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ABSTRACT

INSTABILITY OF PHOTOSYSTEM I1 CUMPLEXES
IN A CHLOROPLAST-ENCODED TUBACCO MUTANT

By

Catherine Pauline Chia

The Photosystem II core complex of chloroplast thylakoid
membranes is comprised of six chloroplast-encoded polypeptides. The
genetic regulation of the biogenesis and maintenance of this complex
may be studied by examining chloroplast-encoded mutants. This thesis
describes such an approach using photosynthetic mutants of Nicotiana
tabacum.

A collection of fifteen tobacco plastome (chloroplast genome)
mutants were generated by ethyl methane sulfonate mutagenesis of

Nicotiana tabacum seed. Selected mutants were chlorophyll deficient

and displayed the characteristic variegation patterns of a
maternally-inherited trait. Reciprocal crosses confirmed the
cytoplasmic location of the mutations. The mutants were divided into
four classes on the basis of their whole leaf chlorophyll fluorescence
properties. All mutants exhibited altered electron transport
activities and liquid nitrogen chlorophyll fluorescence spectra

compared to wild type tobacco. Polyacrylamide gel electrophoresis of



Catherine Pauline Chia
thylakoid membrane polypeptides indicated a depletion of polypeptides
identified as Photosystem II or Photosystem I constituents.

One mutant, lutescens-1, was analyzed in more detail. This
Photosystem 11 mutant had a lesion affecting the stability of
Photosystem II complexes in the chloroplast thylakoid membrane,
resulting in the loss of Photosystem II complexes during leaf
maturation. Functional properties of lut-1 Photosystem Il centers
were like those of wild type. The depletion of Photosystem II
complexes was due neither to altered transcript levels nor to
diminished chloroplast protein synthesis, but to a post-translational
process which prevented the accumulation of wild type protein levels.
An unusual effect of this membrane protein turnover process was the
accumulation of intermediate-size species of nuclear-encoded
Photosystem II-associated polypeptides. This indicated that two-step
processing occurs during assembly of these subunits with the

Photosystem II core complex.
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CHAPTER 1
INTRODUCTION

Light absorbed by green plants is converted into chemical energy
via a series of electron transfer reactions catalyzed by lipoprotein
complexes found in the thylakoid membranes of chloroplasts. The
genetic regulation of development of one of these multi-subunit
complexes, Photosystem 11 (PSII), is the topic of this thesis. This
chapter serves to introduce the reader to current views on the
function and structure of PSII complexes. Readers are also referred
to works edited by Barber (12), Govindjee (59) and Staehelin and
Arntzen (147), for comprehensive reviews, particularly of PSII

reaction center bioenergetics.

A. Functional Analysis of PSII

PSII may be defined functionally as a pigment (primarily
chlorophy11l) -containing protein complex capable of carrying out the
light-induced oxidation of water and subsequent transfer of the
electrons to the plastoquinone pool. Freeze fracture electron
microscopic analyses and biochemical studies of aefined membrane
fractions physically locate PSII complexes primarily, but not

exclusively, in the appressed membrane regions called grana or grana
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stacks while Photosystem I (PSI) is found in the non-appressed
membrane regions, called stromal lamellae (6,9). The PSII units in
the grana stacks are called a-centers and are considerea capable of
energy transfer among themselves, whereas those units in the stromal
lamellae, called B-centers, ao not participate in energy transfer
(155). This lateral heterogeneity in the distribution of PSII
complexes may be partly respdnsible for imparting a functional
difference to the PSII complexes (112).

A variety of biochemical and biophysical methods are available to
monitor the photochemistry carried out by leaves and isolated
chloroplast membranes (thylakoids). Basic principles behind some of
the techniques used in the studies described in Chapters 2 and 3 are
briefly discussed in the next few pages. They incluae assays of
electron transport and room temperature chlorophyll (chl)
fluorescence, liquid nitrogen chl emission fluorescence spectroscopy,

and the kinetic analysis of 02 evolution.

1. Electron Transport Activity

Linear electron transport in chloroplasts involves two
photosystems. In the first phase, electrons extracted from water by a
light-driven oxidation reaction mediatea by PSII are passed via
plastoquinone to the cytochrome (cyt) be/f complex (66). Electrons
then move, via plastocyanin, from this complex to PSI, where in a
second light-driven reaction, electrons are transferred to NADP+ via
ferredoxin. Electron transport activity is routinely assayed with
artificial electron donors and/or acceptors, which are compounds

exogenously added to thylakoid preparations, that donate or accept
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electrons at different regions of the electron transport chain
(161,81). Compounds are available which allow either whole chain
activity or partial reactions to be measured. For characterization of
PSII partial reactions, it is common to assay oxygen evolution, with
water as the electron aonor (as in vivo) and a compound such as
benzoquinone acting as the electron acceptor, to quantitatively
evaluate PSII activity (81).

Methyl viologen (MV), a dipyridylium salt, because of its low
redox potential, accepts electrons exclusively from PSI. This
compound is highly auto-oxidizable. Under appropriate conditions, its
reduction is easily measured as oxygen consumption (161). Whole chain
electron transport may be monitored as oxygen uptake, with water as
the donor and MV as the acceptor. When MV is used in conjunction with
an electron donor to PSI (such as reduced N,N,N',N'-tetramethyl
phenylenediamine (TMPD) which donates to the PSI reaction center)
oxygen uptake is a measure of PSI activity. When MV is used with
tetramethyl-p-benzohydroquinone (TMQHZ) which donates to the
plastoquinone pool, oxygen uptake is a measure of the cyt 96[1 to PSI
electron transport activity in this region of the chain (82).

If the artificial acceptor or donor is a dye, measurement of
aborbance changes as a result of its oxidation or reduction provides a
spectrophotometric assay of electron transport. One such compound is
2,6-dichlorophenolindolphenol (DPIP) which is a frequently used PSII
acceptor (161).



4
2. Chl Fluorescence: Room Temperature Induction

Chl fluorescence is a widely used and well-accepted method of
monitoring the status of the photosynthetic apparatus (11). At room
temperature, chl fluorescence arises mainly from PSII and thus serves
as an indicator of PSII function (130). The chl fluorescence yield of
leaves or thylakoids is inversely related to the amount of
photochemistry (i.e., electron transport) which occurs. Thus chl
fluorescence will increase as PSII photochemistry decreases,
specifically as PSII traps close (i.e., are unable to pass their
electrons to the electron transport chain).

When dark-adapted chloroplasts or leaves are first illuminated,
fluorescence rapidly rises to a constant fluorescence yield, Fo’ which
arises from photochemically inactive chl. Fluorescence then increases
as PSII centers become reduced and the intersystem electron transport
carriers become "filled" (i.e., reduced). Maximum fluorescence (Fm)
(or peak fluorescence (Fp); used when referring to leaves) is achieved
when all the PSII traps are closed and the rate constant for
photochemistry is reduced to a minimum. Fluorescence will remain low
if an electron acceptor, such as ferricyanide, is present, since the
acceptor will keep components of the electron chain oxidized. In
leaves, tluorescence will fall from Fp because the physiological
electron acceptor, NADP+, is present to keep the intersystem electron
transport carriers oxiaized. The difference between the maximum or
peak fluorescence and the constant fluorescence yield is called
variable fluorescence, Fv (Fm or Fp minus F0 equals Fv). The variable

fluorescence arises exclusively from the PSII reaction centers; assays



5
of the amplitude of variable fluorescence are therefore diagnostic
indicators of the presence or absence of PSII (11,99,130).

