Visser and H.L. Simmons. 1973. The’
back reaction in the primary electron transfer
couple of Photosystem Il of photosynthesis. Biochim.
Biophys. Acta 325:539-545.

3
tier, W.L. and M. Kitajima. 1975. Energy transfer
between Photosystem 11 and Photosystem I in
chloroplasts. Biochim. Biophys. Acta 396:72-85.

hen, D., S. Malkin, S. Shochat and 1. Ohad. 1976.
Development of photosystem II complex during

greening of Chlamydomonas reinhardtii y-1. Plant
Physiol. 58:25 %:_)267_.___ S

. C
Cheniae, G.M. 1970. Photosystem Il and 02 evolution.

¢h

Ann. Rev. Plant Physiol. 21:467-498.

iba. 1960. Electrophoretic'and sedimentation studies
on chloroplast proteins solubilized with surface
active reagents. Arch. Biochem. Biophys. 90:294-303.

Chua, N.-H. and P. Bennour. 1975. Thylakoid membrane

polypeptides of Chlamydomonas reinhardtii: wild type
and mutant strains defficient in photosystem 11
reaction centre. Proc. Nat. Acad. Sci. V.S.
72:2175-2179. .

Chua, N.-H. and N.W. Gillham: 1977. The sites of

synthesis of the principal thylakoid membrane
polypeptides in Chlamydomonas reinhardtii. J. Cel)
Biol. 74:441-452. ' '

Chua, H.-H. and G.W. Schmidt. 1979. Transport of

proteins into mitochondria and chloroplasts. J. Cell
Biol. 81:461-483. :

Cobb, A“H. and A.R. Wellburn. 1974, Changes in plastid

3
—

{
!

envelope polypeptides during chloroplast
development. Planta 121:273-282.

and secondary electron donors in Photosystem II1 of
chloroplasts. Rates of electron transfer and
~location in the membrane. Biochim. Biophys. Acta

(o}

"Conjeaud, H., P. Mathis and G..Paillotin€:}979. Primary_



S

%

108

- 546:280-291. .

/

56. Coombs, J. and A.D. Greenwood. 1376. Compartmentation

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

of the photosynthetic apparatus. In: The Intact
Chloroplast. (J. Barber ed.). p. 1-52. Elsevier
Scientific Publ. Co., N.Y.

Cramer, W.A. 1977. Cytochromes. In: Encyclopedia of A
Plant Physiology. Photosynthesis 1. (A. Trebst and-
M. Avron.eds.) N.S. Vol. 5:227-237. Springer-Verlag,
Berlin. ;

Davis, D.J., P.A. Armond, E.L.-Gross and C.J. arntzen.
1976. Differentiation of chloroplast lamellae II.
Onset of cation regulation of excitation energy
distribution. Arch. Biochem. Biophys. 175:64-70.

Davis, D. and,A.QSanpietro. 1979. Preparation and
characterization of a chemically modified
plastocyanin. Anal. Biochem. 95:254-258.

Davis, D.J., D.W. Krogman and A. San Pietro. 1980.
Electron donation to Photosystem I. Plant Physiol.
65:697-702. '

Delieu, T. and D.A. Walker. 1972. An improvéd method
for the measurement of photosynthetic oxygen
evolution by isolated chloroplasts. New Phytol.
71:201-225. .

Diner, B.A. and F.A. Wollman. 1979. Biosynthesis of
Photosysten Il reaction centres, antenna and
plastoquinone pool in greening cells of Cyanidium
caldarium mutant III-C. Plant Physiol. 63 26-29.

Dodge, J.D. 1968. The fine structure of chloroplasts
and pyrenoids in some marine dinoflagellates. J.
Cell Sci. 3:41-48.

Dubertret, G., M. Lefort-Tran, and F.
Ambard-Bretteville. 1978. Functional and structural
organization of chlorophyll in the developing
photosynthetic membranes of Euglena gracillis I.
Format1o?'of system 11 photosynthetic units during
greening ‘under optimal light intensity. Biochim.
Biophys. Acta 503:316-332.

Eckert, H.I. and G. Renger. 13880. Photochemistry of the
reaction centres at system Il under repetative flash
group excitation in isolated chloroplasts.
Photochem: Photobiol. 31:501-511. .

Egneus, H., G. Sellden and L. Anderson. 1977.
Appearance and development of P700 oxidation and



67.

68.

69.

70.

71,

72.

73.

74.

75.

76.

109

photosystem 1 activity in etio-chloroplasts prepared
from greening barley leaves. Planta 133:47-52.

Ellis, R.J. 1977. Protein synthesis in isolated
chloroplasts. Biochim. Biophys. Acta 463:185-215.

Ellis, R.J. 1977. The synthesis of chloroplast
proteins. In: Nucleic Acids and Protein Synthesis in
Plants. (L Bogorad and J.H. Weil eds.) p. 195-212.
Plenum Publ. Co., N.Y. ’

Emerson, R. 1958. Yield of photosynthesis from :
simultaneous illumination with pairs of wavelengths.
Science 127:1059-1060. -

Evans, M.C.W., S.G. Reeves and R. Cammack. 1974.
Determination of. the oxidation-reduction potential
of the bound iron-sulfur proteins of the primary
electron acceptor complex of Photosystem I in
Spinach chloroplasts. FEBS Lett. 49:111-114,

Fairbanks, G., T.L. Steck and D.F.H. Wallach. 1971.
Electrophoretic analysis of the major polypeptides
of the human erythrocyte membrane. Biochem.
10:2606-2617. ; '

Fleischhacker, Ph. and H. Senger. 197§{ Adaptation of
the photosynthetic apparatus of Scehedesmus obliquus
- to strong and weak light conditions II. Differences
in photochemical reactions, the photosynthetic
electron transport and photosynthetic units.
Physiol. Plant 43:43-51.

Floyd, R.A., B.Chance and D. Devault. 1971. Low
temperature photo-induced reactions in green leaves
and chloroplasts. Biochim. Biophys. Acta
226:103-112, 4 - :

o [

Fong, F.K. and Y.J. Koester. 1876. In vitro preparation
and charactefization of a P700 absorbing -,
chlorophyll-water adduct according to the proposed
primary molecular unit in photosynthesis. Biochim.
Biophys. Acta 423:52-64. : :

‘Giaquinta, R.T. and R.A. Dilley; 1975. A partial

‘reaction in Photosystem II: reduction of
silicomolybdate prior to the site of dichlorophenyi
dimethylurea inhibition. Biochim. Biophys. Acta
387:288-305. ‘ : .

Gillham, N.W., J.E.-Boynton and N.-H. Chua. .1978.
Genetic control of chloroplast membranes. Curr. Top.
Bioenerget. 8b:211-260. ' '



77.