If inhipition of electron transport occurs on the reducing side
of PSII (i.e. after the primary quinone acceptor, QA), the PSII traps
rapidly become stably reduced. Under these conditions, the rate of
the increase in the fluorescence yield of aark-adapted samples is
rapid, and the fluorescence level remains high during continuous
illumination. This is the conaition produced when PSII inhibitors,
such as diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMJ), are
added to leaves or isolated chloroplasts, or when there is a

functional block which prevents normal electron transport (1,131).

3. Chl Fluorescence: Liquid Nitrogen (77 K) Emission Spectra

At 77 K, leaves and chloroplasts show three distinct chl
fluorescence bands with maxima centering at 680-685, 695 and 735 nm.
These bands have been ascribed to the three major chl-protein
complexes in chloroplasts: the light-harvesting a/b complex (LHC-1I),
PSII and PSI (27).

Results of experiments by Butler and colleagues, using analyses
of 77 K chl fluorescence emission spectra and light spectroscopy, led
to the widely acceptea tripartite moael of the photosynthetic
apparatus (28). Briefly stated, this scheme has the antennae complex
LHC-I1 serving primarily PSII; LHC-II may also sensitize PSI.
Divalent cations, which stimulate grana stacking (13), increase the
coupling of LHC-11 to PS1I and reauces the transfer of excitation
energy to PSI. This is possibly a means of regulating the

distribution of quanta between the two photosystems (additional
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postulates of this model can be found in ref. 28). Alterations in chl
emission spectra, such as changes in relative fluorescence yield and
peak emission wavelengths observed in perturbed (e.g. mutant) systems,
can be interpreted as alterations in the energy transfer capabilities
of the pigment-protein complexes or the specific loss of inaividual

complexes.

4. Kinetic Analysis of Oxygen Evolution

The oxygen evolving complex (OEC) is an aggregate of proteins,
required for the oxidation of water, which is extrinsically bouna to
the hydrophobic PSII complex. The lability of oxygen evolving
activity during isolation of the PSII complex has hampered biochemical
investigations of the mechanism of oxygen evolution. However, in the
last five years, much has been learned about the polypeptide
composition and cofactors of the OEC (7,60).

The current kinetic model for the mechanism of oxygen evolution
originated from functional studies of Chlorella (a green alga). The
major observation was that when suspensions of Chlorella were
illuminated with equally spaced, saturating light flashes, maximum
oxygen yield occurred with a periodicity of four (83). After many
flashes, the initial oscillatory pattern damped as the oxygen yield
per flash became the same (53). These results led to the postulation
of a linear four-step mechanism, called the S-state cycle, requiring
four consecutive photoacts which promoted the sequential extraction of
four electrons from two water molecules to generate one 02 (88). Two
factors were suggested to be responsible for the damping phenomenon.

These are double hits, which occur when two electrons are extractea
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per flash, and misses, which occur when no electrons are extracted on
a given flash. Thus, after many flashes, the population of cycling
S-states would be randomized as a result of multiple double hits and
misses.

Because oxygen evolution is a mechanistically complex process
(60,175), alterations in the oxygen flash yield pattern, and in the
parameters for double hits and misses, reflect alterations in PS1I

reaction center properties.

B. PSII Polypeptides

Identification of the polypeptide constituents of PSII complexes
has been aided recently by improved procedures of detergent
fractionation of thylakoid menbranes, analyses of mutants impaired in
PSII activity, and immunological methods. There is general agreement
that six polypeptide species comprise the core complex. PSII is
defined as being the structural unit capable of transferring electrons
from an exogenous donor to the plastoquinone pool. Detergent-derived
core complexes (e.g. from spinach) (25,140) contain species, in
equimolar ratios, of 51, 44, 34, 32, 9 and 4 kilodaltons (kd)l, all of

which are chloroplast-encoded (48).

1Molecular weights of polypeptide species, expressed in
kilodaltons, are based on their electrophoretic mobility on sodium (or
lithium) dodecyl sulfate polyacrylamide gels. These weights vary
depending on plant source and electrophoretic system used for
analysis.
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The 51 and 44 ka polypeptides are the apoproteins of CP47 and
CP43 (CP: chlorophyll-protein), the chl-a binding proteins (29,42)
comprising the PSII reaction center. In the reaction center, an
electron is transferred from P680 (P for pigment; 680 is the
wavelength of maximum absorption of a chl molecule made unique by its
proteinaceous microenvironment), the primary donor, to pheophytin a,
the intermediate electron acceptor. Studies by de Vitry et al. (43)
have shown that this primary charge separation between P680 and

pheophytin a occurs within CP47 of Chlamydomonas reinhardtii (a green

alga). These data are in accord with findings by Nakatani et al.
(125) who reported the photobleaching of P68U upon photoreduction of
pheophytin in CP47 from spinach. The isolated spinach CP47 also
showed a liquid nitrogen (77K) chl fluorescence emission maximum at
695 nm, which is generally attriputed to PSII centers (28). In
contrast, CP43 did not show the light-induced spectral changes
associated with pheophytin reduction and had a 685 nm chl fluorescence
emission maximum (at 77K) (ref. 128), which has been attributed to
antennae chl-protein complexes (28). CP43 is thus considered to serve
a light harvesting role.

In neither of the two above-mentioned studies was the primary
quinone acceptor, QA, shown unequivocally to be associated with a
specific protein species. De Vitry et al. (43), however, showed that

photoreduction of the primary quinone required the presence of both

the CP47 and CP43 proteins in Chlamydomonas (molecular weights of
apoproteins were listed as 50 and 47 kd, respectively) and suggested
that the binding of the primary quinone may be shared by the two

polypeptides. However, a third set of studies (176,177) showed that a
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PS1I reaction center complex, CP2-b (isolated from a thermophilic

cyanobacterium, Synechococcus sp) lacking the chl-protein complex

designated CP2-C (which is believea to be analogous to the higher
plant CP43), was capaple of undergoing a light-induced charge
separation. This suggests that pheophytin and Qa reside on CP47, and
that CP43 is not required for primary photochemistry.

A third PSII core polypeptide migrates at approximately 32 ka and
has been identified as the apoprotein for the secondary electron
acceptor, QB’ a quinone. Because of its unusual properties, the
function, structure and biogenesis of this 32 kd polypeptide (also
called D1 because of its diffuse appearance on autoradiograms when
radioactively labeled; ref. 34), have been studied intensively (see
ref. 93 for a review). The QB-binaing protein functions on the
acceptor side of the PSII reaction center by binding plastoquinone (a
lipophilic electron carrier) which is reduced to plastoquinol by two
successive electron transfers. The secondary electron acceptor thus
serves as a two electron gate so as to allow pairs of reducing
equivalents to enter the quinone pool and intersystem electron
transport chain (37).

The phenomenon of the rapid turnover of the 32 kd polypeptide in
vivo (93) has raised questions regarding the control of its
metabolism. Mattoo et al. (110) suggested that the levels of the 32
kd polypeptide are photoregulatea in a process sensitive to rates of
photophosphorylation and electron flow. Ohad et al. (127) consider
the turnover to be a consequence of a damage, removal ana replacement
process related to the protein's function as a quinone binding site.

The removal and subsequent replacement of the 32 kd polypeptide are
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particularly intriguing events because they imply a need to recognize,
degrade and synthesize adequate amounts of this protein. Understand-
ing the mechanism ana regulation of this turnover process is one of
the aims of current photosynthesis research.

Another chloroplast-encoded protein in the molecular weight range
of 32 to 34 kd, is called D2. As in the case of D1, D2 had a aiffuse
appearance on autoradiograms when labeled; ref. 34). The D2 protein
has been assigned to the PSII core complex (42,140), although no
definite function has been ascribed to it. However, because D2 has
regions of strong amino acid homology to the 32 kd QB-binding protein,
it has been suggested that D2 is involved in quinone binding (93,137),
ana possibly functions to bind Z, the primary donor to PSII, which has
been shown to be a plastoquinone (40,128). Another hypothesis for the
function of D2 comes from comparison of the D1 and D2 sequences to the
sequences of the L and M PSII reaction center subunits of
photosynthetic bacteria (172,173,178). Because significant homology
exists between these two pairs of proteins (D1 and L, D2 and M), it
has been suggested that D1 and D2 (rather than the 51 kd protein) are
the PSII reaction center polypeptides in higher plants (93). At
present there are no functional data to support this idea.

The 9 kd polypeptide species found in PSII core complexes has
been identified as an apoprotein of cyt 2559, the function of which
remains problematic. Cyt Dgpgy has been suggested to act on the donor
side of PSII as well as participating as an electron carrier in the
main chain (36). The nucleotide sequence of the spinach apocytochrome
gene yielded an 83 amino acid residue protein of 9.4 kd. An open

reading frame, peginning eleven bases after the terminal cyt coding
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triplet, was found. The nucleotide sequence of this reading frame
coded for a 39 residue, 4.4 kd polypeptide. This small polypeptide is
usually not seen on SDS polyacrylamide gels. Because cyt 2559 binas a
heme prosthetic group co-ordinated via two histidines (10), and the
amino acid sequences of the 9.4 and 4.4 kd polypeptides indicate one
histidine each, it was suggested that cyt 2559 contains at least two
polypeptides. This postulated structure may be a homodimer having
identical 9.4 kd protein subunits or a heterodimer consisting of one
copy each of the 9.4 and 4.4 ka proteins (72). Further, based on the
DNA sequence data, it appears unlikely that cyt 2559 is synthesized as
larger protein as previously suggested (179).

A number of other polypeptides are considered part of the PSII
complex but are not involved in reaction center activity. These
include nuclear-encoded (168) species of 16, 23 and 33 kd which are
water soluble and extrinsically bound on the inner thylakoid surface.
These polypeptides comprise the UEC (7). Chloride, calcium and
manganese ions have been implicated as co-factors of the OEC.

Although the functional roles of these ions are not fully defined,
manganese is considered to have a redox function as a charge
accumulator (a recent review is ref. 60). A fourth polypeptide,
possibly involved in water oxidation is a 34 kd species (antibodies
prepared against the OEC 33 ka polypeptide do not cross react with
this 34 kd species). This polypeptide apparently has an altered

mobility (to 36 kd) in a green alga mutant, Scenedesmus obliquus,

which is unable to use water as an electron source but has PSII
activity comparable to that of the wild type alga when artificial

donors are used (115).
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An additional three PSII-associated polypeptides were proposed to
be involved in the water splitting process by Ljungberg, et al. (106)
who used an immunological approach to determine the nearest neighbors
of the 23 and 33 kd OEC proteins. Detergent-solubilized PSII
preparations (from spinach) were incubated with the monospecific
antiserum made against either the 23 or 33 kd polypeptides. The
immunoprecipitates contained the target antigens as well as
polypeptide species at 24, 22 and 10 kd which were suggested to be
additional subunits of the OEC.

In summary, the PSII complex from higher plant chloroplasts has
been purified in active form and considerable progress has been made
in understanding details of its function ana identifying its

polypeptide constituents.

C. Synthesis Sites of PSII Polypeptides

The majority of the chloroplast polypeptides are encoded by
nuclear genes ana are synthesized in the cytoplasm (50,23). The
establishment of a protein's site of synthesis is viewed as good
evidence for the presence of the gene in the same compartment. This
is because there has been no evidence of RNA moving from one
compartment to another (50). A variety of methods has established the
synthesis (coding) site of chloroplast proteins. A classical genetics
approach was taken by Kung et al. (Y0) who concluded that polypeptides
of LHC-1I were found to be nuclear-encoded on the basis of their
Mendelian inheritance pattern. A biochemical approach was used by

Chua ana Gillham (34) who labeled C. reinhardtii proteins in vivo plus
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or minus protein synthesis inhibitors specific for either 70s
(chloroplast) or 80s (cytoplasmic) ribosomes. The technique of
translating compartment-specific mRNA populations in vitro and
immunoprecipitating products with monospecific antibodies, is a method
currently used to determine the synthesis site of chloroplast proteins
(169).

In the case of the PSII core complex polypeptides (which are the
51 and 44 kd chl-a binaing reaction center apoproteins, the D1 and D2
proteins of 34-32 kd, and cyt Dguys see Section B), in vivo ana in
vitro labeling studies revealed their site of synthesis to be in the
chloroplast. The 51 and 44 kd polypeptides are considered the higher
plant counterparts of C. reinhardtii polypeptides number 5 and 6,
respectively (33,169). These two species, as well as the D1 and D2
proteins were labeled in vivo when C. reinharatii cells were grown in
the presence of L14CJacetate and the cytoplasmic protein synthesis
inhibitor, anisomycin (34). This antibiotic will not affect the
synthesis of polypeptides made on the chloroplast (70s) ribosomes.
Confirming these results was the experiment using a C. reinhardtii
mutant having spectinomycin resistant chloroplast ribosomes. The
polypeptides synthesized in the presence of anisomycin were also
synthesized in this mutant but not in the wild type cell treated with
spectinomycin.

In vitro labeling studies using L355JMet and isolated intact pea
chloroplasts established that D1 was a major chloroplast protein
synthesis product (49). Initially referred to as peak D (pecause it
was the fourth labeled peak on cylindrical polyacrylamide gels used to

separate the label polypeptides), this protein did not accumulate in
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the thylakoid membranes, but appeared to turn over rapidaly. The
identification of peak D as Dl, the QB-binding protein was not made
until later (these studies are described in Section D).

The synthesis of the fifth PSII core polypeptide, cyt 2559, by
chloroplasts was also demonstrated by in vitro labeling studies using
isolated spinach chloroplasts (179). Cyt 2559 was isolated from
radiolabeled chloroplast proteins using established purification
protocols. The isolated cyt migrated slightly slower than the
authentic coomassie-blue staining polypeptide which led Zeilinski and
Price to suggest that the protein was synthesized in a precursor form.

The genes for all five of the PSII core complex polypeptides have
been mapped to the chloroplast genome (plastome), confirming the
conclusion of the labeling studies described above (45,136,166,167).
Their DNA sequences of these genes have also been published
(4,72,77,121).

The genes of the 51 kd, 44 kd and cyt 2559 polypeptides were
mapped to the spinach plastome in the following manner (166,167).
Isolated chloroplast mRNA was fractionated by hybridization to
matrix-bound chloroplast DNA (cpDNA) fragments of known map position.
These selected mRNA species were translated in vitro and monospecific
antisera made against the individual C. reinhardtii polypeptides 5 and
6 (shown to cross-react with single pea and spinach proteins, ref. 33)
or against the purified spinach cyt bgsg (171) were used to
immunoprecipitate translation products. Those mRNA species yielding
imnunoprecipitated protein products were matched to the CpUNA
fragment. Cell-free transcription-translation of recombinant cpDNA

fragments verified the location of the genes.
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The gene for the D2 polypeptide was located on the plastome of C.
reinhardti by methods analogous to the ones used for the other PSII
core polypeptides. Recombinant cpDNA fragments from C. reinharatii
were used in a linked transcription-translation system. Protein
products were immunoprecipitated with antibodies prepared against the
C. reinhardtii D2 polypeptide (33) and the correct cpDNA fragment was
igentified (136). The cloned D2 gene was sequenced (137) and was also
used as a heterologous probe to find the D2 gene in pea (133).