78.

79.

80.

81.

- 83.

84.

85.

" 86.

87.

110

o s :
Givan, C.V. and J.L. Harwood. 1876. Biosynthesis of

small molecules in chloroplasts of h1gher plants. |
Biol. Rev. 51:365-406. _~_N)

Goldbeck,nd.H., S. LAfen and A. San Pietro. 1977. .
Electron trans t in chloroplasts., In: Encyclopedia
of Plant Physiology. Photosynthesis 1T (A. Trebst and
M. Avron eds.). NS Vol. 5: p. 94-116.

~ Springer-Verlag, Berlin. ’

Goldbeck; J.H. and B. Kok. 1979. Redox tifratioﬁ of
electron acceptor Q and the plastoquinone pool in
Photosystem I1. Biochim. Biophys. Acta 547:347-360.

Goodwin, T.W. 1980. Carotenoids. In: Encyclopedia of
Plant Physiology. Secondary Plant Products. (E.A.
Bell and B.V. Charlwood eds.). NS v8:257-287.
Springer-Verlag, Berlin. :

Goodenough, V.W. and L.A. Staehelin. 1971. Structural
differentiation of stacked and unstacked chloroplast
membranes. Freeze etch electronmicroscopy of
wild-type and mutant strains of Chlamydomonas J.

Cell B1o] 48:584-619.

. Gould, J.M. and S. Izawa. 1973. Studies on the energy

coupling sites of photophosphorylation 1. Separation
of site I and site II by‘partial reactions-of the
chloroplast electron transport chain. Biochim.
Biophys. Acta 314:211-223. : ‘

Govind jee and G. Papagéorgioq 1971£ Chlorophyl1 ¢
~ fluorescence and photosynthesis: fluorescence
transients. Photophysiology Vol. 6:1-46.

Govindjee, T. Wydrk}nsk1 and S.B. Marks. 1978
Manganese and chloride: their roles in -
photosynthesis. In: Photosynthetic Oxygen Evolution
(H.Metzner ed.). p. 321-344. Academic Press, N.Y.

“Granick, S. and S-1. Beale. 1978. Heames, chlorophylls

and related compounds. Biosynthesis and metabolic
regulation. Advan. Enzymol. and Mol. .Biol.
46:33-204. : :

‘Grebanier, A.E., D.M. Coen, A. Rich and L. Bogorad.

~.1978. Membrane proteins synthesized but not
" processed by isolated maize chloroplasts. J. Cell
Biol. 78:734-746. :

Grebanier, A.E., K.E. Steinbeck and L. Bogorad. 1979.
Comparison of the molecular weights. of proteins
synthesized by isolated chloroplasts with those
which appear during greening in Zea mays. Plant



111

Physiol. 63:436-439.

88. Guikema, J.A. and C.F. Yocum. 1978. Steady-state
kinetic analyses of Photosystem Il activity
catalized by lipophylic electron donors. Biochim.
Biophys. Acta 547:241-251. )

89. Haehnel, W., G. Doring and T. witt. 1971. On the
reaction between chlorophyll a and its primary
electron donors in photosynthesis. Zeit.
Naturforsch. 26:1171-1174.

90. Haehnel, W., V. Hesse and A. Propper. 1980. Electron
transfer from Plastocyanin to P700. Function of a’
subunit of Photosystem I reaction center. FEBS Lett.
111, 79-82.

g91. Hall, D.0. 1976. The coupling of photophosphorylation

" to electron transport in isolated chloroplasts. ln:

The Intact Chloroplast. (J. Barb@®r ed.) p. 135-170.
Elsevier Scientific Publ. Co., N.Y.

g2. Hall, D.0. and K.K. Rao. 1877. Ferrodoxins. In:
"~ Encyclopedia of Plant Physiology. Photosynthesis 1.
(A. Trebst and M. Avron eds.). NS Vol. 5:206-216.
Springer-Verlag, Berlin.

93. Hauska, G. 1977. Artificial acceptors and donors. In:
Encyclopedia of Plant Physiology. Photosynthesis I.
(A. Trebst and M. Avron eds.) NS Vol. 5:253-265.
Springer-Verlag, Berlin.

94. Hayden, D.B., and W.G. Hdpkins. 1977. A second distinct
* chiorophyll a-protein complex in maize mesophyll
“~ehloroplasts. Can. J. Bot. 55:2525-2529,

g95. Heathcote, P. and M.C.W. Evans. 1980. Properties of the
EPR spectrum of the intermediary electron transport
acceptor (A1) in several different Photosystem I
particle preparations. FEBS Lett. I111:381-385.

96. Herrmann, R.G., H.J. Bohnert, K.V. Kowallik and J.M.
Schmidt. 1975. Size, conformation and purity of
chloroplast DNA of some higher plants. Biochim.
Biophys. Acta 378:305-317. : TN

g97. Herron, H.A. and D. Mauzerall. 1872. The devel '
photosynthesis in a greening mutant of Chlorglla and
an analysis of the light saturation curve. Pflant
Physiol. 50:141-148.

'98. Henningsen, K.W. and N.K. Boardman. 1973. Deveiopment
of photochemical activity and appearance of the low
potential form of Cytochrome b559 in greening barley



112

seedlings. Plant Physiol. 51:1117-1126.

99. Henriques, F. and R.B. Park. 1978. Spectral

100.

101.

102.

103.

-104.

105.

106.

107.

108.

109.

characteristics of five chlorophyll-protein
complexes. Plant Physiol. 62:856-860.

Highfield, P.E. and R.J. Ellis. 1978. Synthesis: and
transport of the small subunit of chloroplast
ribulose bisphosphate carboxylase. Nature
271:420-425.

Hi11, R. 1937. Oxygen evolved by isolated
chloroplasts. Nature 139:881-882.

HiyRpa, T. and B. Ke. 1971. A new photosynthetic
pigment "p430": its possible role as the primary _
electron acceptor of Photosystem I. Proc. Nat. Acad.
Sci. U.S. 68:1010-1013.

Hiyama, T. and D.C. Fork. 1980. Kinetic identification
of component X as P430: a primary electron acceptor
of Photosystem 1. Arch. Biochem. Biophys.
199:488-496.

Hoch, G.E. 1977. P700. In: Encyclopedia of Plant
Physiology. Photosynthesis I. (A. Trebst and M.
Avron eds.) NS Vol. 5:136-148. Springer-Verlag,
Ber1lin. "

Horak, A. and J. Zalik. 1975. Development of

photoreduct ive activity in plastids of a virescens
mutant of bar]ey7 Can. J. Bot. 53:2399-2404.

Hoyer-Hansen G. and D.J. Simpson. 1977. Changes in the
polypeptide composition of internal membranes of
barley plastids during greening. Carlsb. Res. Comm.
42:379-389.

Hoyer-Hansen, G., B.L. Moller and L.C. Pan. 1979.
Identification of coupling factor subunits in
thylakoid polypeptide patterns of wild-type and
mutant barley thylakoids usimg crossed :
immunoelectrophoresis. Carlsb. Res. Comm.
44:337-351.

Huber, S.C. and G.E. Edwards. 1975. Effect of DBMIB,
DCMU and antimycin on cyclic and noncyclic electron
;low in C4 mesophyll.chloroplasts. FEBS Lett.
-58:211-214, ‘

Huisman, J.G., M.G. Th. Gebbink, P. Modderman and D.
Stegwee. 1977. The coding site of chloroplast
ferredoxin. Planta 137:97-105.



110.

111,

112,

113.
114,

115,

~ 116,

117.

118,
119,

120.

113

-~

Huisman, J.G., S. Stapel and A.0. Muijsers. 1978. Two
different plant-type ferredoxins in each of two
petunia species. FEBS Lett. 85:198-202.

Huisman, J.G., A.F.M. Moorman and F.N. Verkley. 1878.
In vivo synthesis of a chloroplast ferrodoxin as a
higher molecular weight precursor in a cell-free
protein synthesizing system from wheat germs.
Biochem. Biophys. Res. Comm. 82:1121-1131.

Izawa, S. and N.E. Good. 1965. The number of sites
sensitive to 3-(3,4-dichlorophenyt) -1, ~
1-dimethylurea, 3-(4-chlorophenyl)-1,
‘1-dimethylurea, and 2-chloro-4-(2-propylamino)-
6-ethylamino-5-triazine in isolated chloroplasts.
Biochim. Biophys. Acta 102:20-38. '

Izawa, S. and N.E. Good. 1966. Effects of salts and
electron transport on the conformation of isolated
chloroplasts II. Electronmicroscopy. Plant Physiol.
41:544-553. .

Izawa, S., R.L. Heath and G. Hind. 1969. The role of
chloride ion in photosynthesis 111. The effect of
artificial electron donors upon electron transport.
Biochim. Biophys. Acta 180:388-398. .

Izawa, S., D.R. Ort, J.M. Gould and N.E. Good. 1974.
Electron transport reactions, energy coriservation
reactions and photophosphorylation in chloroplasts.
In: Proc. IIl Intern. Cong. Photosynthesis (M. Avron
ed.). p 449-461. Elsevier Scientific Publ. Co., N.Y.

Jhamb, .S. 1973. Ph.D. Thesis, University of Alberta,
Edmonton, Alberta. ‘

Jhamb, S. and S. Zalik. 1975. Plastid development in a
virescens mutant of barley and chloroplast
microtubules. Can. J. Bot. 53, 2014-2025.

Jhamb, S. and S. Zalik. 1973. Soluble and lamellar
.proteins in seedlings of barley and its virescens
mutant in relation to chloroplast development. Can.
J. Bot. 51:2147-2154. B

Joliot, P. and A. Joliot. 1968. A polarographic method
for detection of oxygen production and reduction of

- Hill reagent by isolated chloroplasts. Biochim.
Biophys. Acta 153:625-634. oo

"Joliot, P. and B. Kok. 1975 Oxygen evolution in

photosynthesis. In: Bioenergetics of Photosynthesis.
(Govindjee ed.). p. 387-412. Academic Press, N.Y.



121.

122.

123.

124.

125.

126.

127.

128.

129.

- 130.

131.

114

Joliot, P. and A. Joliot. 1979. Comparative study of
the fluorescefice yield and of the C550 absorption
change at room temperature Biochim. Biophys. Acta
546:93-105. )

Junge, W. 1977. Physical aspects of light harvesting,
electron transport and electrochemica]l potential
generation in photosynthesis of green plants. In:
Encyclopedia of Plant Physiology. Photosynthesis I
(A. Trebst and M. Avron eds.). NS Vol. 5:58-93.
Springer-Verlag, Berlin.

Junge, W. and H. Schaffernicht. 1978. The field of
possible structures for the chlorophyll a dimer in
Photosystem I of green plants deliniated by
polarized photochemistry. Ciba Found. Symp.
61:127-146.

Kahn, A. 1968. Developmental physiology of bean leaf
plast.ds. 1I. Negative contrast electronmicroscopy

- of tubular membranes in prolamellar bodies. Plant
Physiol. 43:1769-1780.

2

Kaiser, W. and W. Urbach. 1976. Rates and properties
of endogenous cyclic photophosphorylation of
isolated intact chloroplasts measured by CO2
fixation in the presence of dihydroxyacetone
phosphate. Biochim. Biophys. Acta 423:81-102.

‘Kan, K.-S., and J.P. Thornber. 1876. The

light- harvestlng chlorophyll a/b protein complex of .
Chlamydomonas reinhardtii. Plant Physiol. 57:47-52.

Kannangara, C.G. and S.P. Gougn. 1977. Synthesis of
5-aminolevulenic acid and chlorophyll by isolated
chloroplasts. Carlisb. Res. Comm. 42:441-458.

Kasemir, H. 1978. €ontrol of chloroplast formation by
light. Cell Biol. Intern. Rep. 3:197-214. _

Katoh, S. 1977. Plastocyanin. In: Encyclopedia of
Plant Physiology. Photosynthes1s I. (A. Trebst and
"M. Avron eds.) NS Vol. 5:247-252. Springer-Verlag,
Berlin.

Katz, J.J., J.R. Norris, L.L. Shipman, M.C. Thurnauer
and M.R. Wasielewski, 1978. Chlorophyll function in
the photosynthetic reaction center .Ann. Rev
Biophys. Bioenerg. 7, 393-434. :

Kautsky, H., W. Appel and H. Amann. 1960.
Chlorophyl]fluorescenz und Kohlensaureassimilation
XIII1. Mitteilung die fluorescenzkurve und die
photochemic der pflanz. Biochem. Zeit. 332:277-292.

0



132,

133.

134.

135.

136.

137.

138.

138.

140.

141.

<142,

143.

144,

115

Ke, B. 1974. Some comments on the present status of
the primary eléctron acceptor of Photosystem 1. 1g:
Proc. IIl Intern. Cong. on Photosyn. (M. Avron ed.)
p. 373-382. Elsevier Scientific Publ. Co., N.Y.

Kirk, J.7.0. and R. Tilney-Basset. 1967. The Plastids:
Their Chemistry, Structure, Growth and Inheritance.
W.H. Freeman Co., London. :

e
Knaff, D.D. and D. Arnon. ;1968. A concept of three
light reactions in photosynthesis by green plants.
Proc. Nat. Acad. Sci. U.S. 64:715-722.