The relative abundance of the transcript for the 32 kd QB-binding
polypeptide (D1) allowed the mapping of its gene in a manner different
from the one described above for the other PSII core polypeptides.
Bedbrook et al. (14) noted that the levels of certain CpRNA
transcripts greatly increased upon illumination of etiolatea corn
seedlings. Chloroplast RNA from these seedlings yielded a major RNA
species which hybridized to a specific cpDNA (maize) restriction
fragment. Subsequent in vitro translation of the CpkNA showed a major
product of approximately 34.5 kd. Similar results were obtained by
Driesel et al. (45) who fractionatea and translated in vitro cpRNA
from young spinach plants. The fraction containing the transcript for
a 32 kd protein was lapeled and hybridized to restricted cpuNA, thus
locating the gene on the cpDNA map.

The gene for D1 has been sequenced in a number of higher plants
and in C. reinhardtii (a compilation of chloroplast genes is in ref.
38). As discussed in the next section, mutations in the polypeptide
product of this gene are responsible for chloroplast resistance to

PSII-directed herbicides.
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It has been recently demonstrated that the spinach OEC
polypeptides are synthesized in the cytoplasm. Transcripts for the
three proteins were found in the cytosolic poly AT-RNA fraction. This
is strong evidence that they are nuclear-encoded (168). DNA sequences
of the QEC polypeptides have not been reported. There is no
information on the synthesis sites of the other PSII-associated
polypeptides of 34 ka (the fourtn polypeptide implicated in oxygen
evolution; ref. 115), and of 24, 22 and 10 kd which were

co-precipitated with either the 23 or 33 kd immunoprecipitates (106).

4. PSII MUTANTS

The analysis of the structure, function and development of
photosynthetic membranes has benefited from mutants in higher plants
and algae [Miles (116,117), von Wettstein (164), Henningsen and
Stumann (68), and Somerville (145)]. Rather than summarize the
numerous stuaies on PSII mutants, it is more useful to describe
well-studied examples of three classes of PSII mutants and the
important concepts which emerge or are emerging from their analysis.
Photosynthetic mutants may be either nuclear- or chloroplast-encoded.
Because there have been no extensive studies performed on PSII
plastome mutants (except for the PSII herbicide-resistant mutants)
discussion of plastome mutants is restrictea to the latter. The three
categories discussed are:

1. Mutants altered in chloroplast structure
2. Structurally complete mutants with altered function

3. Regulatory mutants
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1. Mutants altered in cnloroplast structure

PsII-deficient mutants, particularly of C. reinhardtii, have been
effectively used as biochemical tools in defining the polypeptide
subunits of PSII. To provide examples of the type of analyses
previously conducted, three mutants are described below. As will
become apparent in subsequent chapters of this thesis, there are
several parallels between these studies and the research presentea
on tobacco plastome mutants.

C. reinhardtii mutant F34 lacks variable fluorescence which
indicates the absence of functional PSII centers. Comparison of wild
type and F34 thylakoid membrane proteins by SDS-PAGE indaicated the
absence of polypeptides at 47 and 50 kd (35). This was one of the
first indications that these proteins, now believed to correspond to
the 44 and 51 kd reaction center polypeptides of higher plants, were
part of the PSII core complex. Subsequent biochemical and biophysical
analyses of F34 and another PSII-deficient isolate, BF25, identified
an adaitional three polypeptides at 30, 20 and 17 kd as PSII
components. Since these species were notably absent in BF25, which
was incapable of oxygen production despite relatively high levels of
reaction centers (60% of wild type), it was concluded that they were
involved in the water oxidation process on the donor side of PSII
(16). It is likely that these C. reinhardtii proteins are the
counterparts of the higher plant chloroplast OEC proteins at 33, 23
and 16 kd, described earlier.

The mutant F34 was also used by Delepelaire to determine the

genetic origin of PSII polypeptides (41). (. reinhardtii cells were
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pulse-labeled in the presence or absence of either cytoplasmic or
chloroplast protein synthesis inhibitors, and thylakoid membranes were
analyzed by gel electrophoresis. The results showed that PSII core
polypeptides corresponding to the 51, 44 and 32 (QB-binding protein or
L1) kd polypeptides are chloroplast-encoded whereas the corresponding
OEC subunits are nuclear-encoded. Because D2 was a clearly labeled,
chloroplast-synthesized species in wild type C. reinhardtii but
lacking in F34 thylakoids, it was assigned to the PSII complex. The
other PSII core protein, cyt 2559, was not identified as an integral
structural protein of PSII through analysis of F34. Its absence was
not clearly obvious in the complex polypeptide pattern at low
molecular weight regions.

The ultrastructural analyses of photosynthetic mutant membranes
supported the conclusion of biochemical studies that EFS particles
(observed when chloroplast membranes are freeze-fractured; ref. 146)

consist of PSII core complexes and associatea light-harvesting pigment

proteins (9). Membranes from the Chlamydomonas mutant F34 which lacks

PSII centers, also lacked EFS particles (129). A suppressed strain of
F34, F34SU, had partially restored (50% of wild type) PSII activity
which was correlated with an increased level of PSII core polypeptides
and increased numbers of EFs particles (174). A study by Miller ana
Cushiman (118) of a PSII-deficient tobacco mutant NC95 also linked EF
particles to PSII function.

Mutations affecting protein complexes frequently affect all the
subunits of the complex (117,68), i.e., the mutations are pleiotropic.
Thus, the thylakoids of F34, a nuclear mutant (32), are depleted in

both nuclear- and chloroplast-encoded PSI1 polypeptides. This
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pleiotropisin makes it difficult to focus on the primary lesion of the
mutation because it is usually not possible to distinguish secondary
effects from the primary dysfunction. This limits the usefulness of
structural mutants in this class because their primary lesion cannot

be defined at the molecular level.

2. Structurally complete mutants with altered function

A second category of PSII mutants are those having altered PSII
properties resulting from a minor perturbation of the complex
structure. One example is the Scenedesmus mutant discussed earlier.
The only difference between mutant and wild type polypeptides was the
apparently altered mobility of a 34 kd polypeptide to 36 kd (115).
This coincided with the loss of the mutant's ability to evolve oxygen,
and the protein was thus assigned to the donor side of PSII.

Herbicide resistant mutants, of which there are many, are another
example of this group. Herbicide resistant weeas have been a
relatively recent resource to PSII researchers. Since the site of
action of certain chloroplast-specific herbicides, e.g. atrazine, has
been established to be the 32 kd Qg-binding protein (93),
herbicide-resistant mutants have provided a new dimension to the study
of the reducing side of PSII, i.e. quinone binding (163).

Two properties of the 32 kd QB-binding protein aidea in
identifying it as a chloroplast-encoded gene product. The first is
that this protein is a rapidly labeled product of chloroplast protein
synthesis. The second feature is that it is the site of
herbicide-binding. Steinback et al. (151) labeled pea chloroplast
proteins separately with [35 [14

SJmet, and azido-[" "Cjatrazine. Trypsin
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treatment of the labeled membranes yielaed identical peptide
fragments, indicating that the two proteins were equivalent.