Koenig, F., G.H. Schmid, A. Radunz, B. P1 =¢: and W.
Menke. 1976. The isolation of further pclypentides
from the thylakoid membrane, their local 72 »n and
function. FEBS Lett. 62:342-346.

Kok, B. 1970. Cooperation of charges in photosynthetic
02 evolution 1.A linear four step mechanism.
Photochem. Photobiol. 11, 457-475,

Kung, S.-D. 1977. Expression of chloroplast genomes in
higher plants. Ann. Rev. Plant Physiol. 28:401-437.

Kung, S.-D., C."Lee, D.D. Wood and M.A. Moscarello.
~1977. Evolutionary conservation of chloroplast genes
coding for the large subunits of fraction I protein.
Plant Physiol. 60:89-384. : 4

Laemmli, U.K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature 227:680-685.

Laetsch, W.M. and I. Price. 1969. Development of the
dimorphic chloroplasts of sugar cane. Amer. J. Bot.
56:77-87.

Lavorel, J. 1978. On the origin of damping of the
oxygen yield in sequences of flashes. In:
Photosynthetic Oxygen evolution. (H. Metzner ed.).
p. 249-268. Academic Press, N.Y.

Leech, R.M. 1976. Plastid development in isolated
etiochloroplasts and isolated proplastids. In:
Perspectives in Experimental Botany (N. Sunderland
ed.). Vol. 2:145-162. Pergamon Press, N.Y.

Leech, D.M. 1977. Etioplast structure and its
relevance to chloroplast development. Biochem. Soc.
Trans. 5:81-84.

Leech,}R.M. and D.J. Murphy. 1976. The cooperative
function of chloroplasts in the biosynthesis of



145,

146.

147,

148.

149.

150.

151.

152.

153.

154.

116

&

small molecules. In: The Intact Chloroplast (J.
Barber ed.). p. 365-402. Elsevier Scientific Publ.

Co., N.Y.

Lichtenthaler, H.K. 1979. Occurence and function of
prenyllipids in the photdsynthetic membrarme. In:
Advances in the Biochemistry and Physiology of Plant
Lipids (L.A. Appelquist and C. Liljenberg eds.).
57-78.

Lieberman, J.R., S. Bose and C.J. Arntzen. 1978.
Requirement of the light-harvesting pigment-protein

. complex for magnesium ion regulation of excitation
energy distribution in chloroplasts. Biochim.
Biodh?s. Acta 502:417-429.

L

Machold, 0., D.J. Simpson and B.L. Moller. 1979.

Chlorophyll-proteins of thylakoids from wild-type
and mutants of barley (Hordewm vulgare). Carlsb.
Res. Comm. 44:235-254. v

MackinneQ} G. 1941. Absorption of light by chlorophyll
solutions. J. Biol. Chem. 133:315-322. :

MaclLachlan, S. and S. Zalik. 1963. Plastid structure,. -
chlorophyll concentration, and free amino acid
composition of a chlorophyll mutant of barley. Can.
J. Bot. 41:1053-1062.” .

Malkin, R. and A.J. Bearden. 1971. Primary reactions

- of photosynthesis: photoreduction of a bound
chloroplast ferredoxin at low temperature as
degectgd by gPR spectroscopy. Proc. Nat. Acad. Sci.
Uu.S. 68:16-19. :

MalKin, R.; D.B. Knaff and A.J. Bearden. 1973. Theé
oxidation-reduction potential of membrane-bound
chloroplast plastocyanin and cytochrome f. Biochim.
Biophys. Acta 305:675-678.

Malkin, R. and A.J. Bearden. 1978. Membrane-bound
iron-sul fur centers in photosynthetic systems.
Biochim. Biophys. Acta. 505:147-181, :

Markwell, J.P., S. Reinman and J.P. Thornber. 1978.
Chlorophyll-protein complexes from higher plants: A
procedure for improved stability and fractionation.
Arch. Biochem. Biophys. 190:136-141,

Markwell, J.P., J.P. Thornber and R.T. Boggs. 1979.
Higher plant chloroplasts: evidence that all the
chlorophyll exists as chlorophyll-protein complexes.
Proc. Nat. Acad. Sci. U.S. 76:1233-1235. ,



155.

'156.
- 157.
158;
159.
160.
161.

162.

163.

164.

- 165,

166.

117

Marsho, T.V. and B. Kok. 1971. Detection and isolation
of P700 Methods Enzymol. 23:515-522"

McDonnel, A. and L.A. Staehelin. 1980. Adhesion
between 1iposomes mediated by the chlorophyll a/b
light-harvesting complex isolated from chloroplast
membranes. J. Cell Biol. 84:40-56.

Melis, A. and V. Schreiber. 13979 The Kinetic
relationship between the C550 absorbance change, the
reduction of Q(A320) and the variable fluorescence
yield in chloroplasts at room temperature. Biochim
Biophys. Acta 547:47-57. -

Meller, E., S. Belkin and E. Harel. 1975. Biosynthesis
‘of 5ALA in greening maize leaves. Phytochem.
14:2398-2402. ~

Miller, K.R., G.J. Miller and K.R. Mcintire. 1976. The
light‘harvesting‘chlorophyll—protein complex of*
Photosystem 11. Its location in the photosynthetic
membrane. J. Cell Biol. 71:624-638. .

Miller, R.A. and S. Zalik. 1965. Effect of light
quality,-light intensity and temperature on pigment
acecumulation in barley seedlings. Plant Physiol.
40:569-574.

Mills, V.D., P. Mitchell and P. Schurmann. 1980.
Modulation of coupling factor ATPase activity in
intact chloroplasts. The role of the thioredoxin
system. FEBD Lett. 112:173-177. B

’MitCheQJ<¥2éxﬁ966' Chemiosmotic coupling in oxidative

and pho nthetic phosphorylation. Biol. Rev.
41:445-502.“\\

Mitchell, P. 1978. Future trends: protonmotive
chemiosmotic mechanisms in oxiditive and
photosynthetic phosphorylation. Trends in Biochem.
Sci. 3:N58-N61. n

Morgan, N.L. and W.T. Griffiths. 1876. The .
reconstitution of Photosystem I in barley plastids
lacking P700. Biochem. Soc. Trans. 4:667-668.

Mullet, J.E. and C.J. Arntzen. 1980. Simulation of
grana stacking in a model membrane system. Mediation
by a purified light-harvesting pigment-protein
gggplgs fr?m chloroplasts. Biochim. Biophys. Acta

:100-117. ! . .