The 32 kd QB-binding protein gene (psbA) from atrazine
susceptible and resistant plants (75,76), algae (51,52), and
cyanobacteria (57) have been sequenced. In all studies, the mutant
genes had single nucleotide base substitutions causing an amino acid
change in the protein which was responsible for the resistant
phenotype. The mapping of these mutated sites shows that they are
clustered over a segment of amino acids which form two
membrane-spanning regions (hydrophobic regions defined by hydropathy

plots) of the 32 kd polypeptide.

3. Regulatory Mutants

In addition to helping to establish structure/function
relationships and the supramolecular organization of PSII complexes,
PSII mutants can potentially play a unique role in revealing the
regulatory processes governing membrane protein complex formation.
Although this approach has haa limited use to date, one example has
been the extensive analysis of a nuclear maize mutant, hcf-3. This
mutant is PSlI-defective because its thylakoids lack the major PSII
polypeptides (114). Neither nuclear- nor chloroplast-encoded
polypeptides accumulate, making hcf-3 (shown to be a single locus
mutation; ref. 104) another example of a pleiotropic mutant.

Other photosynthetic functions unrelated to PSII are largely
unaffected in hcf-3. This suggests that the PSII complex is a
self-contained unit having its own assembly ana maintenance

capabilities. Work by Leto et al. (103) has indicated that there is a
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stapilization process specific for PSII complexes which is affectea in
hcf-3. The chloroplast-encoded 48 and and 34.5 kd polypeptides in
hcf-3 (corresponding to the 51 kd and 32 ka QB-binoing protein
polypeptides in higher plants) were found to undergo an accelerated
turnover in mutant thylakoids as compared to the polypeptides in wild
type thylakoids. These results confirm the idea that the nucleus
coaes for components necessary for the biogenesis ana maintenance of
the PSII complex.

In summary, PSI1 mutants have been, and will continue to be
valuable tools in determining the composition of the complex (Class 1)
ana specific structure/function relationships (Class 2). Examination
of additonal regulatory mutants (Class 3) can reveal mechanisms for

controlling PSII biogenesis.

E. Introduction to Thesis

Because the PSI1 complex is one of the most intensively studied
thylakoid protein complexes with respect to its composition, function
and biosynthesis, fruitful areas of research include the following:

1) The identification of factors controlling the assembly of the
complex and their regulation. Questions to be asked i1nclude: 1Is
there stepwise addition of the subunits into the thylakoid membrane or
do they insert in unison into the membrane? How do the proteins find
each other and what controls their association and membrane insertion?
What is the conformation of the individual subunits in the membrane
and how do they interact with one another? 2) The identification of

factors controlling the biogenesis of PSII. Questions to be asked
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include: Since the chloroplast genome is polyploia (numbers of DNA
molecules per chloroplast range from 10 to 300; ref. 48), how is the
expression of the multiple chloroplast genes controlled? This is part
of the broader and fascinating question of how the chloroplast and
nucleus communicate since it is clear that the formation of the
photosynthetic apparatus requires coordinated gene expression of the
nuclear and chloroplast genomes.

An examination of chloroplast-encodea mutants can provide a means
of focusing on the role of the plastome in the ontogeny of chloroplast
thylakoid membrane complexes such as PSII. In addition, the
relatively small chloroplast genome permits analyses of perturbations
at the molecular level which are not yet feasiple with the nuclear
genome. The results of such a project are described in the following
chapters. Chapter 2 introauces a collection of tobacco plastome
mutants and describes alterations in their photosynthetic function.
Chapters 3, 4 and 5 describe the results of studies of one isolate,

TP-13, renamea lutescens-1 (lut-1).




CHAPTER 2

Characterization of Cytoplasmic Mutants in Nicotiana tabacum

With Altered Photosynthetic Function

Abstract

A series of cytoplasmic mutants of tobacco (Nicotiana tabacum)

have been generated and characterized. Compared to wild type tobacco,
they have been founa to have diminished levels of photosynthetic
pigments and a range of functional impairments including modified chl
fluorescence properties, loss of PSI and/or PSII electron transport
activity, and aberrant ultrastructure. The loss of defined functional
activities has been correlated to the depletion of specific thylakoid
membrane proteins. All of these mutants exhibited pleiotropic losses
of polypeptides, including those known to be nuclear-encoded; this is
consistent with the concept that loss of one component of a
multi-subunit membrane protein complex results in unstable complex
assembly.

The phenotype of two mutants was developmentally regulatea, in
one case with slow chloroplast development and in the other by
premature senescence of PSII centers as a function of leaf
development. These mutants should be especially useful in studying

membrane protein assembly.

23
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Introduction

The molecular analysis of organellar biogenesis can benefit from
the examination of mutants in comparative biochemical studies. Since
chloroplast ontogeny and appearance of photosynthetic competence
results from an integrated expression of the nuclear and plastia
genes, mutations affecting photosynthesis may reside in either genome.
The best characterized photosynthetic mutants in higher plants are
nuclear-encoaed (68,114). The contribution made by the plastid genome
(plastome) to chloroplast development and the regulation of its
expression has yet to be carefully defined (for a review of plastome
mutants, see ref. 21). As a starting point in studies on the
functional role of the plastome, we characterize in this chapter a
collection of fifteen cytoplasmically inherited plastome mutants of

Nicotiana tabacum (TP = tobacco plastome mutant).
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Materials and Methods

Mutagenesis and Plant Material
Mutagenesis and genetic crosses were performed by J. H. Duesing.

Seeds of Nicotiana tabacum (var. L.C. from the Connecticut

Agricultural Experiment Station) were treated with 50 or 100 mM
aqueous ethyl methane sulfonate for 16 hours at room temperature.
Among the M1 population of plants, fifteen mutants were identified
which exhibited chl deficiencies. The mutant leaf tissue appeared as
variegating sectors in a cell lineage pattern consistent with the
sorting out of mutant chloroplasts. Reciprocal genetic crosses
revealed strict maternal inheritance of the mutations, confirming the
cytoplasmic location of the mutations. (see ref. 158 for a discussion
of non-Mendelian inheritance criteria.)

Mutant plant tissue was maintained as variegated sectorial and/or
periclinal chimeras with wild type (WT) N. tabacum. Plants were grown
in soil in a greennouse at 25+5 OC under natural illumination and

watered daily.

Chloroplast Isolation and Photosynthetic Activity Measurements
Thylakoid membranes were preparea at 0-4°C under dim light by
grinding washed, chilled and deveined leaves in a Waring blendor for 5

to 8 s at high speed in isolation buffer containing 400 mM sorbitol,
100 mM Tricine-NaOH, pH 7.8, 10 mM NaCl and 2 mM PMSF. The solution
was filtered through two layers and then one layer of Miracloth before
centrifugation at 3,000 x g for 5 min. The resultant pellet was
suspended in 10 mM Tricine-NaOH, pH 7.8 and centrifugea at 3,000 x g

for 5 min to yield stroma-free thylakoids. These membranes were
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suspended in 100 mM sorbitol, 50 mM Tricine-NaOH, pH 7.8, 1U mM NaCl,
5 mM MgCl2 to approximately 1 to 2 mg chl/ml and stored on ice until
use. Chl concentrations were determined by the method of MacKinney
(17).