Murata, N. 1967. Contrql of excitation transfer in
photosynthesis I{. Magnesium ion dependant

e,



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

118

distribution of excitation energy between two
pigment systems in spinach chloroplasts. Biochim.
Biophys. Acta 189:171-181.

Nelson, N., A, Kamienietzky, D.W. Deters and H.
Nelson. 1975. Subunit structure and function of CFI.
In: Electron Transfer Chains and Oxidative
Phosphorylation (Quagliariello et al. eds.).
149-154, -

Neuman, J. and A.T. Jagendorf. 1964. Light-induced pH
changes related to phosphorylation by chloroplasts.
Arch. Biochenr. Biophys. 107:108-118.

"Neushal, M. 1970. A freeze-etching study of the ned

alga Porphyridium. Amer. J. Bot. 57:1231-1239.

Nieisen, N.C. 1975. Electrophoretic characterization
of membrane proteins during chloroplast ‘development *
in barley. Europ. J. Biochem. 50:611-623.

Nigon, V. and P. Heizmann. 1978. Morphology, -
biochemistry and genetics of plastid development in
Euglena gracillis. Intern. Rev. Cytol. 53:212-290.

Novak-Hofer, 1. and P.-A. Siegenthaler. 1977. Two
dimensional separation of chloroplastf membrane.- :

-proteins by .isoelectric focusing and electrophoresis
in sodium dodecyl sulfate. Biochim. Biophys. Acta
468:461-471, i

0’ farrell, P.F. 1975. High resolution two-dimensional
electrophoresis of proteins. J. Biol. Chem. :
250:4007-4021.

Ogawa, M. and M. Konishi. 1980. Analysis of spectral
properties afiter the Shibata Shift by second
derivative spectrophotometry. P1. Sci. Lett.
17:169-173.

Ojakian, G.K. and P. Satir. 1974. Particle movements
in chloroplast membranes: quantitative measurements.
of membrane fluidity by freeze-fracture technique.
Proc. Nat. Acad. Sci. V.S. 71:2052-2056.

Ophir, I. and Y. Ben-Shaul. 1974. Structural
organization of developing chloroplasts in Euglena.
Protoplasma 80:109-127.

Papageorgio, G.%1975\ Chlorophyl1l flubrescencef An
intrinsic probe of photosynthesis. In: Bioenergetics.

of Photosynthesis. (Govindjee ed.). p. 319-371.
Academic ‘Press, N.Y. :



?78.
179.
180.
181.

182.
183.
" 184.
185,
186.
187.
{83.

189.

oo | 119

Park; P.B. 1976. The chioroplast. In: Plant
Biochemistry (J. Bonner and J. Warner eds.). p.
115-146. Academic Press, N.Y.

Parthier, B. 1979. The role of phytohormones
(cytokinins) in chloroplast development. Biochem.
Physiol. Pflanzen. 174:173-214.

Plesnicar, M. and D.S. Bendall. 1973. The .
photochemical activities and electron carriers of
developing barley leaves. Biochem. J. 136:803-812.

Preiss, J. and T. Kosage. 1970. Regulation of enzyme
activity in-photosynthetic systems. Ann. Rev., Plant
Physiol. 21, 433-466. : ‘

Radunz, A. 1977. Binding of antibodies onto the
t2§lakoid membrane II. Distribution of lipids and

[

preteins at the outer surface of the thylakoid
rane. Zeit. Naturforsch. 32¢:597-599,

Radunz, A. 1978. Binding of antibodies onto the
thylakoid membrane I1I1. Proteins in the outer
surface of the thylakoid. Zeit. Naturforsch.
33¢:731-734. . . '

Radunz, A. -1980. Binding of antibodies onto the
thylakoid membrane V. Distribution of proteins and
lipids in-the thylakoid membrane. Zeit. Naturforsch.

- 34c:1199-1204. ,

Radunz, A. and G. Schmid. 1973. Reactions of antisera
to lutein and plastoquinone with chloroplast
preparations and thkir effects on photosynthetic
electron transport. Zeit. Naturforsch. 28c:36-44.

Radunz, A. and G. Schmid. 1975. The effect of

" antibodies to neoxanthin on electron transport, on
the oxygen evolving side of Photosystem II and the
reactions of this antiserum with various chloroplast
preparations. Zeit. Naturforsch. 30c:622-627. -

Rascio, N., M. Orsenigo and D. Arbott. 1976.
Prolamellar body transformation with increasing cell
age in the maize leaf. Protoplasma 90:253-263.-

Rebeiz, C.A. and P.A. Castelfranco. 1973. P
Protochlorophyll and chlorophyl! biosynthesis in
cell free systems from higher plants. Ann. Rev. i

Plant Physiol. 24:129-172, "

Renger, G. "1978. Theoretical studies about the - .
functional and structural organization of the .
photosynthetic oxygen evolltion. In: Photosynthetic



)

198.

200.

190.

191,

192.

193.

194,

196.

197,

© 199,

7120

-

¢

Oxygen Evolution. (H. Metzner ed.). p. 229-248.
Aﬁademic Press, N.Y. .

Rich, P.R. and D.S. Bendall. 1980. The  redox
potentials of the b-type cytochromes of higher plant
chloroplasts. Biochim. Biophys. Acta. 591:153-161.

Ridley, S.M. and J. Ridley. 1978. Interaction of
chloroplasts with inhithitors. Location of carotenoid
synthésis and inhibition during chioroplast .
development. Plant Physiol. 63:392-398.

Riesfeld, A., J. Gressel, K.M. Jakob and M. Edelman.
1978. Characterization of the 32000 dalton wnembrane
protein 1. Early synthesis during photoinduced
plastid development of Spirodela. Photochem.
Photbbiol. 27:161-165. :

Rosinsky, J. and W.G. Rosen. 1872. Chloroplast |
development: fine structure and chlorophyl]l
synthesis. Quart. Rev. Biol. 47:160-191.

i
Rutherford, A.W. and M.C.W. Evans. 1980. Direct
measurement of the redox potential of the primary
and secondary quinone electron acceptors in

Rbgggﬁgeudomonag sphaeroides (wild-type) by EPR
spect copy. FEBS Lett. 110, 257-261. ,

195. Sane, P.V. and S. Zalik. 1968. Metabolism of

proline-U-14C during germination of barley. Can. J.
Bot. 46:1331-1334. . B '

Sane, P.V. and S. Zalik. 1968. Amino acid, sugar and
‘organic acid content during germination of Gateway -
barley and its chlorophyll mutant. Can. J. Bot.
46:1479-1486.