Whole chain, PSI-dependent, and intersystem electron transport
activity using water, TMPD (0.5 mM), ana TMQH2 (0.5 mM) as donors,
respectively, were measured by monitoring the methyl viologen (MV)
mediated Mehler reaction as oxygen uptake using a water-jacketed
oxygen electrode (Hansetech, U.K.) at 20°¢. Chloroplasts (10 to 30
ug chl) were added to the reaction mixture which contained: 100 mM
sorbitol, 50 mM Tricine-NaOH, pH 7.8, 10 mM NaCl, 5 mM MgZClz, 0.5 mM
MV, 0.5 mM NH4C1, 5 uM diuron, 0.1 uM gramicidin-D, and 5-10 ug
superoxide dismutase (ca. 3000 units/mg). Diuron was omitted for
whole chain measurements. TMQH2 was prepared as described in Vermaas
et al. (163). Saturating white light illumination was provided by a
high intensity microscope lamp.

PSII-mediated DPIP reduction was measurea at 580 nm using a
Hitachi 100-60 using a Hitachi Model 10U0-60 spectrophotometer modified
for direct sample illumination with an actinic beam (131).
Chloroplasts (5 to 10 ug chl) were added to 2 ml of a solution
containing 100 mM sorbitol, 50 mM potassium phosphate, pH 6.8, U.4 mM

DPIP, 10 mM NaCl, 5 mM MgCl,, U.5 mM NH401 and 0.1 uM gramicidin-0D.

2)
Polyacrylamide Gel Electrophoresis (PAGE)

Analysis of membrane polypeptides using LDS-PAGE was carried out
using the discontinuous buffer system of Laemmli (97). Detergent was

omitted from both the 10-17.5% acrylamide gradient analyzing gel and
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the 5% stacking gel. Samples were boiled for 1 min in sample buffer
containing 50 mM Tricine-NaOH, pH 7.8, 50 mM dithiothreitol, 10 %
(v/v) glycerol, ana 2% (w/v) LDS. Bromphenol plue was used as a
tracking dye. The upper buffer reservoir contained 0.1% (w/v) LDS ana
1 mM EDTA. Electrophoresis was performed at 2.5 W constant power.
Molecular weight standards were: bovine serum albumin, 68 kd;
ovalbumin, 45 kd; carbonic anhydrase, 29 kd; and cyt ¢, 12.4 kd. Gels
were stained for 45 wmin in 0.1% (w/v) coomassie blue, 50% (v/v)
methanol, 7% (v/v) acetic acid and destained in 2u% (v/v) methanol,

7% (v/v) acetic acid, and 3% (v/v) glycerol.

Chl Fluorescence Measurements

Fluorescence inauction transients of intact leaf tissue were
acquired with a Model SF-10 Plant Productivity Fluorometer (R.
Brancker, Ottawa, Canada) as described (1). Transients were recorded
with a Nicolet Explorer III digital oscilloscope and plotted with an
X-y recorder.

Low temperature (77K) chl fluorescence emission spectra of
isolated thylakoids were measured using a System 4800 scanning
spectrofluorometer (SLM Instruments, IL). Samples (10 ug chl/ml), in
a buffer solution containing 60% glycerol, 50 mM Tricine-NaOH, pH 7.8,
10 mM NaCl ana 5 mM MgClz, were frozen in 0.5 mm i.d. capillary tubes

and excited at 440 nm.

Electron Microscopy
Rectangular pieces (1 mm x 5 mn) of chilled leaves were fixed in

1.25% glutaraldehyde in 250 mM Na-cacodylate pbuffer, pH 7.4 for 2 h on
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ice by a moaification of the procedure of Karlson and Schultz (85) as
described by Sjostrand (144). Efficiency of fixation was improved by
vacuum infiltration of primary fixative. Post-fixation was performed
in 1% osmium tetroxide in 250 mM Na-cacodylate, pH 7.8. Samples were
dehydrated in a graded series (25, 50, 75, 90, 95 and 100 %) of
ethanol and embedaed in Epon 812 polymerized at 65°C for 48 h. Thin
sections were stained in aqueous uranyl acetate (30 min) followed by
saturated lead citrate (5 min) and were observed either on a Phillips

201 or 300 transmission electron microscope.
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Results
In Vivo Fluorescence Analysis

Whole leaf chl fluorescence induction transients provide a
non-destructive means to analyze functionally the photosynthetic
electron transport components in chloroplast membranes (130,99). This
method has been used by other investigators to select photosynthesis
mutants in algae and higher plants (19,20,105,116). The justification
used by these and other researchers for using fluorescence detection
is straightforward. Alterations in the kinetic parameters of
fluorescence emission by mutant chloroplasts reflect changes in the
status of the photosynthetic apparatus, thus allowing preliminary
characterization of mutants which is rapid and relatively simple.

Our collection of tobacco chloroplast mutants described herein
was initially characterized by fluorescence transient analysis and
thereby grouped into four main categories as described below. These
categories were primarily used to aid in subsequent analysis and
discussion, ana were not definitive in explaining the underlying
mutation mechanism.

The initial fluorescence level, Fo’ upon illumination of a normal
dark-adapted leaf (Figure la), is a measure of the functional coupling
of the antennae pigment bed to PSI1 reaction centers. A low Fo
indicates efficient excitation energy transfer, whereas a high Fo
implies less efficient transfer (under conditions where the PSII

acceptors are oxidized, as in dark-adapted leaves or chloroplasts).
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Following onset of illumination, the chl fluorescence intensity
rises from Fo in a biphasic pattern to a peak level (Fp). The variable
fluorescence (Fv = Fp - Fo) is the change in fluorescence yield which
occurs as the primary electron acceptors for PSII, as well as the
plastoquinone pool and intersystem carriers, become reduced. The
subsequent fluorescence decline to a terminal level (Ft) largely
reflects a partial re-oxidation of the primary PSII quinone electron
acceptor (QA) as well as the formation of a trans-thylakoid pH
gradient (78).

A1l tobacco mutants studied had altered chl fluorescence
transients. In addition to having reduced levels of variable
fluorescence, mutants typically exhibited Fo values 2 to 2.5 times WT
values. Representative transients are shown in Figure la where the
curves are normalized to the WT Fo in order to show differences in
variable fluorescence (Fv). The first and largest group of mutants
(defined as Class I) includes TP-10, -12, -16, -26, -32, -40, and -60.
These had induction transients characterized by a high Fo, a small
variable component (approximately 15% of WT), and a small,
time-dependent decrease to Ft’ A secona mutant class (Class II)
included TP-23 and -28; these were identified by high initial
fluorescence and lack of a variable component. The mutant TP-21 was
the single representative of Class III. Its whole leaf fluorescence
curve exhibited a high Fo but continued to show significant variable
fluorescence (approximately 40% of WT). The fourth category of
nutants (Class IV) includes TP-2, TP-18, and TP-47. This group was
characterized by a high Fo, a normal rise to Fp, (Fv = 65% of WT) with

little or no decrease to Ft'
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Two mutants, TP-13 and TP-45, could not be grouped into a
specific class based upon their chl fluorescence properties since
their fluorescence transients varied during leaf development. In the
case of TP-45, leaf fluorescence showed a high Fo’ and a slight
variable component in young, light green leaves. The variable
fluorescence increased with the expansion and increased chl content of
mutant leaves (Figure 1b). The reverse pattern occurred with TP-13,
whose leaves, when newly emerged, had a hign Fo and a Fv which was
80% of WT, but gradually lost variable fluorescence during leaf
expansion (data not shown). The physiological and structural data for
these mutants, because of their dynamic phenotype, are presented

separately in the last section of the results.