-

’ (B
"Sane, P.V. and S. Zalik. 1968. Metabolism of N

acetate-2-14C, glycine-2-'4C, leucine-U-'4C, and
effect of 5-aminolevulinic acid on chlorophyll
synthesis in Gateway barley and its mutant. Can. J.
Bot. 48:1171-1178. ‘ 7 '

Satoh, K. and W.L. Butler. 1978. Low temperature =
spectral properties of subchloroplast Yractions .
purified from spinach. Plant Physiol. 61:373-379.

Schmid,.G:H.. A. Radunz and W. Mepké. 1975. The effect
of. antiserum to plastocyanin on varjous chloroplast:
> preparations. Zeit. w;;urforSCh. 3062201-212;‘3,

Schmid, G.H., W. Menke, F. Koenig and A. Radunz. 1976.
" Inhibition of eltectron transport "the oxygen

_ | evolving side of Photosystem 1] an antiserum to a

1

o/

-



bR

501.
202.
203.

204.

205.

206.

207.

208.

209..

210.

211.

- 212.

121

polypeptide isolated from the thylakoid membrane.
.Zeit. Naturforsch. 31c:304-311.

Schmid, G.H., A. Radunz and W. Menke. 1977,
Localization and function of cytochrome f in the
thylakoid membrane. Zeit. Naturforsch. 32c:271-280.

Schmid, G.H., W. Méﬁke, A. Radunz and F. Koenig.s1978.

Polypeptides of the thylakoid membrane and their
functional characterization. Zeit. Naturforsch.
33¢:723-730. _

Schwenn, J.D. and A. Trebst. 1976. Photosynthetic
sulfate reduction by chloroplasts. In: The Intact
£hloroplast. (J. Barber ed.) p. 315-334. Elsevier
Scientific Publ. Co., N.Y. :

Selman, B.R:hand D.R. Ort. 1977. Oxidation-reduction

coup led phosphorylétien in the dark with isolated
spinach  chloroplasts. Biochim. Biophys. Acta
~ 460:101-112, ’

Shibata, K. 1957. Spectroécopic studies on chlorophyll
formation in intact leaves. J. Biochem. 44:147-12;L

Shin, M. 1971. Ferredoxin-NADP reductase from §p{;ach.
Meth. Enzymol. 23:440-447. ;

Shuvalov, V., E. Dolan and B. Ke. 1979. Spectral and
‘Kinetic evidence for two early electron acceptors in
Photosystem 1I. Progijﬁat. Acad. Sci. U.%.

~—

76:770-773. 4
Shuvalov, V.A., A.V. Klevanik, A.V. Sharkov, P.G.

Kryukov and B. Ke. 1979. Picosecond spectroscopy of
- “Photosystem I reaction centers. FEBS Lett. )
= 107:313-316. '

Siedow, J. V.A. Curtis and A. San Pietro. 1973.
Studies orff photosystem 1I. The relationship of

- plastocyanin, cytochrome f and P700. Arch. Biochem.

Biophys. 158:889-897.

Simonis, W. and W. Urbach. 1973. Photophosphorylation
in vivo. Ann. Rev. Plant,Physiol. 24:89-114.

Simpson, D.J. 1978 Freeze-fracture studies on bar ley
plastid membranes I1. Wild-type chloroplast. Carlsb.
Res. Comm. 43:365-390. T ;

Slovacek, R.E., D. Crowther and G. hﬁnd. 1979.
Cytochrome function .in the cyclic electron transport
pathway of chloroplasts. Biochim. Biophys. Acta
547:138-148. . h o ‘

¢



213.

214,
215,
216.

217.
218.
219,
229.

291,
222.

223,

224.

«12?2

Smith, B.S. and C.A. Rebeiz. 1977. Chloroplast
biogenesis detection of Mg-protoporphyrin chelatase
in vitro. Arch. Biochem. Biophys. 180:178-184.

Staehelin, L.A. 1976. Reversible particle movements
associated with unstacking and restacking of ¢
chloroplast membranes in vitro. J. Celt Biol.
71:136-158.

Staehelin, L.A., P.A. Armond and K.R. Miller. 1976.
Chloroplast membrane organization at the
supramolecular level and its functional
implications. Brookhaven Symp. Biol. 28:278-315.

Staehelin, L.A. and C.J. Arntzen. 1979. Effects of
ions and gravity forces on the supramolecular
organization and excitation energy distribution in
chloroplast membranes. Ciba Found. Symp. 61:147-175.

Stephanson, K. and S. Zalik. 1871. Inheritance and
qualitative analysis of pigments in a bariey mutant.
- Can. J. Bot, 49:49-51,

Stiehl, . H.H. and T. Witt. 1969. Quantitative treatment
of the function of plastoquinone in photosynthesis.
Z. Naturforsch 24b:1588-1598.

Stumpf P.K. 1976. Membrane- bound enzYmes in plant
lipid metabolism. In: The Enzymes of Biological
Membranes. (A. Martonos1 ed.). Vol. 2:145-159,

Sun, E., R. Barr and F.L. Crane. 1968. Comparative

studies on plastoquinones IV. Plastoquinones in
algae. Plant Physiol. 43:1935-1940.

Suss, K.-H. 1980. Identification of chlioroplast
thylakoid membrane polypeptides. ATPase complex
(CF1-CF0) and light-harvesting chlorophyll a/b
protein (LHCP) complex FEBS Lett. 112:255-259,

Techy, F., M. D1nant and J. Aghion. 1979. Interactions
‘between photosynthetic pigments bound to lipid and
protein particles. Spectroscopic propert1es Zeit,
Naturforsch. 34:582-587. s _

Thornber, J.P. 1975. Chlorophyll- prote1ns 11ght
harvesting and reaction center components of plants.
Ann. Rev. Plant Physiol. 26: 127 158.

Thornber, J. P and H.R. Highkin. 1874. Compositign of
the photosynthetic apparatus of normal barley leaves
and a mutant lacking chlorophyl] b. Europ J. g
B1ochem 41:109-116. ’



225.

226.

227.

228.

229.

230.

231.

232.

233.

234:

123

A

%

Thornber, J.P., and R.S. Alberte. 1976. :
Chlorophyli-proteins: membrane-bound photoreceptor
complexes in plants. In: The Enzymes of Biological
Membranes (A. Martonosi, ed.) Vol. 3:163-192. Plenum

Press.

Thornber, J.P., J.P. Markwell and S. Reimman." 1979.
Plant chlorophyll-protein complexes: recent
advances. Photochem. Photobiol. 29:1205-1216.

Trebst, A. 1974, Energy conversion in photosynthetic
electron transport of chloroplasts. Ann. Rev. Plant
Physiol. 25:423-458. . .

Trebst, A. 1978. Organization of the photosynthetic
electron transport system of chloroplasts in the
thylakoid membrane. In: Energy Conversion in
Biological Membranes. (G. Schafer and M. Klingenberg

_eds.). p. 84-95. Springer-Verlag, Berlin.

Trebst, A. and E. Pistorius. 1967. ATP formation
coupled to photosynthetic NADP* reduction with
artificial electron donors. Biochim. Biophys. Acta
131:580-582. .

Trebst, A. and S. Reimer. 1973. Properties of
photosynthesis by Photosystem Il in.isolated
chloroplasts. A energy conserving step in the
photoreduction of benzoquinones by Photosystem 11 in
the presence of dibromothymoquinone. Biochim.
Biophys. Acta 305:129-139.

Tyszkiewicz, E., D. Nikolic, R..Popovic and M. Saric.".
1979. Photophosphorylation and-ultrastructural
development in Pinus nigra chloroplasts, grown under
different spectral composition of light. Physiol.
Qlant. 46:324-329.

Velkhuyé, B,ﬁ. and J. Amesz. 1974. Charge accumuTaLjon .
at the reducing side of system % of.photosynthesis.
Biochim. Biophys. Acta 333:85-94. -

von Wettstein, D., K.W. Henningsen, J.E. Boynton, G.C.
Kannangara and O.F. Nielsen.. 1971. The genetic
-control of chloroplast development in barley. ln:
Autonomy and Biogengsis of Mitochondria and -
Chlorplasts. (N.K. Boardman et al eds.). 205-223.
North-Holland PubTishing Co., Amsterdam.

Walker, D.A. 1971. The affinity of
ribulose-1,5;bisphosphate carboxylase for
C02/bicarbonate. In: Proc. Il Intern. Cong. on
Photosyn. (G. Forti et al. eds.). p. 1773-1778. Junk

<+ Publ. The Hague. N , :



235.
236.
237.

238.

2?9.
240.
241,
242,
243,

244,

.245.

124

Walker, D.A. 1973. Photosynthetic induction phenomena
and the light activation of Ribulose diphosphate
rboxylase. New Phytol. 72:209-235.

Walker, D.A. 1976. CO02 fixation by intact -
chloroplasts: photosynthetic induction and its
relation to transport phenomena and control
mechanisms. In: The Intact Chloroplast (J. Barber
ed.) p. 235-278. Elsevier Scientific Publ. Co., N.Y.

Walker, G.W.R., J. Dietrich, R. Miller and K. Kasha.
1963. Recent barley mutants and their linkages II.
Genetic data for further mutants. Can. J. Gen.
Cytol. 5:200-219. o

waltach, D., S. Bar-Nué and 1. Ohad. 1972. Biogenesis
of chloroplast membranes IX. Development of ‘
photophosphorylation and proton pump activities in
greening. Chlamydomonas reinhardtii y-1 as measured
with an open cell preparation. Biochim. Biophys.
Biophys. Acta 267:125-137.

Weier, T.E., R.D. Stoland, and D.L. Brown. 1870.
Changes induced by low light intensities on the
prolamellar body of 8-day, dark.grown seedlings.
Amer. J. Bot. 57:276-284. ’

Wellburn, A.R. and- R. Hampp. 1979. Appearance of
photochemical function in prothylakoids during .
plastid development. Biochim. Biophys. Acta
547:380-397. o

Wessels, U.S.C., and M.T. Borchert. 1978. Polypeptide
profiles of chlorophyll-protein complexes and
thylakoid membranes of spinach chloroplasts.
Biochim. Biophys. Acta 503:78-93. -

: ’ 4

Wild, A., U. Trostmann, I. Kletzmann and K.-H.
Faldner. 1978. Development of the photosynthetic -
apparatus during light-dependant ‘greening of a
mutant of Chlorella fusca. Planta 140:45-56.

Williams, R.J.P. 1862. Péssible'functfons of chains of
catalysts II. J. Theoret. Biol. 3:209-229.

"Withers, N.W., R.S. Alberte,iR.A. Lewin, J.P.

Thornber, G. Britton, and T.W. Goodwin. 1978.
Photosynthetic unit size, carotenoids, and _
chlorophyll-protein composition of Prjchloron-sp, 2
prokaryotic green alga. Proc. Nat. Acad. Sci. u.s.
75:2301-2305. : S

Witt, H.T. 1975. Primary acts of -energy conservation
in the functional membrane of photosynthesis. In:

-



246.

247.

248.

" 249.

250.

125

Bioenergetics of Photosynthesis. (Govindjee ed.). p
493-554. Academic Press, N.Y.

'Wong. D., H. Merkelo and Govindjee. 1979. Regulation

of excitation transfer by cations: wavelength
resolved fluorescence lifetimes and intensities at
77K in thylakofd/membranes of pea chloroplasts. FEBS
Lett. 104:223-226. '

Woo, K.C., J.M. Anderson, N.K. Boardman, W.J.S.
Downton, C.B. Osmond and S.W. Thorne. 1970.
Deffic1ent Photosystem I1 in agranal bundle sheath
chloroplasts of C4 plants. Proc. Nat. Acad. Sci.
U.S. 67:18-24,

Wrischer, M. 1973. Ultrastructural changes in isolated
plastids. I. Etioplasts. Protoplasma 78:291-303.

‘Yamashita, T., Y. Inoue, Y. Kobayashi and K. Shibata.

1978. Flash reactivation of Tris- inactivated
chloroplasts. Plant and Cell Physiol. 19:895-900.
s N
Zaman, Z., P. M. Jordan and M. Akhtar. 1873. Mechanism
and stereochemistry of the 5-aminolaevulinate
synthetase reaction. Biochem. J. 135:257-263.

Il



V. APPENDIX:FREEZE-FRACTURE STUDIES

A. Materials and Methods

Chloroplasts were prep: >d irem n;:;:}\and mutant
barley seedlings grown gor 6 or 3 days urner cgﬁtinuous
illumination as described previously in this thesis.
Glycerol.was slowly added to the isolated chloroplast
membrane preparations over a period of 30 min at 5C to give
a final concentration of 33% v/v. The samples were
cen@rifuged at 8000 g for 4 min to yield a pellet with a
paste-like consistency. Portions of the pellet were frozen
in liqﬁid Freon 22 and processed in a éalzers BA 360 M high
vacuum freeze étch,unit. Fracturing was carried out at -100C
- and fhe‘fraéiured surface was unidirectionally Shadowed with -
Pt folloged by C evaporation. The freeze fracture replicas
were examined in a Ph%]lips EM 300. » -