Photosynthetic Electron Transport and Light Harvesting Properties
Isolated mutant chloroplast membranes were assayed for their chl
a/b ratios and photosynthetic activity in an attempt to identify
functional lesions. The results are shown in Table 1 (rates are
expressed as % WT activity). No defined pattern emerged for the PSII-
ana PSI-depenaent activity measurements. The predominant phenotype was
a severe reduction in PSII activity, as compared to PSI activity,
which was responsible for the overall loss of whole chain activity.
The relative chl content of mutant tissue (expressed on a % WT basis)
are also presented in Table 1. Since all mutants were identified by
pigment deficiencies, all chl values were less than WT. Activity
measurements were determined on a chl basis which made difficult
accurate and fair comparisons of the functional deficiencies of these

mutants having such wiaely varying pigment contents. Instead, the
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TABLE 1

Chl a/b Ratios, Chl content?
and Photosynthetic Activity® of Tobacco Plastome Mutants

Chl 3/3” Chl contentC Whole Chain  PSI] Dependent PSI-Dependent
HpO=Mv®  Hp0—DPIPE  TMQHp—Mvf TMPD—M\O

TP-10 2.2 15 13 14 47 100

-12 2.0 16 16 12 23 47

-16 2.6 20 19 12 400 280

Class I -26 3.0 84 32 24 225 150
-32 2.4 21 11 17 72 350

-40 2.7 11 11 12 88 270

-60 3.9 5 32 19 73 435

Class I1  TP-23 2.0 30 19 8 43 60
-28 2.4 22 22 11 125 28

Class II1 TpP-21 2.3 63 0 10 55 17
Class IV TpP- 2 2.4 <1 ndh nd nd nd
-18 2.4 <1 nd nd nd nd

-47 2.4 <1 nd nd nd nd

TP-13  Young leaves 2.9 78 70 74 180 130
.01d leaves 2.1 9 33 28 230 250

TP-45 Young leaves 2.9 2 70 35 60 120
01d leaves 2.9 15 96 88 52 230

%expressed as ¥ WT

buT ch) a/b ratio: 2.9 - 3.1

Cmutant to WT ratios were determined for each experiment
Average WT rates (WT controls were run with each mutant):
9160 umoles 02 consumed-mg ch1-lop-l

€ 195 umoles DPIP reduced-mg ch1~1:h-1

f 75 umoles 0p consumed-mg ch1-1.h-1

9 480 umoles 0, consumed-mg ch1-1-n-1

h not determined
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important data are the relative ratios of activities which remain the
same using any parameter. None of the mutants had distinct lesions
solely on the water oxidizing side of PSII as neither
diphenylcarbazide (which donates electrons to PSII after steps
involved in oxygen evolution L31]) nor hydroxylamine (whose electron

aonation would enhance the Fp of jﬂ_vitro chl fluorescence induction

kinetics [81]) had any effect on the isolated chloroplasts (data not
shown).

Almost all mutants which were designated as Class I based on in
vivo fluorescence transients had altered chl a/b ratios, for which
there was no consistent pattern. All of the Class I mutants were PSII
deficient (Table 1). Mutant TP-12 was also slightly PSI aefective as
judged by measurement of the TMPD to MY partial reaction. The
remaining mutants in this class had high PSI rates as compared to WT,
although this was partly a function of expressing electron transport
rates on a chl basis since there appeared to be a decrease in
PSII-associated chl in mutant tissue.

Liquid nitrogen chl fluorescence emission spectra were used to
characterize the chl-protein complexes of isolated mutant thylakoids.
In chloroplast membranes of higher plants, the short wavelength
emission maximum at 685 nm is ascribed to the light-harvesting
chl-protein complex of PSII and the CP43 PSII core protein whereas
the 695 nm emmission is attributed to the PSII reaction center (RC)
core complex (22,27,125). The PSI antenna had an emission maximum
near 735 nm (22,27,122). Figure 2 shows representative low
temperature chl fluorescence emission spectra of the mutant classes,

as compared to the WT spectrum. All spectra are normalized for equal
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Figure 2 Kepresentative low temperature chl fluorescence emission
spectra of mutant classes were normalized to the long wavelength
emission peak ascribea to PSI. The relative peak heights inaicate
whether the short to long wavelength emission peak ratio was less
than, greater than or similar to that of WT (See also Table 2).
Although both are Class Il wutants, TP-23 and TP-28 had different 77K
chl fluorescence emission spectra. The Class I1I mutant, TP-21, had a
spectrum similar to that of WT.
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emission at the long wavelength (73U-735 nm) peak. Table 2 (page 45)
lists the low temperature chl fluorescence emission peak wavelengths
and the 680-685 nm/730-735 nm peak ratio for each mutant.

The mutants designated as Class I had in common a low temperature
emission spectrum that showed a consistent blue shift of both PSI and
PSII emission peaks as well as a 680-685 nm/730 nm peak emission ratio
less than that of WT (Figure 2). We interpret the blue shift from
685 to near 68U nm as being the result of an increased proportion of
the “free" light-harvesting chl a/b pigment protein complex that
serves PSII (LHC-II). As has been found in previous PSII-deficient
nuclear mutants and with purified LHC-11, the free LHC-II has an
enhanced fluorescence emission at 680 nm at 77K (26,102). The reason
for the slight blue shift from 733 to 732 nm is not clear, but may
suggest a partially decreased content of the LHC-I(the
light-harvesting pigment-protein complex serving PSI) (67,122).

Class II mutants, TP-23 and TP-28, were deficient in PSII
activity and had chl a/b ratios less than that of WI. TP-23 had
diminished PSI activity, but even greater inhibition of intersystem
electron flow (TMQH2 to MV). This indicates an impairment in the
transfer of electrons between the cyt gb/j.complex (the site of TMQHz
electron donation) and PSI. The short wavelength low temperature chl
fluorescence emission peak of both mutants was blue shifted. TP-28
was the most extreme case of all the mutants with a five nanometer
shift in its short wavelength emmission maximum to a new peak at 680
nm (Figure 2). Further, it was the only mutant whose short to long
wavelength peak emission ratio was greater than that of WT (685 nm/733

nm ratio of 2.2 for WT and 680 nm/731 nm ratio of 2.6 for TP-28).
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Mutant TP-23 displayea a chl fluorescence emission peak ratio similar
to that of WT.

The Class III mutant, TP-21, had a chl a/b ratio less than that
of WT, and was the only mutant in the collection which had no
detectable whole chain activity although there were slight but
measurable activities for PSII and PSI partial reactions (Table 1).
The 77K fluorescence emission spectrum of TP-21 was nearly identical
to WT in both emission peak wavelengths and the relative fluorescence
emission ratio of 6385 nm/730 nm (Figure 2).

Very low chl levels in Class IV mutants made it impossible to
isolate sufficient membranes for activity measurements. A typical low
temperature emission spectrum of isolated thylakoias of a Class IV
mutant, TP-2, is shown in Figure 2. It displayed a relative
enhancement of the PSI fluorescence yield relative to the short

wavelength fluorescence emission yield.

Structural Characterization
In order to identify thylakoid proteins which were missing or
depleted in these tobacco plastome mutants, detergent-solubilized

thylakoid membrane complexes were isolated from WT Nicotiana tabacum

following published purification procedures (PSII: ref. 17; PSI: ref.
122; CFl: ref. 18; OEC: ref: 91). The polypeptide profiles of these
preparations, resolved by PAGE, were comparable to those from pea and
spinach where functional assignments have been made for many of the
proteins. (For reviews, see ref. 66,74,84).