Thin sections were also prepared.from the
glycerol-impreghated chloroplast pellets used far
freeze-fracture electéonmicroscopy. The glycerol-impregnated
peliets were compacted by centrifugation at 50,000 g for 10
min. begs of fhe pe]let were removed with a Pasteur pipette.
‘and fixed in 2% glutéraldghyde in resUspension buffer (50 mM
HEPES (r:;H 7.6); 0.33 M sorbito'lv_; 2 mM EDTA; 1 mM MgC12; and
1 mM Mn912) at 0C for 1 hr. A]lvsubsequent steps wére

carried out as described for the leaf tissues. _
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Particle sizes and distributions were determined as
described by Staehelin (214). A1l electron micrographs were
taken at the same magnification step on the microscope and
photographically.enlarged to give’a total magnifieation of
74,000. The particle diameters were measured under a 10 x
binocular microséope fitted uhth an occular containing a
microm?ter scale. From 40 to 60 separate frécture faces (2-5
um2 of membrane surface) weré-anélyzed from thylakoids
isolated from 6 and 8 day oid N and M seedlings grown under
continuous illumination. Measure.. ts of not less than 700
particles were made for the size frequency histograms. The
particle densities (number of particles per um? of membrane
surface) were determined by counting the number of particles
on a particular fracture face and dividing this by the area
of the face determined from the weight of a piece of

transparent gravimetric paper, which'was traced and cut out

~in the shape of the fracture face.

B. Results

The standard Ehloroplast isolation procédure resul ted
in the preparation of destacked thytlakoid membranes as shownr
by the EM thiﬁ.sectidn of a chloroplast pellet (Figf 45). As
a result, the freeze-fracfure replicas showed no |
‘identifiable stacked regioris for either N (Fig. 46) or M
(Fig. 47) chloroblasts. The EF particle size ditributions
¥or N and M plastids after 6 and 8 days of deve lopment are

shown in Fig. 48. Thylékoids of the N seedlings had a
‘ s/
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TEM thin section”©of chloropliast peliet used for the freezo-
tracture analysis. Plastid preparations lacked a chloroplast
envelope and were clearly destacked as indicated by the arrow..,
Maqnlficafton X35,000.
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Fig. 46. Freeze-fracture faces of thylakoids from normal barley
seedlings grown for 6 days under continuous light. EF,
endoplasmic face: PF, protoplasmic face.

47. Freeze-fracture faces of thylakoids from mutant barley
seedlings grown for & days under continuous light. EF,
endoplasmic face; PF, protoplasmic face. )
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bimodal size distribution with modal means of about 140A and
175A after both 6 and 8 days of continuous illumination. The
thylakoid membranes of the M however, were totally devoid of
the 175A particle size class and no change was apparent
between 6 and 8 day old seedlings.

| The PF particles of destacked N and M chloroplasts also
fell into 2 size classes (Fig. 49). These classes had modal
means of about 106A and 134A.: In contrast to the EF°
particles, the PF particle size distributions'changed
significahtly between 6 and 8 days. Thylakoid: membranes of
. the N seedl1ngs exhibited a bimodal pattern at the 6 day
stage whereas the PF part1cles from M membranes were totally
in the smailer siz cluss. After 8 days of continuous
1llum1nat1on most the °F part1cles of the N were in the
larger size class and the appearance Qf the larger size
class in the M resulted in a bimodal pattern similar to that
.seen for the N after 6 days. &n both cases it appeared that
an increase in the size of the PF particles was related to
chloreplast develepment. ' |

The freeze- fracture particle densities (parttcles per

um?) are presented in Tabie III. No 51gn1f1cant difference
was seen in the particle density of the EF between membranes
isolatedffrom N and M.‘In addition, there was no significant
change iﬁ density of the EF particles between 6 and 8 days
of cont1nuous illumination. A conSIderably h1gher density of
PF part1cles in the M relative to the N was obtained at the |
6 day stage, bu? by 8 days the pack1ng den51t1es were
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Table Il1l. Freeze-fracture particle densities on :
chloroplast membranes from N and M seedlings
grown for 6 or 8 days in continuous 1light.

A Em g e R R M MR e e G G R G SR M R TR AT WR TP Ah T TR R AR Y PR W T A TR e MR P M Wy B A R W G S ER M TR YR AW MY o e A e P e we e AR

Faces Total area Particle Density
Gm2

Sample Counted \ barticlefftl?*’ t S.E.

6 day N EF 45 - 4.98 554 + 20

6 day M EF 43 4:53 560 17

8 day N EF a1 1.94 | 649 24

8 day M EF 43 T 5.27 | . 615 24

6 day N PF . 37 3.02 3655 38

6 day M PF 57 3.38 . 2118 35

8 day N PF 6 . 174 5249' 75

8 day M PF 57 2.43 3030, 93 -

e A
. “ . ’
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slightly higher in’'the N. Between 6 and 8 days the PF

particle packinq density of the.N increased 50% whereas an
increasenof only 30% occurred in the M over the same time
period. The btgher proportion of smaller s}ze particles in
the M at 6 Jays may be responsible for the higher packing

density seen in Table II].
C. Discussion

‘More,than one EF particle size class has Been
" previously reported in peas (10). spinach (214) gglena
(81) and Chlamydomonas (175), but only one size class has
. been reported for barley (159, 211) 'The ‘two size classes

' found were somewhat larger than those reported in other

. particles to 1arge (134@) PF particles was occurr1ng and

s

species whjch exh1b1t bimodal patterns. The M EF particle

. ’ . ‘ —
size dfstribution, however, wa§*§ﬁm1lar to that previously

described for a chlorophyll b-deficient M of barley (159).

' TheTPF particles of chloroplasts from 6 day N seedlings had

a bimodal d1stributlon but in the more mature 8 day t1ssue.
only the larger class was seen (Fig. 49). Thus, it was

apparent that the PF part1cle size distr1but10n is affected

a by the developmental age of the tissue making comparisons of

g

data from different sources d1ff1cult The M, whlch showed a B

blmodal pattern after 8 days had only the smaller size class

.» after b days of green1ng Thus it appears that a

developmental sequence in trans1t1on of small (1064) PF

R WY 2]
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that this transition was lagging in the M. In addition, the
barticles of the M m?mbranes did not fall intq different.
moda 1 sizé classes, but rather, the difference betweén the N
and M membranes was the réiétivevpropprfion of particles in
each of those classes. | A

The laréer size class of EF particTés (175A) was
completely absent from‘M membranes (Fig. 48) at both 6 and 8
day stages. The bimodal pattern of the N membraﬁe; did not |
appear to change over the 2 day pefiod as it did for the PF
particie.distribptions. A LHC-deficient M of barley was
shown tp exhibit only a sm%l] size class of EF-particles
(159), but in the case of the virescens M, abundant amounts
of LHC~yere'present (Fig. 15). Thus, although the 1ack of
LHC might cause a decrease in size of the EF particles, a
decrease j@ size of EF particlesé%s not necessarily due to a:

lack of LHC.