Figure 3 presents a sample set of data accumulated during

polypeptide analysis of the tobacco plastome mutants. The WT
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Figure 3  LDS-PAGE analysis of thylakoid membrane polypeptides from
WT (lane 1), TP-21 (lane 2) and a grana membrane fraction prepared
from WT in the manner of Berthold et al. (17) (lane 3). Equal amounts
of protein were loaded in each lane. Identification of protein

The depletion of polypeptides in

species is presented in Table 3.
mutant membranes was determinea by comparing mutant polypeptide

profiles to the predominant polypeptides in different WT thylakoid
protein complex preparations as described in the Results.
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thylakoids (Lane 1) resolved into more than 30 protein bands; some of
these are labeled by apparent molecular weight. A grana membrane
fraction (95) prepared from WT thylakoids is shown in Lane 3; this
preparation is aepleted of CF1 polypeptides and greatly reauced in PSI
constituents (148). Similar PAGE comparisons were made using PSI, CF1
and OEC preparations to yield Table 3 (page 46) correlating
polypeptide molecular weight (MW) and identity. It should be
emphasized that, in many cases, more than one polypeptide migrated in
PAGE at the same relative position. For example, a 21 kd polypeptide
is isolated in a purified PSI preparation, but also appears as a
dominant bana in the grana preparation (Figure 3, lane 3) which is
depleted in PSI; we conclude that different polypeptides representing
each PS co-migrate on PAGE.

The dominant polypeptides used for subsequent comparisons among
mutants for PSII included species at: 51 and 45 kd (RC proteins;
14v); 32, 23 and 16 kd (proteins implicated in water oxidation;
ref. 91). A diffuse staining region at 32-34 kd was tagged by the
photoaffinity label azidoatrazine ana was concluded to contain the
QB-binding protein (the apoprotein of the seconaary electron acceptor;
ref. 93). LHC-II polypeptides ranged from 26-29 kd (84). The
predominant polypeptides of the isolated PSI were at: 68 kd (the P700
RC apoprotein); 21 kd (considered to be one of the polypeptides of
LHC-I; 98,122); 18 and 13 kd (subunits of the PSI complex involved in
electron transfer; 15). The ATPase complex (CFl; coupling factor)
included the subunits (in kd) alpha, 59; beta, 56; gamma, 38; delta,
17.5; and epsilon, 13 (153).
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It was possiple to visualize two components of the cyt Ea/f
complex by staining for heme proteins (156). Stained bands were
observed at 34 kd and 2u kd (cyt f and be» respectively; 79) (data not
shown). None of the plastome mutants lacked these two heme staining
polypeptiaes.

A1l mutant chloroplasts were characterized by comparing their
electrophoretic profiles to WT membranes. An example is shown in
Figure 3, Lane 2. This gel was slightly overloaded in order to bring
out minor bands (examples: 21, 18, 16 and 12 kd). As a result, some
resolution was lost from dominant bands such as those in the 25-27 kd
region, where changes among mutant protein profiles were not observed.
TP-21 was founa to contain the 68 kd PSI RC polypeptide (as well as
the 21, 18 and 12 kd proteins which are isolated in PS] preparations).
TP-21 aid not contain the alpha, beta, or gamna subunits of CF1 and
had reduced amounts of the 45 and 51 kd PSII RC polypeptides (as
evidenced by the reduction in staining intensity compared to WT
bands). This pattern of pleiotropic loss of polypeptides was the rule
for all mutants analyzed; no mutant was found to have lost only a
single thylakoid polypeptide.

The comparison of all plastome mutants for polypeptide content is
summarized in Table 2. All Class I mutants were found to be depleted
in PSII RC polypeptides, but contained normal levels of the PSI RC.
Two Class I mutants (TP-10 and TP-12 ) showed a concomitant loss of
coupling factor subunits.

The polypeptide profiles of TP-23 and TP-28 (Class II mutants)
showed the presence of polypeptides co-migrating with PSI, but the
depletion of PSII constituents. Mutant TP-28 had the coupling factor
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polypeptiaes; however, mutant TP-23 did not, being similar in this
respect to mutants TP-10 and TP-12. The polypeptide profiles for the
Class IV mutant indicated the presence of PSII and ATPase complex
polypeptides but an extensive depletion of the 68 kd PSI RC
polypeptide.

A1l Class I mutants were examined by thin section electron
microscopy of leaf tissue. Thin section micrographs of mutant TP-10
(Figure 4b) showed organized stroma and grana lamellae similar to that
of WT (Figure 4a), although there were fewer discs per granum. The
ultrastructure of mutants TP-12, TP-16 and TP-26 was similar to that
of WT (data not shown). TP-32 had large grana with many discs, and
relatively low levels of stromal lamellae. The thylakoids were often
oriented parallel to the short, rather than long axis of the organelle
(data not shown). Mutants TP-40 (Figure 4d) and TP-60 had
predominantly unilamellar membranes.

Class II Mutants TP-23 and TP-28 contrasted greatly in their
ultrastructure: TP-23 developed giant grana (Figure 4c). TP-28
chloroplasts lackea an organized thylakoid system, showing only
vesicular membrane inclusions. The ultrastructure of Class III
mutant, TP-21, was similar to WT. The chloroplast ultrastructure of
the Class IV mutants showed limited lamellar development,
characteristically without grana and with vesicular body formation
(data not shown).

We, and other investigators of photosynthetic mutants (e.g.
ref. 164) conclude that it is not possible to establish a clear
relationship between alterations in chloroplast ultrastructure/protein

composition and photosynthetic dysfunction. Rather, the diversity of
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functional and structural defects is a testimony to the complex nature
of chloroplast biogenesis. Perturbation of the relatively simple
chloroplast genome can cause major changes in the photosynthetic

apparatus comparable to changes observed in nuclear mutants.

Developmentally Expressed Mutations

The functional properties of the mutants described above were
constant in all leaf samples studied. In contrast, the chloroplasts
of mutants TP-45 ana TP-13 exhibited physiological characteristics
which changed as a function of leaf age. They were, thefefore,
characterized at different stages of leaf expansion to determine if
they were suitable candidates for examining regulatory aspects of
plastid development which are controlled by the plastome.

TP-45 had a chl a/b ratio equivalent to that of WT throughout its
development (chl a/b ratio of 2.9 to 3.0). The young leaves of TP-45
had above normal PSI but low PSII activity (Table 1). With expansion
and greening of individual leaves eierging at the shoot apex (a
process occuring over a two week period in both mutant and WT plants),
PSI- and PSIl- dependent activities increased approximately two-fold
and four-fold, respectively, based upon rates expressed on a chl
basis. Whole chain activity approached WT rates (Table 1) as leaf
expansion was completed. This delayed development of photochemical
activity is typical of previously described nuclear-encoaed
“virescens" mutants (86,96).

Tne low temperature chl fluorescence emission spectrum of TP-45
revealed peak wavelengths which were the same as those of WT at all

stages of leaf expansion. The ratio of 685 nm to 730 nm fluorescence
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yield changed with leaf age, from being greater than WT (in young
leaves) to the same as WT (in mature leaves) (Table 2). During
greening of leaves of TP-45, increased photosynthetic activity as a
function of leaf maturation was directly correlated to increased
levels of thylakoid polypeptides of the same electrophoretic mobility
as authentic PSII proteins. Membranes from young leaves were deficient
in these PSII1 proteins; however, the membranes from greened leaves had
a polypeptide profile similar to that of WT (data not shown).

Ultrastructure features further demonstrated the developmental
progression of these mutant chloroplasts. Young TP-45 plastids had
primarily unilamellar membranes; chloroplasts from green mature leaves
had a near n<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>